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Abstract

Three empirical plant-trait studies are presented, based on new field data plus extensive

data analysis. All aim to provide information to improve the basis of dynamic global

vegetation models (DGVMs), by exploring neglected ecophysiological processes.

The first study investigates a key model parameter, the leaf area (LA) to cross-

sectional sapwood-area (SA) ratio, in Australian evergreen woody plants. It confirms

the pipe model, which states that SA at any point should scale isometrically with LA

distal to that point. But although the LA:SA ratio is reported to vary with hydro-

climate, aridity determined only upper and lower bounds of LA:SA. Great variation

among species in similar environments exists and may reflect variation in stem hy-

draulics.

The second study refutes the common model assumption that photosynthetic traits

of evergreen plants are fixed in time. If it were true, carboxylation capacity (Vcmax)

should increase with temperature following Rubisco kinetics. The study employs a

theoretical framework to predict, instead, that Vcmax should acclimate to temperature:

increasing, but less steeply. Repeat sampling of plants in the semi-arid Great West-

ern Woodlands, during the warm and cool seasons, revealed that Vcmax (and other

photosynthetic parameters) show thermal acclimation as predicted.

The third study focuses on tropical rainforests in Australia and China, occupying

a relatively narrow range of climates, to examine the association of plant functional

traits (including growth traits such as maximum height as well as field-measured photo-

synthetic traits) with species’ successional ‘roles’. Consistent relationships were found,

vii



viii Abstract

providing key information for modelling forest dynamics.

Each study tackles an aspect of DGVMs that so far has involved simplifying as-

sumptions, such as assigning fixed trait values to functional types without considering

variability across environments, seasons, and species. To take account of such varia-

tion, DGVM development will require targeted empirical studies like those presented

here.
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1
Introduction

1.1 Current knowledge about the impacts of vege-

tation and human activity on climate

1.1.1 Human activity and alterations in climate and the global

carbon cycle

Anthropogenic carbon emissions during the Industrial Era have unequivocally increased

the atmospheric carbon dioxide (CO2) concentration and contributed decisively to

present (and likely future) climate change. Carbon dioxide is the most important

long-lived greenhouse gas and anthropogenic emissions of CO2 are the principal hu-

man contribution to the radiative forcing of climate since the Industrial Revolution.

The main causes of anthropogenic CO2 emission are fossil fuel combustion and land use

1



2 Introduction

change (deforestation), with a small additional contribution from cement production

(Ciais et al., 2014). Analyses of the European Project for Ice Coring in Antarctica

(EPICA) provide evidence that the current atmospheric concentration of CO2 (∼400

ppm) is the highest in 800,000 years (Monnin et al., 2001). Prior to 1750, atmospheric

CO2 concentration ranged between ∼180 and ∼300ppm during glacial and interglacial

periods respectively (Petit et. al, 1999; Monnin et. al, 2001; MacFarling Meure et. al,

2006). The ongoing increase in atmospheric CO2 concentration is an important driver

required to account for the observed increase of temperatures at a continental scale at

a rate of 0.13°C (±0.03) per decade over the last 50 years (1956 - 2005), which is ap-

proximately twice the average rate over the last 100 years (1906 - 2005) (Solomon et al.,

2007). The global rise in temperature has driven an intensification of the hydrological

cycle due to an increase in water vapour evaporated from the oceans and land. A gen-

eral concept, that many wet regions are becoming wetter while some dry areas getting

drier, has been proposed (‘rich get richer, poor get poorer’ hypothesis), however, the

magnitude of these changes remains somewhat unclear (Allan et al., 2010; Friedling-

stein et al., 2014). A recent study has shown that the picture is more complicated than

this and a simple intensification of existing patterns of the land surface is not sustained

(Greve et al., 2014). Uncertainty extends to future projections, which are unanimous

about near-ubiquitous global warming but vary considerably in their regional distribu-

tion of changes in rainfall. This lack of precise understanding of hydrological change

and its distribution across the continents creates problems in anticipating and plan-

ning effective responses to the impacts of climate change, which potentially include

alterations in agricultural practices and food security, fire regimes, extreme weather

events, biodiversity and conservation practices, the spread of infectious diseases and

environmental challenges to economic growth.

Mitigation of and optimal adaptation to climate change require a firm quantitative

understanding of the global carbon cycle (and the fates of other greenhouse gases,

including methane and nitrous oxide, whose abundances are being modified by human

activities) and the various fluxes of CO2 between ocean, atmosphere and land that help

to determine the atmospheric concentration of CO2 under any given emissions scenario.
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From a quantitative perspective, the global carbon cycle can be considered as a series of

carbon ‘reservoirs’ in the Earth system (Ciais et al., 2014), which dynamically exchange

carbon with one each other. The annual exchange fluxes of carbon between the ocean

and atmosphere, and between the land and atmosphere, are extremely large - more

than an order of magnitude larger than the total added to the atmosphere annually

by human activities - and thus any perturbation of these fluxes can have a profound

impact. The largest carbon reservoirs are in sedimentary rocks (a small part of the

lithospheric reservoir is in the form we know as fossil fuels) and the deep ocean. The

sedimentary reservoir was almost isolated from the ‘fast’ reservoirs of atmospheric CO2

until the Industrial Revolution, which was spurred by the discovery of fossil fuels and

their potential to generate useful energy. The natural exchange of carbon between the

sedimentary reservoir and the atmosphere, ocean and land involves rock weathering,

subduction and volcanism and takes place exceedingly slowly, causing variations in

CO2 on a multi-million year time scale but having essentially negligible effects on a

human time scale. In contrast, fossil fuel burning is responsible for a transfer of 8.7±0.5

Pg C y−1 (1 Pg = 1015 g or 1 billion tonnes) from the lithosphere to the atmosphere,

while the annual gross exchange of carbon between land ecosystems (as organic carbon

in vegetation and soils) and atmospheric CO2 is estimated to have been almost 110

Pg C before the Industrial Revolution (Ciais et al., 2014) and is now estimated to be

in the range 120 to 130 Pg C yr−1 (Beer et al., 2010; Piao et al., 2013; Reichstein

et al., 2013). The flux has increased as the land has been taking up, on average,

about a quarter of total anthropogenic emissions from fossil fuel burning and land

use change. The processes involved in the land-atmosphere exchange of carbon are

almost entirely biological: photosynthesis (also called gross primary production) by

green plants, almost balanced by autotrophic respiration and heterotrophic respiration

due to microbial and fungal decomposers, plus a small contribution from wildfire. The

fact that the land is taking up a part of the anthropogenic CO2 emission implies that

there is a slight imbalance in the fluxes, such that the rate of global photosynthesis is

increasing faster than the combined rate of heterotrophic respiration and combustion

of biomass (Ciais et al., 2014). Thus, terrestrial ecosystems constitute an important
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‘sink’ for anthropogenic CO2 which has significantly reduced the rate of global climate

change (Shevliakova et al., 2009).

1.1.2 State of the art in land-surface and vegetation modelling

Atmosphere-ocean general circulation models (AOGCMs) - often called GCMs or sim-

ply ‘climate models’ - and, more recently, Earth System models (ESMs) that include

biological and chemical components, are the principal tools used to project future cli-

mate change and (in the case of ESMs) the future of the global carbon cycle and

atmospheric CO2. The latest results of these models form the backbone of succes-

sive Assessment Reports by the Intergovernmental Panel on Climate Change (IPCC)

(Houghton et. al, 1990; 1995; 2001; Solomon et. al, 2007; Stocker et. al, 2013; Ciais

et. al, 2014; Friedlingstein et. al, 2014). Models of land-atmosphere CO2 exchange

based on dynamic representations of ecosystem processes (known as Dynamic Global

Vegetation Models or DGVMs: Prentice and Cowling, 2013; Prentice et al., 2007) were

used to project future CO2 uptake under continuing climate change by Cramer et al.

(2001) and results of such modelling were described in the IPCC Third Assessment

Report (Prentice et al., 2001). Coupled climate-carbon cycle models, in which GCMs

were combined with process-based representations of land- and ocean-atmosphere ex-

changes, were presented by Cox et al. (2000) and Friedlingstein et al. (2006), and

reported in the IPCC Fourth Assessment Report (Solomon et al., 2007). By the Fifth

Assessment Report, results were available from many ESMs with the carbon cycle as

a fully integrated component (Ciais et al., 2014). The direction of development of the

carbon cycle model components has been characterized by a progressive increase in

complexity which has not, however, been matched by convergence: there were large

differences among the projections of different models as presented by Cramer et al.

(2001) and a similar range of future predictions characterizes the latest ensemble of

ESMs considered by the IPCC (Ciais et al., 2014). This lack of consensus seems to

reflect a lack of agreement on how various land processes should be modelled, thus

providing a key motivation for this thesis.

Several types of model have been used from about the 1980s onwards to represent
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land ecosystem processes. Terrestrial biogeochemistry models (TBMs) (e.g. McGuire

et al., 2001) have the main objective of simulating land-atmosphere carbon exchanges

but typically keep biome distributions fixed, applying different sets of parameter val-

ues to each biome. Biogeography models (e.g. Prentice et. al, 1992; Haxeltine and

Prentice 1996) have the main objective of simulating biome distributions by consider-

ation of the climatic controls of different Plant Functional Types (PFTs). The earliest

such models did not consider land-atmosphere carbon exchanges explicitly, although

later models included this aspect (Prentice et al., 2007). Land-surface models (LSMs)

were developed originally to provide the physical land-surface component of GCMs,

and as such typically focus on ‘fast’ processes (for example, a diurnal cycle of evapo-

transpiration is required to represent the physics of land-atmosphere exchanges) while

typically treating the distribution of vegetation, and often other aspects such as phe-

nology, constant. More recent LSMs have included CO2 as well as water and energy

exchanges (see e.g. Prentice et al., 2015; Sellers et al., 1986). Finally vegetation dy-

namics models (Shugart, 1984) have usually been regionally specific and focused on

simulating the course of vegetation succession and response to disturbance, but often

with relatively crude representations of physical and physiological processes. Today’s

DGVMs represent a merger of these four strands of model development (Prentice et al.,

2007). They serve two major functions: simulation of land-surface dynamics coupled

to GCMs (Potter and Klooster 1999; Sitch et. al, 2008; Prentice et. al, 2011), and as

self-contained models predicting past and future mechanisms of change in vegetation

cover, as result of alterations in climate and in atmospheric chemical composition (Pot-

ter and Klooster, 1999; Wang et al., 2014). Many models now include, for example,

land use change, coupled N and P cycling (Wang et al., 2007), emissions of reactive

trace gases (Arneth et al., 2011) and anthropogenic fire regimes (Thonicke et. al, 2010;

Kloster et. al, 2012).

Most contemporary land models make use of the standard model of photosynthesis

by Farquhar et al. (1980). This model represents the dependence of photosynthesis

on the intercellular concentration of CO2 (ci), which is a key variable required for the

process-based simulation of CO2 effects on vegetation and the carbon cycle. This is one
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component of contemporary land process models that is generally agreed upon, as the

model is well known to provide a very good approximation of the behaviour of photo-

synthesis with respect to environmental changes under controlled conditions. However,

the model (a) requires certain important (and variable) quantities to be known - they

can be measured, but for global modelling they have to be predicted somehow - and (b)

also requires a ‘closure’ (because there is no universally accepted model for stomatal

behaviour) to predict the value of ci, given the ambient CO2 concentration (ca). These

‘details’ are in fact immensely important, as we shall see.

1.1.3 New opportunities for Dynamic Global Vegetation Mod-

els

The huge challenge faced by early attempts to model the global land surface in all its

daunting complexity was to produce realistic results with the help of remarkably limited

data that could be used either to develop the model or to evaluate the results (Prentice

et al., 2015). This situation has now greatly improved, as a very large body of empirical

data on leaf and plant traits and rates has accumulated over the past two decades

(Wright et. al, 2004; Kattge et. al, 2011; Torello-Raventos et. al, 2013; Bradford et. al,

2014). However, model development has not fully capitalized on this ‘data revolution’.

What has happened is that models have became increasingly complex, and ‘realistic’ in

the sense that they represent an increasing fraction of the processes known to influence

ecosystems - a trend that has not been matched by increasing reliability or robustness

(Prentice et al., 2015). Models generally still require a long list of parameters to

be specified for each of a number of PFTs, while the controls of these parameters are

often incompletely understood and/or inadequately quantified. The situation demands

to be rectified because the differences among model predictions are stark. For example,

modelled positive responses of global net primary production (NPP) to atmospheric

CO2 concentration vary more than five times and models even diverge on the sign of the

response of global NPP to climate (Solomon et al., 2007; Wang et al., 2014). The causes

of such differences are difficult to diagnose, because of the models’ sheer complexity and
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the lack of a common framework that could facilitate process-by-process comparisons

(Medlyn et al., 2015). These problems are now stimulating a re-think of land models

with a view to providing a much stronger and more transparent basis in observations

(Smith et al., 2013) and theory (Wang et al., 2014).

One key to making better, more robust models resides in the now extensive field

of empirical research on plant traits and their correlations with one another and with

environmental variables, of which the leaf economics spectrum (Wright et al., 2004)

provides a classic example. The idea of optimization by natural selection, which is

assumed to act by eliminating inefficient combinations of traits (Prentice et al., 2015),

is key to the development of theoretical insights and modelling principles in plant trait

research. It is expected that plant traits should respond to climatic influences (Reich,

2014) because the optimal trait combinations are likely to be different in different

growth environments. However, this is a nascent science. The ‘periodic table of PFTs’

(Steffen, 1996) has yet to emerge. Meanwhile, there is a great deal of work to be

done in trying to establish general simplifying principles that can be supported by

measurements in the field.

1.2 Plant Functional Types and forest dynamics

From their earliest stages of development, DGVMs have adopted PFT classification

systems designed principally to facilitate representation of the global-scale distribution

of different biomes (Prentice et al., 1992, 2007). But PFT classifications have a long

history prior to the development of numerical models. Raunkiær’s (1934) ‘life form’

classification was specifically based on plant traits that ensure persistence through sea-

sons unfavourable for growth (Harrison et al., 2010). After several decades when plant

functional geography was largely neglected, new PFT classifications started to appear

in the 1980s (Box, 1981; Woodward, 1987). However, most PFT classifications in cur-

rent models are simplified relative to Raunkiær’s. They are usually defined in terms

of: (a) life form (often just woody versus non-woody), (b) leaf type (broad- or needle-

leaf), (c) phenological type (deciduous or evergreen), (d) photosynthetic pathway (C3,
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C4) and (e) climatic ranges as broad climatic classes such as boreal, tropical, desert.

This conventional approach to PFT classification has served its purpose in enabling

the development of the first generation of DGVMs, but is also fraught with limita-

tions (Prentice and Cowling, 2013). In particular, the common modelling approach

that assigns fixed values of leaf-level traits such as carboxylation capacity (Vcmax) and

nitrogen content per unit leaf area (Narea) to PFTs does not adequately describe the

plasticity of such traits nor, crucially, the adaptive importance of trait variation within

PFTs.

The last few years have seen rapidly increasing interest in the development of models

based on continuous trait variation (Pavlick et al., 2013; Scheiter et al., 2013; Verhei-

jen et al., 2013; Fisher et al., 2015), which in principle could account for the large

and systematic variations that can be found in many quantitative traits along envi-

ronmental gradients, both within and between PFTs (Meng et al., 2015). But models

that represent trait variation as a continuum within conventionally defined PFTs still

struggle with the coarse and approximate definitions of PFTs. Models capitalise on

well-understood distinctions among photosynthetic pathways, but they also need more

explicit principles for the assignment of values for quantitative traits with adaptive

significance (see e.g. Ali et al., 2015).

Another neglected aspect of PFT classification concerns niche differences among

co-existing species in complex communities. Classifications of tree species according

to shade tolerance (Whitmore, 1982) and growth rate characteristics (pioneer versus

climax) (Swaine and Whitmore, 1988) define species’ various ‘roles’ in forest dynamics.

Such classifications have been used to specify parameter values in regionally specific

‘gap models’ (Botkin et al., 1972; Shugart, 1984). Most DGVMs however do not

consider these distinctions and little recent research has been done on the relationship

between dynamical roles and the functional traits used in DGVMs. Fyllas et al. (2012),

focusing on Amazonian tropical rainforests, examined the relationship between ‘roles’

in vegetation dynamics and a series of quantitative traits. Chapter 4 here adopts

the simple fourfold species’ role classification popularized by Shugart (1984). This

classification subdivides two continua of variation - shade tolerance (requiring, versus
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not requiring, a gap for regeneration) and size at maturity (producing, versus not

producing, a gap upon mortality). This work extends the approach of Fyllas et al.

(2012) to include photosynthetic trait measurements.

1.3 Physiological basis of photosynthesis described

by models

1.3.1 The Farquhar model and Fick’s law

Plant growth is based on the space-time integral of carbon uptake, also called GPP.

Autotrophic carbon uptake is the result of the process of photosynthesis. Estimat-

ing terrestrial GPP is crucial to quantifying the land-surface component of the global

carbon cycle (Wang et al., 2014). Photosynthesis is regulated by the key control vari-

able ci which depends in part on the stomatal conductance (gs), which simultaneously

controls the entry of CO2 into the leaf and the loss of water (transpiration) from the

leaf (Farquhar and Sharkey, 1982). The coupling of photosynthesis and transpiration

through stomatal behaviour is central to simulation of both the global carbon cycle

and the global hydrological cycle.

Farquhar et al. (1980) introduced the standard biochemical model of photosynthesis

in C3 plants (the FvCB model). In this model, photosynthesis (A) is taken to proceed

at the slower of two rates. One of these (Wc) refers to the catalytic rate of conversion

of the enzyme ribulose 1.5 - bisphosphate carboxylase/oxygenase (Rubisco), assuming

a saturating supply of substrate (RuBP). The maximum velocity of carboxylation is

generally called Vcmax. The Rubisco-limited rate of photosynthesis is described by the

following equation:

Wc = Vcmax

[
ci − Γ∗

ci +K

]
−Rd (1)

where ci is the leaf-intercellular partial pressure of CO2. Here K = Kc(1 + O/Ko),

where the partial pressure of intercellular oxygen is represented by O, Kc and Ko are
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respectively the Michaelis-Menten constants of Rubisco for CO2 and oxygen (O2). Γ*

is the photorespiratory compensation point of CO2, where assimilation exactly matches

photorespiration (i.e. the net CO2 exchange is zero). The kinetic properties of Rubisco

are conservative among C3 species and so this general relationship, with prescribed

values of Kc and Ko (which are functions of temperature), has a very wide field of

application (Von Caemmerer 2000; Sharkey et. al, 2007). Rd (or Rday) is the rate of

mitochondrial respiration in the presence of light, which is a small and approximately

constant fraction of Vcmax.

Equation (1) formally assumes infinite mesophyll conductance (gm), which is a

measure of the ability of CO2 to diffuse through physical barriers inside the leaf in-

cluding air, cell walls, lipid membranes, liquid cytoplasm and stroma. The mesophyll

conductance is expected to affect values of Γ* and ci (Von Caemmerer, 2000) and

the assumption of infinite mesophyll conductance means that in practice estimation

of Vcmax based on photosynthesis measurements and using Equation (1) leads to an

underestimation of the true value of Rubisco catalytic capacity. However, given still

incomplete understanding of the controls of gm, Equation (1) remains the standard

implementation in the FvCB model.

The second limiting rate (Wj) is the rate of regeneration of RuBP. The rate of

electron transport (J) is crucial here because electron transport supports NADP+ re-

duction to NADPH, required for the regeneration of RuBP. This limitation is described

by:

Wj = J

[
ci − Γ∗

4ci + 8Γ∗

]
−Rd (2)

A maximum rate of electron transport (Jmax) can be estimated from leaf gas-

exchange measurements under saturating light and CO2, using equation (2). J is then

a function of Jmax and is most commonly quantified by the non-rectangular hyperbola

(Von Caemmerer, 2000):

J =
φI + Jmax −

√
(φI + Jmax)2 − 4φθIJmax

2θ
(3)
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where I is the photosynthetic photon flux density (PPFD), φ is the intrinsic quantum

yield and θ is the curvature of the light response.

Typically, photosynthesis at high PPFD is Rubisco-limited for ci < 200 ppm and

RuBP-regeneration-limited for ci > 300 ppm CO2. Between 200 and 300 ppm there

is a ‘transition zone’ where the two rates are co-limiting. The standard approach

to measuring photosynthesis involves developing response curves (A-ci curves) where

photosynthesis is recorded under saturating PPFD at different levels of ca. From A-ci

curves, it is possible to estimate Vcmax and Jmax.

Sharkey (1985) introduced a third (Wt) limitation to the biochemical processes of

photosynthesis when high CO2, high light and low temperature yield results inconsis-

tent with the FvCB model. This third limitation, known as triose phosphate limitation

(TPU), is rarely observed in field. It occurs when the leaf’s capacity to release phos-

phate in the chloroplast during the synthesis of sucrose and starch is smaller than the

capacity for triose phosphate production in the Calvin cycle. As a result, phosphate

becomes limiting to photosynthesis, and assimilation becomes insensitive to both CO2

and O2. This situation is described by:

Wt = 3TPU −Rd (4)

where TPU is the triose phosphate utilization rate. This standard implementation

has been further corrected for ‘reversed’ O2 and CO2 sensitivities observed empirically

(Harley and Sharkey, 1991).

Equations (1) and (2) are functions of ci, but ci is itself a function of the rate of

photosynthesis and of the stomatal conductance to CO2 (gs). The assimilation rates

(A), and the ci value consistent with it, are given by the coordinates of the intersection

of the A-ci curve and the straight line that describes the relationship between ci and

gs according to Fick’s law of diffusion (Figure 1.1). The A function is also known as

‘demand function’ (Leuning, 1990) while the ‘supply function’ describes the Fick’s law



12 Introduction

Γ ca

supply function

demand function

A c R
ub

isc
o l

im
ite

d
A j RuBP regeneration limited

0

10

20

30

0 200 400 600 800
ci (µmol CO2 m−2 s−1)

A
 (µ

m
ol

 C
O

2 m
−2

 s
−1

)

Figure 1.1: Assimilation (A) plotted against the leaf-intercellular partial pressure of CO2

(ci) (Prunus turneriana measured at Robson Creek - see section 1.4 and chapter 4). Solid
lines are modelled Wc and Wj (demand function). Dotted grey lines are assimilation if Wc

and Wj were not co-limiting. The dashed line describes CO2 diffusion from the atmosphere
to the intercellular spaces (supply function)

limitation of A by gs:

A = gs(ca − ci) (5)

where ca is the atmospheric partial pressure of CO2. If gs is not limiting (infinite),

the supply function is a vertical line through ci = ca (Farquhar and Sharkey, 1982).
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1.3.2 The evolutionary attractor framework

The quantification of photosynthetic parameters in a straightforward, robust and re-

alistic modelling framework opened the doors for microeconomic analogies to the pho-

tosynthetic process, in which water, nitrogen, and carbon can be viewed as currencies

to be acquired, stored, and spent (Wright et al., 2003). The economic analogy ap-

plied to the concept of optimization by natural selection permitted the formulation

of quantitative, testable hypotheses in an ‘evolutionary attractor framework’ (Givnish

1986; Westoby et. al, 2012; Prentice et. al, 2014), also referred to as ‘optimality mod-

elling’. According to this approach, measures of plant efficiency should be maximized

by strategies that permit the highest photosynthetic revenue to be obtained with the

lowest construction and maintaining costs, under specific sets of environmental con-

straints. However, although the basic idea is powerful, it is not necessarily clear a priori

what measures should be optimized, or indeed what can be optimized; for example,

some of the terms in the FvCB model are considered to be close to evolutionarily

‘hard-wired’ constraints - for example the intrinsic quantum yield (ϕ) does not rep-

resent a thermodynamic constraint but rather the empirical fact that this quantity,

when properly measured, varies little at least among wild C3 plants (Skillman et. al,

2005; Long and Bernacchi 2003). Thus, the evolutionary attractor framework provides

a way to formulate general hypotheses that may hold great promise for simplifying

DGVMs; but they have to be tested with field measurements. That is the purpose of

this thesis. Specifically, the thesis addresses the following explicit hypotheses, which

represent under-studied aspects of plant ecophysiology that are nonetheless of great

importance for the correct representation of plant processes in DGVMs:

• That the ratio of leaf area to the cross-sectional sapwood area supplying that

area (LA:SA) should be invariant with plant size (the pipe model: Shinozaki

et al., 1964), but should vary systematically with hydroclimate.

• That photosynthetic capacity at constant growth PPFD should acclimate to

temperature on a seasonal time scale, in such a way that photosynthesis on

average remains co-limited by Rubisco capacity and electron transport (the

‘coordination hypothesis’: Maire et al., 2012).
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• That different ‘roles’ of species in complex tropical forests - climax, large and

small pioneer, and subcanopy species - should exhibit leaf and plant trait

combinations consistent with the ‘coordination hypothesis’ and the ‘least-

cost’ theory (Prentice et al., 2014) which proposes that ci:ca should decline

with increasing water transport costs.

The theory behind each of these hypotheses is described in the following sections.

1.3.3 The least-cost theory and the trade-offs of Vmax, ci:ca,

leaf N and the Huber value

The ‘least-cost’ theory was introduced by Wright et al. (2003) and refined by Pren-

tice et al. (2014). Carbon assimilation is considered as the ‘product’ and the costs of

production are considered as (1) a carbon cost proportional to the transpiration (E) re-

quired to support a given rate of assimilation (a.E/A where a is a water-transport ‘cost

factor’) and (2) a carbon cost proportional to maintaining Rubisco capacity (b.Vcmax/A

where b is a carboxylation ‘cost factor’). Prentice et al. (2014) hypothesized that plants

minimize the sum of these two costs:

Cost = a
E

A
+ b

Vcmax

A
(6)

Applying Fick’s law for transpiration, and given that the stomatal conductance to

water vapour is 1.6 times higher than stomatal conductance to CO2 (gs), we have:

E = 1.6gsD (7)

where D is the leaf-to-air vapour pressure deficit. The supply function for photosynthe-

sis can be re-arranged to demonstrate photosynthetic relationships to the CO2 diffusion

gradient represented by the ratio ci:ca:

A = gsca

(
1− ci

ca

)
(8)
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Equations 7 and 8 contain the common parameter gs suggesting a trade-off between

ci:ca, assimilation A, transpiration E and atmospheric aridity D. Prentice et al. (2014)

showed that there is an optimal value (χ0) of the ci:ca ratio, which can be simplified

(provided A is much higher than Rd and ci much higher than Γ*) to the following

expression:

χ0 =
ξ

ξ +
√
D

(9)

where ξ =
√

(bK/1.6a). This is identical with the equation presented in Medlyn et al.

(2011), but derived in a more explicit way by Prentice et al. (2014) as the solution to

the minimisation problem posed by equation (6). Note that the formal assumption A

>> Rd is only used in this thesis in the derivation of the optimal ci:ca ratio where it

has very little effect - whereas the fact that Rd is nonetheless a significant ‘cost’ is part

of the underpinning of the least-cost theory. The formal assumption ci >> Γ* is not a

requirement of the theory but rather a convenient approximation as fully expressed in

equation (8) of Prentice et al. (2014).

Equation (9) predicts that the ci:ca ratio should have a positive relationship to K

and a negative relationship to vapour pressure deficit (D). K is known to increase

steeply with temperature (Bernacchi et al., 2003). In addition, a should decrease

with temperature because the declining viscosity of water with increasing temperature

(Roderick and Berry, 2001) means that the maintenance costs of sapwood (for a given

water flow) are less at higher temperatures. Therefore, χ0 increases with temperature

both due to the increasing cost of photosynthesis (higher Vcmax is required to support a

given assimilation rate) and the declining cost of water transport. Both factors speak

for a shift in the balance of investments towards water transport, resulting in a higher

optimal value of ci:ca. Prentice et al. (2014) also presented field evidence in support of

the positive relationship between ci:ca and temperature, and the negative relationship

between ci:ca and aridity as predicted by equation (9).

Plant transpiration E can be expressed by a simple relationship that derived from

Darcy’s Law to describe the water flow, combined with Fick’s law to describe water
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loss at the leaf surface (Whitehead et al., 1984):

E =
vh ∆Ψ ks ρ

η l
(10)

where the so-called Huber value (vh) is the ratio of the cross-sectional sapwood area

and the (one-sided) leaf area supplied by it (the inverse of the Huber value, the leaf

area to sapwood area ratio LA:SA, was adopted in this thesis). Sapwood permeability

(ks) is a wood property independent of the properties of water (Reid et al., 2005).

The water potential gradient ∆Ψ is the difference between soil water potential (or pre-

dawn leaf water potential) and leaf water potential. The total path length is l. More

conservative (physical) quantities in equation (10) are the density of water ρ and the

temperature-dependent viscosity of water η. If LA:SA is negatively correlated to E,

and thus to D (equations 7 and 10), we would also expect the optimal ratio of stomatal

conductance to photosynthetic capacity to be reduced in drier environments (Wright

et. al, 2004; Prentice et. al, 2014). In drier environments, usually a larger sapwood

area per unit area of transpiring leaf has to be maintained if photosynthetic rates are

to equal those achieved in wetter environments (Westoby et al., 2012). Additionally,

equation (10) suggests that LA:SA and ks should be correlated. This relationship has

been empirically proved by Gleason et al. (2012) and it is revisited in Chapter 2 of this

thesis.

The Huber value is a powerful predictive trait for several reasons:

• Its trade-offs with other traits are well-defined theoretically (Whitehead et.

al, 1984; Westoby et. al, 2012; Li et. al, 2014).

• Its value is predicted by the pipe model (Shinozaki et al., 1964) to be con-

stant, implying an isometric relationship between LA and SA, in any part

of the tree (permitting up scaling from small branches to whole trees) or

between trees of the same species but different size.

• Xylem tapering renders hydraulic conductivity approximately independent

of path length, thus tending to maintaining vh constant (Tyree and Ewers,

1991).
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• The Huber value should reflect plant strategies of water use ranging from

‘conservative’ (high-density wood, low-calibre conducting elements) to ‘ag-

gressive’ (low-density wood, high-calibre conducting elements) (Gleason et al.,

2012).

• Huber values can be measured straightforwardly in the field by scanning

leaves and by subtracting the cross-sectional area of a branch/trunk from

the pith cross-sectional area (Gleason et al., 2012).

Trade-offs between the Huber value and other traits have been modelled in other

contexts. The mass of carbon in sapwood (W.s) is a parameter included in a model

developed by Prentice et al. (2014) and Wang et al. (2014) to calculate net primary

production (NPP) and relates to vh as follows (Li et al., 2014):

W.s = LAc vh ρsHf (11)

where L is the leaf area index within the crown, Ac is the projected crown area, ρs

is the density of the wood, and Hf is the mean foliage height. Assuming the ‘initial’

sapwood area (for a small tree) is equal to the stem cross-sectional area, Li et al. (2014)

derived from equation (11) a simple identity:

L c vh = 1 (12)

where c is the initial ratio of crown area to stem cross- sectional area. Thus, for whole-

tree growth modelling, knowing any two of the variables L, c and vh is sufficient to

predict the third.

Yet despite all these reasons to study LA:SA, as well as its obvious importance

for modelling (as it determines the support costs associated with maintaining leaf

area), the available data are still quite limited. Most studies of variation in LA:SA

have ben carried out on gymnosperms, and few comparative studies have been un-

dertaken involving multiple angiosperm species. There is evidence that this parameter

adjusts in the expected manner (declining with aridity) to spatial variation in D within

gymnosperm species (Mencuccini and Grace, 1995), but no information seems to be
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available concerning the generality (or otherwise) of this response.

Another important trait (and one that is very commonly measured) is the leaf ni-

trogen content per unit area (Narea). The least-cost theory predicts a trade-off between

Vcmax and the ci:ca ratio, and to a first approximation, Narea is related to Vcmax (for

any given temperature; as the amount of Rubisco, and therefore the quantity of N ,

required to support a given level of enzyme activity declines with increasing temper-

ature). Thus, a general prediction of least-cost theory is that Narea should increase

with aridity, all else equal. However the expected response to temperature is more

complex because it includes a predicted increase (due to the increased Vcmax needed

to support a given assimilation rate at higher temperature) and a decrease (due to

the increased catalytic activity of photosynthetic enzymes; as further elaborated in

the next section). Moreover, the relationship between Narea and Vcmax is indirect, and

approximate, with some indication of higher N requirements per unit Vcmax in dry

climates (Prentice et al., 2014). Thus, a proportional relationship between Vcmax (even

at standardized temperature) and Narea cannot be taken for granted; it is better to

measure both quantities, as has been done here.

1.3.4 The coordination hypothesis

The ‘coordination hypothesis’ was introduced by Chen et al. (1993) to explain a long-

known and widely observed phenomenon: the decline of leaf N with depth in closed

canopies. The basic idea is that plants allocate N , coordinating both Vcmax and Jmax

to attain a balance where Wc = Wj for typical daytime conditions. Maire et al. (2012)

confirmed this finding for sunlit leaves, also showing its link to Narea, for a range of

plant species grown under different environmental conditions. Although originally (and

from today’s perspective, puzzlingly) presented as an alternative to optimality models

(Chen et al., 1993; Maire et al., 2012), the coordination hypothesis can easily be un-

derstood in the evolutionary attractor framework as co-limitation implies an optimal

balance of investment in light capture, electron transport and carboxylation capacities.

Excess investment in any of these functions would have no positive impact on assim-

ilation and should therefore, from first principles, be disfavoured. And indeed, Chen
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et al. (1993) already showed that the vertical distributions of carbon assimilation and

nitrogen distribution resulting from their mechanistic interpretation of the hypothesis

were closely similar to the predictions of optimal models (see also Hirose and Werger

1987; Anten 2005).

Nitrogen used for carbon assimilation should be allocated to leaves until Wc and

Wj are balanced and for that reason Vcmax and Jmax are expected to be pairwise

proportional (Chen et al., 1993). Empirically, Vcmax and Jmax have been shown to be

strongly correlated and the ratio between them to be fairly conservative (Wullschleger

1993; Domingues et. al, 2010), although somewhat dependent on growth temperature

(Kattge and Knorr, 2007). Thus, the coordination hypothesis suggests the possibility

that this observed conservatism - analogously to the well-known conservatism of the

ci:ca ratio - might be theoretically explicable in the evolutionary attractor framework

and perhaps that the modest temperature dependence of this ratio - analogously to the

well-established decline of ci:ca with aridity - might be predictable as well. However,

this possibility is not pursued here.

1.3.5 Acclimated responses, least-cost, coordination and PFTs

Plants are expected to optimise carbon revenue and minimize costs, in a highly plastic

response to environmental conditions. Although it is recognized that plants have to

adapt to temperature, water availability, vapour pressure deficit and light, how these

environmental factors will limit and determine plant acclimation are still not entirely

understood (Niinemets and Valladares, 2004). Assuming that optimal use of limit-

ing resources results from canopy photosynthetic acclimation, leaf level photosynthesis

models may be directly up scaled to predict whole canopy photosynthesis biochemistry

(Farquhar et al., 1980). The spatial variation of photosynthesis acclimation to envi-

ronmental factors may be dependent on attributes such as canopy position, height and

level (e.g. understorey, overstorey), gap exposure and others. These characteristics

will influence plants exposure to various light levels, temperature and climatic mois-

ture, and thus will define how heterogeneous should be photosynthesis acclimation

(Niinemets and Valladares, 2004). Short-term variation of the interactions between
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the environmental factors should be large enough to significantly modify leaf physiol-

ogy, while long-term acclimation may lead to complex and dynamic patterns of carbon

assimilation among short distances in plant canopies (Niinemets and Valladares, 2004).

This thesis considers certain predictions that arise from a combination of the least-

cost hypothesis with the coordination hypothesis, as follows:

• Vcmax should increase with increasing growth temperature (spatially or sea-

sonally) due to the increase of K.

• Vcmax and Jmax should covary, both spatially and seasonally.

• Values of Vcmax and Jmax normalized to 25°C should decline with increasing

growth temperature, because the catalytic capacity of Rubisco increases more

steeply than K.

• Mitochondrial respiration in the dark, Rdark (Niinemets and Tenhunen 1997;

Atkin et. al, 2000) and in the light, Rd should acclimate to temperature

in the same way as Vcmax (Atkin et. al, 2015). Variation in respiration

associated to variation in photosynthesis can be explained by chloroplast-

mitochondrion interdependence in the light and dark, and energy costs asso-

ciated with phloem loading (Atkin et. al, 2015).

• Relationships of Vcmax, Jmax and Rd to Narea and other structural traits (tree

height, wood density) (Fyllas et al., 2012) within complex forest communities

should be predictable, and related to species’ dynamical roles (longevity and

canopy access).

1.4 Fieldwork context

Fieldwork in Australia was conducted in two contrasting environments during two sea-

sons: summer and winter in the south west of the Great Western Woodlands (GWW);

and dry and wet seasons in Far North Queensland (FNQ). The GWW (−30.46, 120.82)

site is located near Credo, 60 km north-west of Kalgoorlie, Western Australia. The

FNQ site (−17.11, 145.63) is located near Tinaroo, 10 km north-east of Atherton,

Queensland. The GWW has a semi-arid climate and the vegetation is an intact mosaic
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of temperate woodland, shrubland and mallee. The mean annual rainfall (MAP) is

380±108 mm (Hutchinson, 2014c), the mean annual temperature (MAT) is 20±0.4°C

(Hutchinson, 2014a,b) and altitude is 420 m. The FNQ - Robson Creek site is a

preserved tropical forest at 700 metres a.s.l. with mean annual rainfall (MAP) of

1813±472 mm (Hutchinson, 2014c) and mean annual temperature (MAT) of 20±0.4°C

(Hutchinson, 2014a,b).

The GWW and FNQ research sites are part of the Australian Supersite network

(ASN) which in turn is a facility of the Terrestrial Ecosystem and Research Network

(TERN). The ASN includes ten sites, representing the major Australian biomes. The

sites selected in this thesis are the most environmentally contrasting in the entire ASN.

There is an OzFlux eddy-covariance flux measurement tower at each SuperSite, and

ongoing research is developing detailed data sets on flora, fauna and biophysical pro-

cesses at every site. The fieldwork in the GWW and FNQ-Robson Creek was part

of a larger project to quantify leaf traits in eight out of ten SuperSites and in se-

lected Ausplots Rangelands sites including the north-south ‘Transect for Environmen-

tal Monitoring and Decision Making’ (TREND). The fieldwork in GWW and FNQ

was funded by TERN Ecosystem Modelling and Scaling Infrastructure (eMAST, re-

fer: http://www.emast.org.au), directed by Dr Bradley Evans and chaired by Professor

Colin Prentice. This research was jointly planned by Colin Prentice (Department of Bi-

ological Sciences, Macquarie University; and AXA Chair of Biosphere and Climate Im-

pacts, Grand Challenges in Ecosystems and the Environment and Grantham Institute

- Climate Change and the Environment, Department of Life Sciences, Imperial Col-

lege London), Professor Andy Lowe (Centre for Conservation Science and Technology,

University of Adelaide), Professor Owen Atkin (Division of Plant Sciences, Research

School of Biology and ARC Centre of Excellence in Plant Energy Biology, Research

School of Biology, Australian National University), A. Professor Michael Liddell (Col-

lege of Science, Technology and Engineering, Centre for Tropical Environmental and

Sustainability Studies), Dr Craig Macfarlane (CSIRO Wembley WA Land and Water

Flagship) and Dr Suzanne Prober (CSIRO Wembley WA Land and Water Flagship).

Fieldwork in southeast China was conducted in five areas of preserved tropical
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forest near Kunming (21.61, 101.58) and near the Xishuangbanna Tropical Botanical

Garden (21.91, 101.27), Yunnan (YUN) during the winter dry season. Altitude ranges

between ∼500 and 1000m, MAT ranges from 19.6±06°C to 21.7±07°C and MAP from

1427±297 mm to 1662±302 mm. The sampling in this area is part of a long-term

collaborative project led by Professor Jian Ni (Chinese Academy of Sciences - China),

Professor Sandy Harrison (Macquarie University - Australia, and University of Reading

- UK) and Colin Prentice (Macquarie University - Australia, and Imperial College

London - UK). This project has measured leaf traits of main vascular species of 47

sites in eastern China ranging from subtropical broad-leaved evergreen and temperate-

deciduous forests to grasslands and desert. This fieldwork was funded by the Key

Program (grant no. 30590383) of the National Natural Science Foundation of China and

a State Key Laboratory of Vegetation and Environmental Change program (Chinese

Academy of Sciences): ‘Responses of important functional process of old-growth forests

to environmental changes’.

1.5 Thesis approach

This thesis aims to provide empirical information needed to improve the representation

of key biological processes related to terrestrial carbon and water cycling in Dynamic

Global Vegetation Models (DGVMs). The representation of the ecophysiological pro-

cesses of carbon assimilation, and plant traits influencing these processes is simplistic

in most current DGVMs, which have not benefited fully from the ‘data revolution’ that

has hugely increased the amount and variety of data available to support a stronger

scientific basis for next-generation modelling. Still less has current model development,

much of which is now located in climate modelling centres, engaged with field ecologists

or been involved in the data analysis. There is an important gap to be filled.

In this thesis, only evergreen plants were considered because they are overwhelm-

ingly dominant in Australian vegetation and in tropical moist forests; and because

further considerations come into play when trying to model deciduous phenologies,

which would extrapolate the limits proposed in this single thesis. The field sampling
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criterion was to use top-canopy sunlit, newly mature and fully expanded leaves. This

work has not explored the potential effect of leaf age on photosynthetic properties of

leaves. In theory, leaf nitrogen nutrient levels should decrease with an increase in leaf

age, caused by reallocation rather than uncontrolled deterioration (Field and Mooney,

1983). Together with leaf shading and exposition to sunlight, leaf ageing can be a

major factor to cause non-uniform distribution of nitrogen (Hirosaka et al., 1994).

Additionally, leaf age increase (and decrease in nitrogen) is also expected to reduce

photosynthetic capacity and stomatal conductance (Field and Mooney, 1983).

The coordination hypothesis and the least-cost theory are used here to provide

a theoretical framework to explain the economics of carbon assimilation. Notwith-

standing some important theoretical advances, based on the evolutionary attractor

framework or ‘optimality modelling’ (Chen et. al, 1993; Wright et. al, 2003; Maire et.

al, 2012; Prentice et. al, 2014), there is a pressing need for more field-based empirical

work to test the explicit predictions of theory: potentially providing a rationale for the

radical simplification of future DGVMs.

The thesis is divided into three principal, self-contained chapters (the second, third

and fourth chapters) each of which has been conceived and written as a journal article,

either published, in review or submitted.

The second chapter explores the least-cost theory prediction that the leaf area (LA)

to cross-sectional sapwood area (SA) ratio should decrease toward drier climates. LA

and SA are two critically important traits for the function of trees, which respec-

tively determines tree water use and light interception, and the tree’s ability to supply

water to the leaves. This relationship has been tested and verified in gymnosperms

(Mencuccini and Grace 1995; Delucia et. al, 2000) but information in angiosperms

is notably scarce. In order to address this gap, this chapter assembles and analyses

a large dataset from 184 evergreen angiosperm tree species spanning contrasting en-

vironments in Australia, from deserts to tropical forests. The dataset was gathered

from field observations, published and unpublished data contribution, and literature

compilation. A quantile regression approach was implemented to define what parts of

the spectrum LA:SA can be explained by climatic moisture. I also investigated the
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pipe model (the prediction that the sapwood cross-sectional area of a stem or branch

at any point should scale isometrically with the area of leaves distal to that point). I

further test with a smaller subset the least-cost theory prediction that leaf hydraulic

conductivity (Gleason et al., 2012) is a key trait to improve the explanation of the

relationship between LA:SA and climatic moisture.

The third chapter addresses a crucial issue for DGVMs. Most of these models work

on the ‘simplifying’ assumption that key photosynthetic traits, such as carboxylation

and electron-transport capacities measured at a standard air temperature, are con-

stant (within PFTs) in time and space. This assumption neglects the potential for

optimal acclimation of photosynthetic and respiratory traits to variations in growth

temperature, and therefore, can lead to incorrect model estimates (and implicitly, pre-

dictions of suboptimal behaviour by plants) where rate limitations respond passively

to enzyme kinetics. Temperature acclimation is predicted by combining the coordina-

tion hypothesis (that Rubisco- and electron-transport limited rates of photosynthesis

are co-limiting under typical daytime conditions) with the least-cost theory prediction

that the ratio of intercellular to ambient CO2 concentration increases with temper-

ature, due to lower water viscosity and higher photorespiratory losses. This chapter

uses linear regression between log-transformed photosynthetic parameters (Vcmax, Jmax,

Rdark) and temperature observed in field, and does the same for the same parameters

after standardisation to 25°C. Prima facie evidence for optimal acclimation is obtained

in the form of rates that increase with temperature (compensating for the increase of

K) while temperature-standardized rates decrease - consistent with the coordination

hypothesis prediction of reduced allocation of N to Rubisco at higher temperatures,

which is predicted to outweigh the effect of K on the optimal rates. This chapter also

shows that the slopes of the relationships found are broadly consistent with quantitative

expectations based on optimality principles.

The fourth chapter addresses the representation of functional and structural plant

traits in tropical moist forests. By focusing on a narrow climatic range and comparing

species occupying a wide range of niches, this work draws attention to the significance of

ecophysiological differences that are related to vegetation dynamical roles. Multivariate
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analysis methods are used to establish the dimensions of trait variation, to cluster

species according to traits, and to partition trait variance into climatic (between-site)

and vegetation-dynamic contributions. The analysis demonstrates both the consistency

(within and between species) of key trait-trait relationships and the predictability of

relationships between certain traits (including Vcmax and ci:ca) and vegetation-dynamic

roles, based on height and canopy access, from the standpoint of the least-cost theory

and the coordination hypothesis.

All three data chapters had plant traits (such as LA:SA, Vcmax, Jmax, and oth-

ers) log10 transformed unless indicated. Log transformations are widely used for pair-

wise and multiple correlations between plant traits because relationships between log-

normalised traits can be analysed straightforwardly by simple correlation (Wright et al.,

2002).

The final chapter summarises key findings in this thesis, and discusses limitations

and future research directions.
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1.6 Candidate’s role

Chapter 2 has been published as: Togashi, Henrique. F.; Prentice, I. Colin.; Evans,

Brad. J.; Forrester, D. Ian.; Drake, Paul.; Feikema, Paul.; Brooksbank, Kim.; Ea-

mus, Derek; Taylor, Daniel. (2015), Morphological and moisture availability controls

of the leaf area-to-sapwood area ratio: analysis of measurements on Australian trees.

Ecology and Evolution. DOI: 10.1002/ece3.1344. This work originated from Colin

Prentice’s idea of predicting the ratio LA:SA from measures of climatic moisture (MI,

alpha, VPD). I conducted an extensive literature review to compile data from Aus-

tralia that could be used, collected LA:SA for ten species at FNQ-Robson Creek, and

contacted over 50 researchers who could contribute data (five did). I analysed all the

data (occasionally guided by Colin Prentice), performed all statistical and graphical

analyses, wrote the first draft, and modified the manuscript after comments from all

authors and journal reviewers. The idea of including leaf hydraulic conductance from

a smaller dataset was inspired by a comment from Derek Eamus.

Chapter 3 is in revision, having been submitted to Functional P lant Biology as:

Togashi, Henrique F.; Prentice, I. Colin; Atkin, Owen K.; Macfarlane, Craig; Prober,

Suzanne M.; Bloomfield, Keith J. Thermal Acclimation of leaf photosynthetic traits in

an evergreen woodland consistent with the coordination hypothesis. This work orig-

inated from my idea of investigating the responses of photosynthesis to temperature.

Colin Prentice identified in this idea a good opportunity to test some assumptions of

the coordination hypothesis and least-coast theory. I collected all the data in the field,

performed all statistical and graphical analyses, processed and analysed the data (oc-

casionally guided by Colin Prentice), wrote the first draft, and modified the manuscript

after comments from all authors. Colin Prentice suggested the idea of quantifying the

prediction of acclimated versus kinetic slopes, and its algebraic formulation.

Chapter 4 is approaching readiness for submission to Perspectives in P lant Ecology,

Evolution and Systematics as: Togashi, Henrique F.; Prentice, I. Colin; Atkin, Owen

K.; Bradford, Matt; Harrison, Sandy P.; Boomfield, Keith J.; Evans; Bradley J.; Lid-

dell, Michael J.; Wang, Han; Weerasinghe, Lasantha K.; Cao, Kun-fang; Zexin, Fan.
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Functional trait variation related to gap dynamics in tropical moist forests: a per-

spective for vegetation modelling. The idea for this work came from a gap in the

representation of Plant Functional Types (PFTs) in ecosystem models, identified by

Colin Prentice. His idea was to advance the PFT framework adopted in models (Fyl-

las et al., 2012) using leaf gas exchange measurements. I collected the data in China

and part of the data in Queensland. Colin Prentice negotiated additional data from

Queensland with Jon Lloyd; I negotiated additional data from Cape Tribulation with

Owen Atkin and Lasantha Weerasinghe. I performed all statistical and graphical anal-

yses, processed and analysed the data (occasionally guided by Colin Prentice), wrote

the first draft, and modified the manuscript after comments from authors. I developed

the spectrum approach based on Wright et al. (2004) and Baraloto et al. (2010). I

acknowledge Jon Lloyd, Ni Jian, and Zhu Hua for providing data and they may wish

to become co-authors.

Glossary of terms

A Net rate of CO2 uptake per unit leaf area (µmol m−2 s−1)

a Water-transport ‘cost factor’ (dimensionless)

Ac Projected crown area (m2)

b Carboxylation ‘cost factor’ (dimensionless)

c Initial ratio of crown area to stem cross-sectional area (dimensionless)

ca Ambient partial pressure of CO2 (µmol mol−1)

ci Leaf-intercellular partial pressure of CO2 (µmol mol−1)

D Leaf-to-air vapour pressure deficit (KPa)

E Plant transpiration (µmol m−2 s−1)

gm Mesophyll conductance (µmol m−2 s−1)

gs stomatal conductance (µmol m−2 s−1)

Hf Mean foliage height (m)
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I (or PPFD) Photosynthetic photon flux density (µmol m−2 s−1)

J Rate of electron transport (µmol m−2 s−1)

Jmax Maximum electron transport rate (µmol m−2 s−1)

Kc Michaelis-Menten constants of Rubisco for CO2 (µmol mol−1)

Ko Michaelis-Menten constants of Rubisco for O2 (µmol mol−1)

ks Sapwood permeability (cm s−1)

L Leaf area index (dimensionless)

LA:SA Ratio of leaf area to the cross-sectional sapwood area (dimensionless)

Narea Leaf nitrogen per unit area (m2 g−1)

O Leaf-intercellular partial pressure of O2 (µmol mol−1)

Parea Leaf phosphorus per unit area (m2 g−1)

Rd (or Rday) Rate of mitochondrial respiration in the presence of light (µmol m−2 s−1)

TPU Triose phosphate utilization rate (µmol m−2 s−1)

Vcmax Maximum carboxylation capacity rate (µmol m−2 s−1)

vh Huber value (dimensionless)

W.s Mass of carbon in sapwood (Kg)

Wc Rubisco limited rate of carboxylation (µmol m−2 s−1)

Wj RuBP limited rate of carboxylation (µmol m−2 s−1)

Wt Triose phosphate utilization limited rate of carboxylation (µmol m−2 s−1)

∆Ψ Water potential gradient (MPa)

Γ* Photorespiratory compensation point of CO2 (µmol mol−1)

η Temperature-dependent viscosity of water (Pa s)

θ Curvature of the light response (dimensionless)

ρ Density of water (kg m−3)

ρs Density of the wood (kg m−3)

φ Intrinsic quantum yield (dimensionless)

χ0 Time averaged ci:ca ratio (dimensionless)
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30 Introduction

Phillips, O. L, Poorter, L, Poot, P, Prentice, I. C, Salinas, N, Rowland, L. M, Ryan,

M. G, Sitch, S, Slot, M, Smith, N. G, Turnbull, M. H, VanderWel, M. C, Valladares,

F, Veneklaas, E. J, Weerasinghe, L. K, Wirth, C, Wright, I. J, Wythers, K. R, Xiang,

J, Xiang, S, and Zaragoza-Castells, J. Global variability in leaf respiration in relation

to climate, plant functional types and leaf traits. New Phytologist, 206(2):614–636,

2015.

Baraloto, C, Timothy Paine, C, Poorter, L, Beauchene, J, Bonal, D, Domenach, A,
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Abstract

1 The leaf area-to-sapwood area ratio (LA:SA) is a key plant trait that links

photosynthesis to transpiration. The pipe model theory states that the sap-

wood cross-sectional area of a stem or branch at any point should scale iso-

metrically with the area of leaves distal to that point. Optimization theory

further suggests that LA:SA should decrease toward drier climates. Although

acclimation of LA:SA to climate has been reported within species, much less

is known about the scaling of this trait with climate among species.

2 We compiled LA:SA measurements from 184 species of Australian evergreen

angiosperm trees. The pipe model was broadly confirmed, based on mea-

surements on branches and trunks of trees from one to 27 years old. Despite

considerable scatter in LA:SA among species, quantile regression showed

strong (0.2 < R1 < 0.65) positive relationships between two climatic mois-

ture indices and the lowermost (5%) and uppermost (5–15%) quantiles of

log LA:SA, suggesting that moisture availability constrains the envelope of

minimum and maximum values of LA:SA typical for any given climate.

3 Interspecific differences in plant hydraulic conductivity are probably respon-

sible for the large scatter of values in the mid-quantile range and may be an

important determinant of tree morphology.

Introduction

Trade-offs between plant functional traits are central to

optimality theories developed to account for observed

covariation among traits (Wright et al. 2004; Warton

et al. 2006). Investigations of trait variation under differ-

ent environmental conditions can yield insight into how

plant strategies adapt to specific habitats and provide

information for modeling plant growth in response to

environmental change (Mencuccini and Bonosi, 2001).

Here, we focus on the relationships between two critically

important traits for the function of trees: leaf area (LA),

which determines tree water use, light interception, and

thus photosynthesis, and sapwood area (SA), which deter-

mines hydraulic capacity and thus the tree’s ability to

supply water to the leaves.

According to the “pipe model” (Shinozaki et al. 1964),

the leaf area of a stem or branch should be proportional

to (scale isometrically with) the sapwood cross-sectional

area that sustains it (Tyree and Ewers 1991). As the con-

struction and maintenance of sapwood entail substantial

costs, optimization theory further predicts that the ratio

LA:SA should adjust to environmental conditions in such

a way as to maximize photosynthetic revenue relative to

ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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these costs. In dry environments, high vapor pressure def-

icits (vpd) generally imply that larger transpiration rates

have to be maintained in order to achieve a given rate of

photosynthesis. As a result, the optimal ratio of stomatal

conductance to photosynthetic capacity (minimizing the

combined costs of maintaining the capacity for both tran-

spiration and carboxylation) is lower in drier environ-

ments (Wright et al. 2004; Prentice et al. 2014). However,

usually a larger sapwood area per unit area of transpiring

leaf has to be maintained if photosynthetic rates are to

equal those achieved in wetter environments (Westoby

et al. 2012). Thus, we expected to find a trend toward

systematically lower LA:SA ratios with increasing aridity.

We combined new field measurements of LA:SA ratios

with published values and values from unpublished stud-

ies at sites across a range of Australian environments,

from wet to semi-arid and cool-temperate to tropical cli-

mates. We used these data – which come from trees of

different heights, and include measurements on whole

trees as well as branches – to test the general scaling rela-

tionships between LA and SA. We then analyzed relation-

ships between LA:SA and several indices of climatic

moisture in order to test the predicted relationships

between LA:SA and aridity. We confined attention to

evergreen angiosperms, the dominant tree functional type

in Australia. Gymnosperm wood has very different

hydraulic properties, while tropical deciduous trees would

be expected to respond only to wet-season conditions and

therefore to show different patterns of variation with

climate.

Methods

Measurements and data synthesis

We measured LA and SA on four branches per tree of ten

evergreen angiosperm species at Robson Creek, Danbulla

National Park, Queensland (17°070S, 145°370E). Leaf area
was measured using a desktop scanner for all leaves on a

sampled branch. After bark removal, the branch cross-sec-

tional area was measured with a digital caliper at two

points near the cut (methodology that includes the non-

conductive part of the sapwood). The pith cross-sectional

area was measured and subtracted from the branch cross-

sectional area.

Data for a further 170 species were contributed from

25 sites, based on seven published and two unpublished

studies. We also compiled 258 published measurements

on 151 species from 43 sites (Supplementary Information

Data S1 and S2). The data comprised measurements from

183 species, at the locations shown in Fig. 1. The full

dataset was composed of 252 measurements on branches

and 175 on whole trees. For compiled and contributed

data, measurements on branches were made as described

above, although with a variable number of branches sam-

pled per tree. In some studies where the branch diameter

was too small (<10 mm), the pith was considered part of

the sapwood. For whole trees, cross-sectional sapwood

area was measured at 1.3 m above the ground from bored

cores or harvesting the tree. Leaf area in whole trees was

in most cases measured from harvested trees. Data for

individual height in 38 species (49 observations) were also

gathered. A further subset was considered for 35 species

(101 observations) for which xylem-specific hydraulic

conductivity (Ks) was available simultaneously with LA:

SA and climatic moisture.

Climate data

Mean vpd was estimated at each sampling site from the

Bureau of Meteorology (BoM) 0.01-degree gridded clima-

tology using seven models (Running and Coughlan 1988;

Allen et al. 1998; Wang et al. 2004), all of which yielded

similar results. For illustration, we present results

obtained using the equation of Allen et al. (1998), also

adopted by the Australian Bureau of Meteorology (BoM),

http://www.bom.gov.au:

eo ¼ 0:6108 exp½ð17:27TÞ=ðT þ 237:3Þ�

vpd ¼ ðeo;max þ eo;minÞ=2� ea

where T is daily temperature (°C), eo, max is the saturated

vapor pressure (kPa) calculated at the daily maximum

temperature, eo, min is the saturated vapor pressure

Figure 1. Geographic distribution of measured leaf area-to-sapwood

area (LA:SA) ratios. The mapped climate variable is the Cramer–

Prentice a index of moisture availability (average between 1970 and

2000) calculated from AWAP data (http://www.eoc.csiro.au/awap/).

The white line shows the limit between May to September north dry

season and October to April south dry season.
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calculated at the daily minimum temperature, and ea is

the mean daily actual vapor pressure, calculated from the

BoM product as the average of measurements at 0900

and 1500 h.

Two additional climatic indicators of moisture avail-

ability were calculated, using Australia Water Availability

Project (AWAP) gridded data (http://www.eoc.csiro.au/

awap/): the moisture index (MI) (the ratio between

precipitation and potential evaporation) and the Cramer–
Prentice a index (Prentice et al. 2011) (calculated here as

the ratio between actual and potential evaporation in the

AWAP data). Both MI and a are dimensionless numbers

and are conceptually related by the Budyko curve,

whereby a is a saturating function of MI.

All moisture variables (including vpd) were calculated

for months, years, decades, and dry seasons (the hydraulic

architecture of evergreen species may sometimes present a

“bottleneck” effect as response to dry season). “Dry sea-

son” was defined following the BoM convention as May

to September in the north and October to April in the

south. The Australian averaged rainfall gridded values for

the northern dry season months were subtracted from the

averaged southern dry season (1970–2000). Negative val-

ues were considered “May to September north dry sea-

son” and positive values “October to April south dry

season” (Fig. 1).

Data analysis

We tested the pipe model by regressing LA against SA

values for branches and trunks, between species and

across environments, using standardized major axis

(SMA) regression with the smatr package (Warton et al.

2006) in the R language (R Core Team 2012). SMA is a

least-squares method which fits the first major axis to

standardized data and then retransforms the data to their

original scales. The method is useful for studies of the

relationships between different dimensions and traits of

organisms where natural variability is expected to be pres-

ent in both variables, as it handles them in a symmetrical

way (Warton et al. 2006).

Ordinary linear regression was used to fit bivariate rela-

tionships between log LA:SA and climatic moisture (a,
MI and vpd). Multiple regression was used for analyses

exploring the additional predictive power of plant height

and for LA:SA, Ks, and climatic moisture comparisons.

The quantreg package (Koenker 2004) in R was used to

perform quantile regressions between log LA:SA and cli-

mate variables. Quantile regression (Koenker and Bassett

1978) provides a more complete understanding of rela-

tionships between variables than can be obtained with

simple regression, allowing different slopes to apply in

different quantiles of the dependent variable. Is it also

particularly useful when analyzing datasets with unequal

variation (Cade and Noon 2003). The coefficient of deter-

mination associated with quantile regression is based on

absolute rather than squared deviations. For any given

quantile s, this “pseudo-R2” is R1 = 1 � F(s)/R(s), where
F(s) is the weighted sum of absolute deviations from the

regression model and R(s) is the weighted sum of abso-

lute deviations from the corresponding model with zero

slope (Koenker and Machado 1999).

Results

Branch to trunk allometry

Leaf area and sapwood area are both necessarily larger for

whole trees than for individual branches. The two vari-

ables were strongly and positively correlated across scales

(SMA regression: log LA = 1.08 log SA + 3.72, R2 = 0.94,

P < 0.05) (Fig. 2) with a slope slightly, but significantly

(P < 0.01), larger than unity. This finding indicates that

while the measurements follow a relationship close to the

pipe model, there is a systematic tendency for the ratio

LA:SA to be higher for whole trees.

A generic (cross-species) estimate of LA:SA was

obtained by constraining the log–log slope to 1, yielding

an intercept of 3.3 (P < 0.05) corresponding to a ratio of

2363 � 818 m2 m�2. SMA regression also indicated equal

slopes for log LA versus log SA in trunks and in branches

(P > 0.05 for the null hypothesis of equality) but different

intercepts (P < 0.05). Constraining the slopes to 1 yielded

an intercept of 3.28 (P < 0.05), corresponding to a gen-

eric LA:SA of 1933 � 578, for branches, and 3.49

Figure 2. Standardized major axis (SMA) regression between log-

transformed leaf area (log LA) and sapwood area (log SA) for 184

tree species across Australia. Units are in m2. Open circles and filled

squares are observations in branches and whole trees, respectively.

The solid line represents the SMA linear regression, and the dashed

line shows the line obtained when the slope was constrained to 1.

The allometric equations are given in the text.
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(P < 0.05), corresponding to a generic LA:SA of

3093 � 980, for whole trees.

Leaf area-to-sapwood area ratio and tree
height

There was a significant positive correlation between log

LA:SA and log tree height (R2 = 0.52, P < 0.05) (Fig. 3).

The correlation was stronger for branches only

(R2 = 0.64, P < 0.05). There was no significant relation-

ship for whole trees (slope 0.001, P > 0.05) (lines not

shown). The overall increase in LA:SA with increasing tree

height seems to be ontogenetic, and not an artifact of

correlation between height and climatic moisture, as there

was no significant bivariate relationship between tree

height and climatic moisture (MI, a or vpd). A multiple

linear regression of height and each of the climatic mois-

ture variables as predictors for LA:SA (R2 = 0.24)

returned a significant slope for height (P < 0.05) but a

nonsignificant slope for climatic moisture (P > 0.05)

(graphs not shown).

Relationship of LA:SA to climatic moisture

The overall linear regression relationships of log LA:SA to

annual, decadal, dry-season, and mean monthly a (Fig. 4)

were not statistically significant. Linear regressions between

log LA:SA and MI and mean vpd were also not significant.

However, the upper and lower bounds of log LA:SA tend

to increase with increasing a even though the cloud of

points does not show such a relationship (Fig. 4, left pan-

els). Quantile regressions confirmed this, with a accounting

for about 0.2 of the bottom 7% (P < 0.05) and from 0.3 to

0.55 of the top 15% (P < 0.05) of the variation in LA:SA

(Fig. 4, right panels). Similarly, MI accounted for 0.2 to

0.35 of the top 10% (P < 0.05) of the observed variation in

LA:SA (data not shown). In contrast, dry season and

monthly a and MI could not explain any quantiles of the

relationship (data not shown). There were also no signifi-

cant relationships between LA:SA and vpd (R1 < 0.2,

P > 0.05) for any s (data not shown).
These relationships were valid whether LA:SA was mea-

sured in branches (for the lower end) or in whole trees

(for the upper end). No value of log LA:SA in whole trees

was smaller than 2.7 (502 < LA:SA < 58 200), while val-

ues of log LA:SA in branches were generally restricted to

between 2 and 4 (122 < LA/SA < 10 000). Part of the

spread in values is due to the slight departure from isom-

etry, such that whole trees have larger values than

branches. Significant correlations between log LA:SA and

a in this dataset are restricted to the upper and the lower

Figure 3. Relationship between log-transformed leaf area-to-

sapwood area ratio (log LA/SA) and log tree height in 39 angiosperm

tree species. Open circles and filled squares are observations in

branches and whole trees, respectively.

(A) (B)

(D)(C)

Figure 4. Filled points and open circles are

LA/SA observations in whole trees and

branches, respectively. The left panels show

quantile linear regressions lines in gray

(s = 0.05, 0.1, 0.25, 0.5, 0.75, 0.9, 0.95) and

ordinary least-squares linear regression line in

black, for log-transformed leaf area-to-

sapwood area ratio (log LA/SA) as a function

of annual (A) and decadal (C) values of a. The

right panels show the corresponding P-values

(black) and pseudo R-squared (R1) values (gray)

as a function of s.
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quantiles where there are either only whole-tree or only

branch measurements, respectively. Nevertheless, when

separate regressions were performed for whole trees and

branches, the former yielded similar significant relation-

ships for the upper quantiles and the latter yielded similar

significant relationships for the lower quantiles.

Relationship of LA:SA to Ks and climatic
moisture

Ks data were available only in the higher range of log LA:

SA values (between 2.6 and 4). Within this range, xylem-

specific hydraulic conductivity showed some predictive

ability for LA:SA. The bivariate linear regression was sig-

nificant (P < 0.05), and R2 was 0.24 (Fig. 5). The positive

regression slope indicates an increase in LA:SA with

increasing Ks. Including the index a in a multiple regres-

sion increased the correlation to R2 = 0.34 (P < 0.05).

A model including an interaction term (Ks:a) also

returned significant results for alpha (P < 0.05). Species

in wetter environments present higher LA:SA at a given

Ks than species in drier environments.

Discussion

LA to SA allometry in branches and whole
trees

The close, near-isometric relationship (slope 1.08 � 0.02)

between leaf area and sapwood area shown in Fig. 2 is

broadly consistent with the pipe model. The similar

slopes and different intercepts between LA and SA, how-

ever, indicate a tendency for overall higher LA:SA ratios

at the whole-tree scale. This conclusion is supported by

our generic regression-based estimates of the LA:SA ratio,

which are about 50% higher for whole trees than for

branches. The difference could perhaps be an artifact of

the assumption, made in many studies, that branches are

composed entirely of sapwood (i.e., the pith is not

accounted for). Alternatively, it could be explained by the

variations in the relationship of LA:SA with tree height

and climatic moisture in plant hydraulic traits.

Relationship of LA:SA to tree height

If hydraulic properties of wood did not change with tree

size, the hydraulic conductivity of the stem would be in

inverse proportion to its height. This could have two pos-

sible consequences. One would be that tall trees would

have much reduced rates of transpiration per unit of leaf

area. The other would be a requirement for large reduc-

tions in LA:SA with height, to compensate for the

increased resistance to water transport – in direct contra-

diction to the pipe model. Neither of these effects is

observed, because of the phenomenon of basipetal taper-

ing of conducting tissues (Tyree and Ewers 1991; Olson

and Rosell 2013). Olson et al. (2014) have shown that this

is universal in the angiosperms. Taller plants are associ-

ated with larger vessel diameters but lower vessel densities

(Olson et al. 2014). Increasing vessel diameter is a highly

effective means of maintaining hydraulic conductivity,

because of the fourth-power dependence of conductivity

on vessel diameter, whereas hydraulic path length scales

in the linear dimension according to Poiseuille’s law (Ty-

ree and Ewers 1991; Sellin and Kupper 2006). Olson and

Rosell (2013) and Olson et al. (2014) demonstrated that

vessel diameter is strongly predicted by stem diameter

and that species in drier environments tend to have nar-

rower vessels simply because they are shorter. Olson et al.

(2014) further demonstrated that direct climate controls

on vessel diameter are very weak, compared with the pure

effect of size.

Low irradiances may favor height growth over an

increase in sapwood area in plants not adapted to low

light, where competition for light is intense (Calvo-Alva-

rado et al. 2008). For many tree species, height growth is

an important process to outcompete neighbors for sun-

light. Increased water transport through wider vessels with

increasing height would provide a selective advantage

when water is not limiting. There will always be some

individual trees with small vessel density and some with

large vessel density, and when conditions are favorable,

trees may just increase the proportion of large-diameter

Figure 5. Linear regression of xylem-specific hydraulic conductivity

(Ks) and LA/SA. Values of the Cramer–Prentice Alpha (a) index

(R2 = 0.34, P < 0.05) are superimposed.
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vessels. Even if vessel density related to height and not to

climate, height should correlate with moisture availability;

thus, the apparent trade-off between vessel density and

climatic moisture is important for modeling purposes.

Tree height was positively correlated with LA:SA

(Fig. 3) in contrast to several other studies in angio-

sperms (Sch€afer et al. 2000; Sellin and Kupper 2006) and

conifers (Magnani et al. 2000; McDowell et al. 2002; Del-

zon et al. 2004) where the correlation was found to be

negative. All those studies were conducted in temperate

climates. Other studies have shown LA:SA increasing with

size for angiosperms in warm moist environments (Ger-

rish 1990; Vertessy et al. 1995; Mokany et al. 2003;

Calvo-Alvarado et al. 2008), for conifers generally

(McDowell et al. 2002), and for angiosperms in seasonal

climates (Phillips et al., 2003). For exceptions in angio-

sperms, see Calvo-Alvarado et al. (2008) where one spe-

cies of five showed a decrease in LA:SA with height in a

wet environment, and for gymnosperms, see Hubbard

et al. (1999) and Long and Smith (1988) where LA:SA

increased with height in a dry environment. Considering

the results in the present study and the generally similar

results in the literature, it may be that the relation

between tree height and LA:SA will be directly or indi-

rectly influenced by environmental conditions: Warm

moist environments should thus show positive correla-

tions, and cold enviroments should show negative correla-

tions. A more systematic global survey would be needed

to test this.

Relationships of LA:SA to climatic moisture
and the role of xylem hydraulic conductivity

There is evidence for acclimation of LA:SA across sites

within Pinus species (Mencuccini and Grace 1995; Delucia

et al. 2000; Sch€afer et al. 2000; Warton et al. 2006). In

contrast, relatively little has been published about how

LA:SA among angiosperm species is affected by climatic

characteristics of contrasting environments. Yet this infor-

mation is required when modeling carbon and plant trait

trade-offs in ecosystems.

Every growing season provides an opportunity for trees

to modify LA:SA. The dimensions of xylem elements are

one of the most important traits to determine a conserva-

tive or profligate strategy of water use, and this underpins

the potential carbon gain attainable over the season

(Magnani et al. 2000). The narrow tracheids of gymno-

sperms imply a low hydraulic conductivity, but this is

accompanied by a reduced risk of embolism and thus the

capacity to adapt to dry environments and also to envi-

ronments subject to freezing (Tyree and Ewers 1991;

Delucia et al. 2000). The low conductivity of gymnosperm

wood is compensated for by larger sapwood area and

generally smaller LA:SA in order to maintain rates of

water transport. Variation in diameter of xylem-conduct-

ing elements between angiosperm species is much wider

than between gymnosperm species (Sperry et al., 2006),

and this fact may well have contributed to the large varia-

tion in LA:SA that we observed. Contrasts between low

LA:SA, usually accompanied by narrow crowns in gymno-

sperm trees and high LA:SA, accompanied by more widely

spreading crowns in many angiosperm trees, is an impor-

tant aspect of the morphological difference between these

phyla which may ultimately be controlled by differences

in hydraulic capacity.

We could not confirm any universal relationship

between LA:SA and moisture availability (Fig. 4). Non-

Pinus-conifers showed a similar lack of relationship across

environments at a global scale (Delucia et al. 2000). Nev-

ertheless, quantile regression revealed a systematic

increase in both the upper and lower bounds of LA:SA

with increasing climatic moisture, as indexed by a or MI.

Moreover, because of the slight departure from isometry

in the relationship between LA and SA, the upper bound

is formed by whole trees and the lower bound by

branches. But the importance of these bounds is dwarfed

by the large variation in LA:SA found within both tree

and branch measurement sets. This variation may be

related to plant hydraulic conductivity, which also shows

large variations among species and which has frequently

been mentioned as a key trait coordinated with leaf area

and sapwood area to achieve convergence in water use

(Mencuccini and Grace 1995; Zeppel and Eamus 2008;

Choat et al. 2012; Gleason et al. 2012). Higher ranges of

LA:SA in Australian angiosperm trees could indeed be

predicted by xylem-specific hydraulic conductivity, and

this relationship was stronger when considering climatic

moisture. However, the dataset available for this study

could not confirm a more general correlation in all ranges

of LA:SA (Fig. 5). Improved understanding of the spec-

trum of plant hydraulic function would be promoted by

studies specifically orienteded to coordinated measure-

ments of LA:SA and hydraulic traits across species and

environments.
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Supporting information

Data S1. Togashi et al. Moisture availability constraints on

LA:SA dataset

Units⇒ LA:SA (log10 transformed); Height (m); Alpha (annual unitless); MI (annual

unitless)

As a condition for use of the dataset, we request that users agree:

(1) To notify the main author (Henrique Furstenau Togashi) if the dataset is to be

used in any publication;

(2) To recognise that the researchers who gathered these data with formal recogni-

tion that may include co-authorship or acknowledgements on publications

Zanne et al. dataset is not included. The dataset can be requested to the main

author (Henrique Furstenau Togashi).

Specie Long Lat LA:SA Sample Height Alpha MI References

Ceratopetalum apetalum 150.03 −35.58 2.79 trunk 0.57 0.99 Barrett et al. 1996

Doryphora sassafras 150.03 −35.58 2.77 trunk 0.57 0.99 Barrett et al. 1996

Eucalyptus maculata 150.03 −35.58 3.22 trunk 0.57 0.99 Barrett et al. 1996

Eucalyptus camaldulensis 149.03 −32.70 3.46 trunk 0.34 0.28 Benyon et al. 1999

Eucalyptus camaldulensis 149.03 −32.70 3.57 trunk 0.34 0.28 Benyon et al. 1999

Eucalyptus camaldulensis 149.03 −32.70 3.50 trunk 6.70 0.46 0.54 Benyon et al. 1999

Eucalyptus camaldulensis 149.03 −32.70 3.48 trunk 4.80 0.46 0.54 Benyon et al. 1999

Eucalyptus occidentalis 149.03 −32.70 3.51 trunk 0.34 0.28 Benyon et al. 1999

Eucalyptus occidentalis 149.03 −32.70 3.48 trunk 6.90 0.46 0.54 Benyon et al. 1999

Eucalyptus marginata 116.02 −32.65 3.43 branch 0.42 0.49 Bleby et al.2009

Eucalyptus marginata 116.02 −32.65 3.58 branch 0.42 0.49 Bleby et al.2009

Eucalyptus marginata 116.02 −32.65 3.57 branch 0.42 0.49 Bleby et al.2009

Eucalyptus coccifera 146.58 −42.68 3.54 branch 0.89 2.30 Brodribb and Felid 2000

Atherosperma moschatum 146.58 −42.68 3.46 branch 0.89 2.30 Brodribb and Felid 2000

Diselma archeri 146.58 −42.68 2.86 branch 0.89 2.30 Brodribb and Felid 2000

Leptospermum rupestre 146.58 −42.68 3.02 branch 0.89 2.30 Brodribb and Felid 2000

Nothofagus cunninghamii 146.58 −42.68 3.12 branch 0.89 2.30 Brodribb and Felid 2000

Phyllocladus aspleniifolius 146.58 −42.68 3.52 branch 0.89 2.30 Brodribb and Felid 2000

Podocarpus lawrencei 146.58 −42.68 3.03 branch 0.89 2.30 Brodribb and Felid 2000

Richea scoparium 146.58 −42.68 2.68 branch 0.89 2.30 Brodribb and Felid 2000

Tasmannia lanceolata 146.58 −42.68 3.17 branch 0.89 2.30 Brodribb and Felid 2000

Eucalyptus kochii 116.22 −30.04 3.51 trunk 0.17 0.19 Brooksbank et al. 2011

Eucalyptus kochii 116.22 −30.04 3.49 trunk 0.17 0.19 Brooksbank et al. 2011

Eucalyptus kochii 116.22 −30.04 3.50 trunk 0.17 0.19 Brooksbank et al. 2011

Eucalyptus kochii 116.22 −30.04 3.39 trunk 0.17 0.19 Brooksbank et al. 2011

Eucalyptus kochii 116.22 −30.04 3.39 trunk 0.17 0.19 Brooksbank et al. 2011

Eucalyptus kochii 116.22 −30.04 3.39 trunk 0.17 0.19 Brooksbank et al. 2011

Eucalyptus kochii 116.22 −30.04 3.34 trunk 0.17 0.19 Brooksbank et al. 2011

Eucalyptus kochii 116.22 −30.04 3.34 trunk 0.17 0.19 Brooksbank et al. 2011

Eucalyptus kochii 116.22 −30.04 3.35 trunk 0.17 0.19 Brooksbank et al. 2011

Banksia attenuata 115.95 −31.75 3.05 branch 0.38 0.33 Canham et al. 2009

Banksia attenuata 115.95 −31.75 3.15 branch 0.38 0.33 Canham et al. 2009

Banksia ilicifolia 115.95 −31.75 3.10 branch 0.38 0.33 Canham et al. 2009

Banksia ilicifolia 115.95 −31.75 3.22 branch 0.38 0.33 Canham et al. 2009

Banksia littoralis 115.95 −31.75 3.52 branch 0.38 0.33 Canham et al. 2009

Banksia menziesii 115.95 −31.75 3.15 branch 0.38 0.33 Canham et al. 2009

Banksia menziesii 115.95 −31.75 3.10 branch 0.38 0.33 Canham et al. 2009

Eucalyptus kochii 116.21 −30.04 3.47 trunk 0.18 0.20 Carter and White 2009

Eucalyptus kochii 116.21 −30.04 3.37 trunk 0.18 0.20 Carter and White 2009
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Eucalyptus miniata 131.15 −12.49 3.65 branch 0.53 0.52 Cernusak et al. 2006

Eucalyptus tetrodonta 131.15 −12.49 3.75 branch 0.53 0.52 Cernusak et al. 2006

Alphitonia excelsa 145.75 −19.18 3.67 branch 0.50 0.69 Choat et al. 2005

Austromyrtus bidwillii 145.75 −19.18 3.80 branch 0.50 0.69 Choat et al. 2005

Brachychiton australis 145.75 −19.18 3.50 branch 0.50 0.69 Choat et al. 2005

Cochlospermum gillivraei 145.75 −19.18 3.24 branch 0.50 0.69 Choat et al. 2005

Argyrodendron trifoliolatum 145.54 −17.38 3.46 branch 0.77 0.90 Drake and Franks 2003

Argyrodendron trifoliolatum 145.54 −17.38 3.30 branch 0.77 0.90 Drake and Franks 2003

Calamus australis 145.54 −17.38 4.00 branch 0.77 0.90 Drake and Franks 2003

Calamus australis 145.54 −17.38 3.82 branch 0.77 0.90 Drake and Franks 2003

Calamus caryotoides 145.54 −17.38 3.64 branch 0.77 0.90 Drake and Franks 2003

Calamus caryotoides 145.54 −17.38 3.36 branch 0.77 0.90 Drake and Franks 2003

Castanospora alphandii 145.54 −17.38 3.89 branch 0.77 0.90 Drake and Franks 2003

Castanospora alphandii 145.54 −17.38 3.70 branch 0.77 0.90 Drake and Franks 2003

Doryphora aromatica 145.54 −17.38 3.85 branch 0.77 0.90 Drake and Franks 2003

Doryphora aromatica 145.54 −17.38 3.46 branch 0.77 0.90 Drake and Franks 2003

Eucalyptus gomphocelia 116.15 −32.15 3.84 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.88 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.91 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.87 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.72 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.82 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.71 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.74 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.85 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.74 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.92 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.71 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.92 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.69 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.84 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.90 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.87 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.77 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.95 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.76 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.92 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.73 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.90 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.85 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.69 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.72 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.50 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.84 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.86 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.83 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.51 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.97 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.77 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.85 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.84 branch 0.48 0.52 Drake et al. 2011

Eucalyptus gomphocelia 116.15 −32.15 3.82 branch 0.48 0.52 Drake et al. 2011

Eucalyptus camaldulensis 140.87 −33.98 3.66 trunk 28.55 0.24 0.30 Eldridge et al. 1993

Eucalyptus largiflorens 140.87 −33.98 3.59 trunk 7.56 0.24 0.30 Eldridge et al. 1993

Eucalyptus largiflorens 140.87 −33.98 3.56 trunk 9.68 0.24 0.30 Eldridge et al. 1993

Eucalyptus largiflorens 140.87 −33.98 3.49 trunk 11.20 0.24 0.30 Eldridge et al. 1993

Eucalyptus largiflorens 140.87 −33.98 3.39 trunk 8.88 0.24 0.30 Eldridge et al. 1993

Eucalyptus largiflorens 140.87 −33.98 3.48 trunk 6.52 0.24 0.30 Eldridge et al. 1993

Eucalyptus globulus 143.79 −37.69 3.83 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.83 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.86 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.84 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.86 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.64 −37.61 3.62 trunk 0.54 0.67 Forrester et al. 2010a

Eucalyptus globulus 143.64 −37.61 3.63 trunk 0.54 0.67 Forrester et al. 2010a
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Eucalyptus globulus 143.64 −37.61 3.59 trunk 0.54 0.67 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.49 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.54 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.56 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.58 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.57 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.64 −37.61 3.44 trunk 0.54 0.67 Forrester et al. 2010a

Eucalyptus globulus 143.64 −37.61 3.50 trunk 0.54 0.67 Forrester et al. 2010a

Eucalyptus globulus 143.64 −37.61 3.53 trunk 0.54 0.67 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.50 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.49 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.59 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.54 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 143.79 −37.69 3.46 trunk 0.55 0.69 Forrester et al. 2010a

Eucalyptus globulus 144.03 −37.61 3.52 trunk 0.59 0.76 Forrester et al. 2010a

Eucalyptus globulus 144.03 −37.61 3.47 trunk 0.59 0.76 Forrester et al. 2010a

Eucalyptus globulus 144.03 −37.61 3.48 trunk 0.59 0.76 Forrester et al. 2010a

Acacia mearnsii 149.02 −37.58 3.40 trunk 0.69 0.68 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.29 trunk 0.69 0.68 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.38 trunk 0.69 0.68 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.40 trunk 0.71 0.94 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.34 trunk 0.71 0.94 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.35 trunk 0.71 0.94 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.41 trunk 0.69 0.68 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.57 trunk 0.69 0.68 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.45 trunk 0.69 0.68 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.37 trunk 0.71 0.94 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.34 trunk 0.71 0.94 Forrester et al. 2010b

Acacia mearnsii 149.02 −37.58 3.36 trunk 0.71 0.94 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.28 trunk 0.69 0.68 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.59 trunk 0.69 0.68 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.35 trunk 0.69 0.68 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.16 trunk 0.71 0.94 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.34 trunk 0.71 0.94 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.36 trunk 0.71 0.94 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.31 trunk 0.69 0.68 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.25 trunk 0.69 0.68 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.27 trunk 0.69 0.68 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.28 trunk 0.71 0.94 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.28 trunk 0.71 0.94 Forrester et al. 2010b

Eucalyptus globulus 149.02 −37.58 3.28 trunk 0.71 0.94 Forrester et al. 2010b

Eucalyptus grandis 152.60 −27.08 4.33 trunk 4.40 0.43 0.44 Kalma et al. 1998

Eucalyptus grandis 152.08 −26.00 4.44 trunk 11.93 0.35 0.33 Kalma et al. 1998

Aegiceras corniculatum 151.02 −33.07 2.99 branch 0.61 0.63 McClenahan et al. 2004

Aegiceras corniculatum 151.02 −33.07 3.20 branch 0.47 0.45 McClenahan et al. 2004

Angophora hispida 151.02 −33.07 2.86 branch 0.61 0.63 McClenahan et al. 2004

Angophora hispida 151.02 −33.07 3.60 branch 0.47 0.45 McClenahan et al. 2004

Angophora hispida 151.02 −34.02 3.19 branch 0.61 0.71 McClenahan et al. 2004

Angophora hispida 151.02 −34.02 3.69 branch 0.49 0.52 McClenahan et al. 2004

Avicennia marina 151.02 −33.07 2.97 branch 0.61 0.63 McClenahan et al. 2004

Avicennia marina 151.02 −33.07 3.21 branch 0.47 0.45 McClenahan et al. 2004

Banksia integrifolia 151.02 −33.07 3.09 branch 0.61 0.63 McClenahan et al. 2004

Banksia integrifolia 151.02 −33.07 3.29 branch 0.47 0.45 McClenahan et al. 2004

Banksia oblongifolia 151.02 −33.07 2.85 branch 0.61 0.63 McClenahan et al. 2004

Banksia oblongifolia 151.02 −33.07 3.22 branch 0.47 0.45 McClenahan et al. 2004

Banksia oblongifolia 151.02 −34.02 3.00 branch 0.61 0.71 McClenahan et al. 2004

Banksia oblongifolia 151.02 −34.02 3.14 branch 0.49 0.52 McClenahan et al. 2004

Cissus hypoglauca 151.02 −33.07 3.00 branch 0.61 0.63 McClenahan et al. 2004

Cissus hypoglauca 151.02 −33.07 3.41 branch 0.47 0.45 McClenahan et al. 2004

Eucalyptus haemostoma 151.02 −33.07 2.69 branch 0.61 0.63 McClenahan et al. 2004

Eucalyptus haemostoma 151.02 −33.07 3.49 branch 0.47 0.45 McClenahan et al. 2004

Glochidion ferdinandi 151.02 −33.07 3.46 branch 0.61 0.63 McClenahan et al. 2004

Glochidion ferdinandi 151.02 −33.07 3.46 branch 0.47 0.45 McClenahan et al. 2004

Persoonia lanceolata 151.02 −34.02 2.82 branch 0.61 0.71 McClenahan et al. 2004

Persoonia lanceolata 151.02 −34.02 3.27 branch 0.49 0.52 McClenahan et al. 2004
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Eucalyptus nitens 147.02 −43.30 4.37 trunk 0.88 1.49 Medhurst et al. 1999

Eucalyptus nitens 147.28 −41.02 4.76 trunk 0.65 0.85 Medhurst et al. 1999

Eucalyptus nitens 146.90 −43.35 4.40 trunk 0.92 1.92 Medhurst et al. 1999

Eucalyptus nitens 146.90 −43.35 4.31 trunk 0.92 1.92 Medhurst et al. 1999

Eucalyptus nitens 146.90 −43.35 4.66 trunk 0.92 1.92 Medhurst et al. 1999

Eucalyptus nitens 146.90 −43.35 4.42 trunk 0.92 1.92 Medhurst et al. 1999

Eucalyptus nitens 147.27 −41.20 4.55 trunk 0.77 1.30 Medhurst et al. 1999

Eucalyptus nitens 147.27 −41.20 4.46 trunk 0.73 1.10 Medhurst et al. 1999

Eucalyptus nitens 147.28 −41.02 3.54 trunk 0.65 0.85 Medhurst et al. 1999

Eucalyptus nitens 147.28 −41.02 3.69 trunk 0.65 0.85 Medhurst et al. 1999

Eucalyptus nitens 147.60 −42.82 4.11 trunk Medhurst et al. 1999

Eucalyptus nitens 147.60 −42.82 3.66 trunk Medhurst et al. 1999

Eucalyptus nitens 147.60 −42.82 4.39 trunk Medhurst et al. 1999

Eucalyptus nitens 147.60 −42.82 3.86 trunk Medhurst et al. 1999

Eucalyptus nitens 148.10 −41.08 3.69 trunk 0.72 0.74 Medhust and Beadle 2002

Eucalyptus nitens 148.10 −41.08 3.53 trunk 0.72 0.74 Medhust and Beadle 2002

Eucalyptus nitens 148.10 −41.08 3.59 branch 0.72 0.74 Medhust and Beadle 2002

Eucalyptus nitens 148.10 −41.08 3.74 branch 0.72 0.74 Medhust and Beadle 2002

Eucalyptus nitens 148.10 −41.08 3.77 branch 0.72 0.74 Medhust and Beadle 2002

Eucalyptus delegatensis 148.05 −35.70 3.60 trunk 20.57 0.70 0.96 Mokany et al. 2003

Eucalyptus delegatensis 148.05 −35.70 3.58 trunk 15.74 0.70 0.96 Mokany et al. 2003

Eucalyptus camaldulensis 145.00 −36.42 3.52 trunk 0.29 0.26 Morris and Collopy 1999

Eucalyptus camaldulensis 145.00 −36.42 3.58 trunk 0.29 0.26 Morris and Collopy 1999

Acacia aneura 133.85 −21.90 3.19 branch 0.12 0.16 O’Grady et al. 2009

Acacia aneura 133.85 −21.90 2.84 branch 0.12 0.16 O’Grady et al. 2009

Acacia aneura 133.32 −22.03 3.23 branch 0.16 0.20 O’Grady et al. 2009

Acacia aneura 133.32 −22.03 3.01 branch 0.16 0.20 O’Grady et al. 2009

Corymbia opaca 133.85 −21.90 3.92 branch 0.12 0.16 O’Grady et al. 2009

Corymbia opaca 133.85 −21.90 3.46 branch 0.12 0.16 O’Grady et al. 2009

Eucalyptus camaldulensis 133.32 −22.03 3.66 branch 0.16 0.20 O’Grady et al. 2009

Eucalyptus camaldulensis 133.32 −22.03 3.54 branch 0.16 0.20 O’Grady et al. 2009

Eucalyptus victrix 133.85 −21.90 3.72 branch 0.12 0.16 O’Grady et al. 2009

Eucalyptus victrix 133.85 −21.90 3.59 branch 0.12 0.16 O’Grady et al. 2009

Eucalyptus nitens 146.12 −41.30 3.56 trunk 0.83 1.12 Pinkard and Neilsen 2003

Eucalyptus nitens 146.12 −41.30 3.41 trunk 0.83 1.12 Pinkard and Neilsen 2003

Eucalyptus miniata 130.88 −12.42 3.53 branch 0.52 1.15 Prior and Eamus 2000

Eucalyptus miniata 130.88 −12.42 3.46 branch 0.52 1.15 Prior and Eamus 2000

Eucalyptus tetrodonta 130.88 −12.42 3.77 branch 0.51 0.80 Prior and Eamus 2000

Eucalyptus tetrodonta 130.88 −12.42 3.76 branch 0.52 1.15 Prior and Eamus 2000

Eucalyptus tetrodonta 130.88 −12.42 3.79 branch 0.52 1.15 Prior and Eamus 2000

Eucalyptus sieberi 149.58 −37.48 4.02 trunk 0.61 0.64 Roberts et al. 2001

Eucalyptus sieberi 149.58 −37.48 3.68 trunk 0.61 0.64 Roberts et al. 2001

Eucalyptus sieberi 149.58 −37.48 3.57 trunk 0.61 0.64 Roberts et al. 2001

Eucalyptus sieberi 149.58 −37.48 3.14 trunk 0.61 0.64 Roberts et al. 2001

Eucalyptus sieberi 149.58 −37.48 4.15 trunk 0.61 0.64 Roberts et al. 2001

Eucalyptus sieberi 149.58 −37.48 3.90 trunk 0.61 0.64 Roberts et al. 2001

Eucalyptus sieberi 149.58 −37.48 3.51 trunk 0.61 0.64 Roberts et al. 2001

Angophora bakeri 150.78 −33.66 3.66 branch 0.38 0.37 Taylor and Eamus 2008

Angophora costata 151.32 −33.19 3.68 branch 0.61 0.64 Taylor and Eamus 2008

Angophora hispida 151.06 −34.10 3.90 branch 0.48 0.56 Taylor and Eamus 2008

Callitris glaucophylla 146.93 −32.81 3.27 branch 0.16 0.15 Taylor and Eamus 2008

Eucalyptus haemostoma 151.06 −34.10 3.82 branch 0.48 0.56 Taylor and Eamus 2008

Eucalyptus haemostoma 151.32 −33.19 3.82 branch 0.61 0.64 Taylor and Eamus 2008

Eucalyptus populnea 146.93 −32.81 3.62 branch 0.16 0.15 Taylor and Eamus 2008

Eucalyptus sclerophylla 150.78 −33.66 3.76 branch 0.38 0.37 Taylor and Eamus 2008

Pinus radiata 145.43 −37.78 3.38 trunk 23.98 0.77 0.82 Teskey and Sheriff 1996

Acacia dealbata 145.63 −37.57 3.26 trunk 0.85 1.68 Vertessy et al. 1995

Eucalyptus regnans 145.63 −37.57 3.43 trunk 0.85 1.68 Vertessy et al. 1995

Eucalyptus regnans 145.63 −37.57 3.61 trunk 65.00 0.78 1.50 Vertessy et al. 1997

Eucalyptus regnans 145.63 −37.57 3.58 trunk 55.23 0.78 1.50 Vertessy et al. 1997

Eucalyptus regnans 145.63 −37.57 3.29 trunk 0.69 0.74 Vertessy et al. 2001

Pomaderris aspera 145.63 −37.57 3.57 trunk 0.69 0.74 Vertessy et al. 2001

Acacia colletioides 146.15 −32.97 2.15 branch 0.33 0.38 Westoby and Wright 2003

Acacia havilandii 146.15 −32.97 2.43 branch 0.33 0.38 Westoby and Wright 2003

Acacia wilhelmiana 146.15 −32.97 2.48 branch 0.33 0.38 Westoby and Wright 2003
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Bertya cunninghamii 146.15 −32.97 2.22 branch 0.33 0.38 Westoby and Wright 2003

Beyeria opaca 146.15 −32.97 2.54 branch 0.33 0.38 Westoby and Wright 2003

Cassinia laevis 146.15 −32.97 2.85 branch 0.33 0.38 Westoby and Wright 2003

Eremophila deserti 146.15 −32.97 3.10 branch 0.33 0.38 Westoby and Wright 2003

Eucalyptus dumosa 146.15 −32.97 3.25 branch 0.33 0.38 Westoby and Wright 2003

Eucalyptus socialis 146.15 −32.97 3.22 branch 0.33 0.38 Westoby and Wright 2003

Eutaxia microphylla 146.15 −32.97 2.42 branch 0.33 0.38 Westoby and Wright 2003

Olearia oswaldii 146.15 −32.97 2.59 branch 0.33 0.38 Westoby and Wright 2003

Olearia pimelioides 146.15 −32.97 2.56 branch 0.33 0.38 Westoby and Wright 2003

Philotheca difformis 146.15 −32.97 2.09 branch 0.33 0.38 Westoby and Wright 2003

Santalum acuminatum 146.15 −32.97 2.88 branch 0.33 0.38 Westoby and Wright 2003

Acacia myrtifolia 151.14 −33.69 3.02 branch 0.75 1.09 Westoby and Wright 2003

Acacia suaveolens 151.14 −33.69 3.06 branch 0.75 1.09 Westoby and Wright 2003

Angophora hispida 151.14 −33.69 3.30 branch 0.75 1.09 Westoby and Wright 2003

Baeckea brevifolia 151.14 −33.69 2.30 branch 0.75 1.09 Westoby and Wright 2003

Banksia oblongifolia 151.14 −33.69 3.20 branch 0.75 1.09 Westoby and Wright 2003

Banksia spinulosa 151.14 −33.69 3.21 branch 0.75 1.09 Westoby and Wright 2003

Boronia pinnata 151.14 −33.69 3.12 branch 0.75 1.09 Westoby and Wright 2003

Bossiaea obcordata 151.14 −33.69 2.70 branch 0.75 1.09 Westoby and Wright 2003

Corymbia gummifera 151.14 −33.69 3.26 branch 0.75 1.09 Westoby and Wright 2003

Dillwynia retorta 151.14 −33.69 3.02 branch 0.75 1.09 Westoby and Wright 2003

Epacris microphylla 151.14 −33.69 3.06 branch 0.75 1.09 Westoby and Wright 2003

Epacris pulchella 151.14 −33.69 2.74 branch 0.75 1.09 Westoby and Wright 2003

Eucalyptus capitellata 151.14 −33.69 3.42 branch 0.75 1.09 Westoby and Wright 2003

Eucalyptus haemostoma 151.14 −33.69 3.31 branch 0.75 1.09 Westoby and Wright 2003

Gompholobium glabratum 151.14 −33.69 2.72 branch 0.75 1.09 Westoby and Wright 2003

Grevillea speciosa 151.14 −33.69 2.95 branch 0.75 1.09 Westoby and Wright 2003

Hakea dactyloides 151.14 −33.69 3.26 branch 0.75 1.09 Westoby and Wright 2003

Hakea teretifolia 151.14 −33.69 2.84 branch 0.75 1.09 Westoby and Wright 2003

Hibbertia bracteata 151.14 −33.69 3.09 branch 0.75 1.09 Westoby and Wright 2003

Isopogon anemonifolius 151.14 −33.69 3.02 branch 0.75 1.09 Westoby and Wright 2003

Lambertia formosa 151.14 −33.69 2.89 branch 0.75 1.09 Westoby and Wright 2003

Leptospermum squarrosum 151.14 −33.69 3.00 branch 0.75 1.09 Westoby and Wright 2003

Leptospermum trinervium 151.14 −33.69 3.00 branch 0.75 1.09 Westoby and Wright 2003

Leucopogon esquamatus 151.14 −33.69 2.89 branch 0.75 1.09 Westoby and Wright 2003

Leucopogon microphyllus 151.14 −33.69 2.38 branch 0.75 1.09 Westoby and Wright 2003

Micrantheum ericoides 151.14 −33.69 3.06 branch 0.75 1.09 Westoby and Wright 2003

Persoonia levis 151.14 −33.69 3.42 branch 0.75 1.09 Westoby and Wright 2003

Persoonia pinifolia 151.14 −33.69 3.40 branch 0.75 1.09 Westoby and Wright 2003

Petrophile pulchella 151.14 −33.69 3.28 branch 0.75 1.09 Westoby and Wright 2003

Phyllanthus hirtellus 151.14 −33.69 2.48 branch 0.75 1.09 Westoby and Wright 2003

Phyllota phylicoides 151.14 −33.69 2.94 branch 0.75 1.09 Westoby and Wright 2003

Pultenaea elliptica 151.14 −33.69 3.36 branch 0.75 1.09 Westoby and Wright 2003

Pultenaea stipularis 151.14 −33.69 3.08 branch 0.75 1.09 Westoby and Wright 2003

Acacia doratoxylon 146.15 −32.97 3.60 branch 0.33 0.38 Westoby and Wright 2003

Brachychiton populneus 146.15 −32.97 3.18 branch 0.33 0.38 Westoby and Wright 2003

Dodonaea viscosa 146.15 −32.97 3.32 branch 0.33 0.38 Westoby and Wright 2003

Eremophila glabra 146.15 −32.97 2.89 branch 0.33 0.38 Westoby and Wright 2003

Eremophila longifolia 146.15 −32.97 3.21 branch 0.33 0.38 Westoby and Wright 2003

Eucalyptus intertexta 146.15 −32.97 3.24 branch 0.33 0.38 Westoby and Wright 2003

Geijera parviflora 146.15 −32.97 3.36 branch 0.33 0.38 Westoby and Wright 2003

Melaleuca uncinata 146.15 −32.97 2.63 branch 0.33 0.38 Westoby and Wright 2003

Philotheca difformis 146.15 −32.97 2.28 branch 0.33 0.38 Westoby and Wright 2003

Pimelea microcephala 146.15 −32.97 2.98 branch 0.33 0.38 Westoby and Wright 2003

Senna artemisioides 146.15 −32.97 2.93 branch 0.33 0.38 Westoby and Wright 2003

Eucalyptus globulus 147.60 −42.82 3.77 trunk White et al. 1998

Eucalyptus globulus 147.60 −42.82 3.77 trunk White et al. 1998

Eucalyptus globulus 147.60 −42.82 3.87 trunk White et al. 1998

Eucalyptus globulus 147.60 −42.82 3.76 trunk White et al. 1998

Eucalyptus globulus 147.60 −42.82 3.92 trunk White et al. 1998

Eucalyptus globulus 147.60 −42.82 3.70 trunk White et al. 1998

Eucalyptus nitens 147.60 −42.82 3.63 trunk White et al. 1998

Eucalyptus nitens 147.60 −42.82 3.68 trunk White et al. 1998

Eucalyptus nitens 147.60 −42.82 3.72 trunk White et al. 1998

Eucalyptus nitens 147.60 −42.82 3.65 trunk White et al. 1998
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Eucalyptus nitens 147.60 −42.82 3.86 trunk White et al. 1998

Eucalyptus nitens 147.60 −42.82 3.65 trunk White et al. 1998

Eucalyptus camaldulensis 145.93 −36.60 3.70 trunk 0.25 0.18 Yunusa et al. 2010

Eucalyptus camaldulensis 145.93 −36.60 4.20 trunk 0.25 0.18 Yunusa et al. 2010

Eucalyptus camaldulensis 145.93 −36.60 3.74 trunk 0.35 0.42 Yunusa et al. 2010

Eucalyptus camaldulensis 145.93 −36.60 4.12 trunk 0.35 0.42 Yunusa et al. 2010

Eucalyptus crebra 150.12 −31.08 3.22 trunk 0.24 0.18 Zeppel and Eamus 2008

Eucalyptus crebra 150.12 −31.08 3.22 trunk 0.33 0.35 Zeppel and Eamus 2008

Eucalyptus crebra 150.12 −31.08 3.40 trunk 0.39 0.48 Zeppel and Eamus 2008

Eucalyptus crebra 150.12 −31.08 2.94 trunk 0.24 0.18 Zeppel and Eamus 2008

Eucalyptus crebra 150.12 −31.08 3.15 trunk 0.33 0.35 Zeppel and Eamus 2008

Eucalyptus crebra 150.12 −31.08 3.35 trunk 0.39 0.48 Zeppel and Eamus 2008

Alphitonia whitei 145.63 −17.12 3.80 branch 0.76 1.36 This study

Alstonia muelleriana 145.63 −17.12 4.00 branch 19.00 0.76 1.36 This study

Argyrodedron trifoliolatum 145.63 −17.12 4.02 branch 19.00 0.76 1.36 This study

Cardwellia sublimis 145.63 −17.12 3.86 branch 0.76 1.36 This study

Ceratopelatum sucirubrum 145.63 −17.12 3.82 branch 14.00 0.76 1.36 This study

Cryptocarya mackinnoniana 145.63 −17.12 3.87 branch 0.76 1.36 This study

Doryphora aromatica 145.63 −17.12 3.54 branch 19.00 0.76 1.36 This study

Flindersia brayleyana 145.63 −17.12 3.83 branch 0.76 1.36 This study

Gillbeea adenopetala 145.63 −17.12 3.86 branch 0.76 1.36 This study

Syzygium johnsonii 145.63 −17.12 3.65 branch 13.00 0.76 1.36 This study

Eucalyptus globulus 147.50 −42.82 3.67 trunk O’Glady et al. 2006

Eucalyptus globulus 147.50 −42.82 3.75 trunk O’Glady et al. 2006

Eucalyptus globulus 147.50 −42.82 3.73 trunk O’Glady et al. 2006

Eucalyptus globulus 147.50 −42.82 3.93 trunk O’Glady et al. 2006

Eucalyptus nitens 146.68 −38.38 3.50 trunk 0.76 1.45 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.54 trunk 0.76 1.45 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.60 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.58 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.61 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.61 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.57 trunk 0.76 1.45 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.63 trunk 0.76 1.45 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.73 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.71 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.71 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.69 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.74 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.72 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus nitens 146.68 −38.38 3.71 trunk 0.71 0.99 Forrester et al. 2012

Eucalyptus kochii 118.09 −34.60 3.27 trunk 2.23 0.82 0.82 Brooksbank et al. (submitted)

Eucalyptus loxophleba 118.09 −34.60 3.55 trunk 3.94 0.82 0.82 Brooksbank et al. (submitted)

Eucalyptus polybractea 118.09 −34.60 3.47 trunk 4.28 0.82 0.82 Brooksbank et al. (submitted)

Acacia colletioides 151.15 −33.38 2.15 branch 2.60 0.44 0.50 Pickup et al. 2005

Acacia havilandiorum 151.15 −33.38 2.43 branch 4.00 0.44 0.50 Pickup et al. 2005

Acacia wilhelmiana 151.15 −33.38 2.48 branch 2.30 0.44 0.50 Pickup et al. 2005

Bertya cunninghamii 151.15 −33.38 2.22 branch 2.10 0.44 0.50 Pickup et al. 2005

Beyeria opaca 151.15 −33.38 2.47 branch 0.70 0.44 0.50 Pickup et al. 2005

Cassinia laevis 151.15 −33.38 2.85 branch 2.40 0.44 0.50 Pickup et al. 2005

Eremophila deserti 151.15 −33.38 3.11 branch 1.20 0.44 0.50 Pickup et al. 2005

Eucalyptus dumosa 151.15 −33.38 3.25 branch 6.00 0.44 0.50 Pickup et al. 2005

Eucalyptus socialis 151.15 −33.38 3.22 branch 8.30 0.44 0.50 Pickup et al. 2005

Eutaxia microphylla 151.15 −33.38 2.33 branch 0.70 0.44 0.50 Pickup et al. 2005

Olearia decurrens 151.15 −33.38 2.61 branch 1.80 0.44 0.50 Pickup et al. 2005

Olearia pimelioides 151.15 −33.38 2.54 branch 1.20 0.44 0.50 Pickup et al. 2005

Philotheca difformis 151.15 −33.38 2.13 branch 1.80 0.44 0.50 Pickup et al. 2005

Santalum acuminatum 151.15 −33.38 2.87 branch 6.00 0.44 0.50 Pickup et al. 2005

Acacia doratoxylon 151.32 −33.38 3.59 branch 12.00 0.72 0.87 Pickup et al. 2005

Brachychiton populneus 151.32 −33.38 3.19 branch 8.30 0.72 0.87 Pickup et al. 2005

Dodonaea viscosa 151.32 −33.38 3.30 branch 4.00 0.72 0.87 Pickup et al. 2005

Eremophila glabra 151.32 −33.38 2.90 branch 1.90 0.72 0.87 Pickup et al. 2005

Eremophila longifolia 151.32 −33.38 3.21 branch 3.50 0.72 0.87 Pickup et al. 2005

Eucalyptus intertexta 151.32 −33.38 3.24 branch 16.90 0.72 0.87 Pickup et al. 2005

Geijera parviflora 151.32 −33.38 3.36 branch 10.30 0.72 0.87 Pickup et al. 2005
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Melaleuca uncinata 151.32 −33.38 2.62 branch 6.50 0.72 0.87 Pickup et al. 2005

Philotheca difformis 151.32 −33.38 2.26 branch 2.00 0.72 0.87 Pickup et al. 2005

Pimelea microcephala 151.32 −33.38 2.97 branch 3.00 0.72 0.87 Pickup et al. 2005

Senna artemisioides 151.32 −33.38 2.94 branch 2.70 0.72 0.87 Pickup et al. 2005

Acacia floribunda 151.29 −33.58 3.96 branch 0.59 0.56 Zanne (2007, unpublished)

Astrotricha floccosa 151.29 −33.58 3.78 branch 0.59 0.56 Zanne (2007, unpublished)

Lasiopetalum ferrugineum 151.29 −33.58 3.39 branch 0.59 0.56 Zanne (2007, unpublished)

Lomatia silaifolia 151.29 −33.58 3.63 branch 0.59 0.56 Zanne (2007, unpublished)

Persoonia linearis 151.29 −33.58 3.73 branch 0.59 0.56 Zanne (2007, unpublished)

Pultenea flexilis 151.29 −33.58 3.74 branch 0.59 0.56 Zanne (2007, unpublished)

Synoum glandulosum 151.29 −33.58 3.56 branch 0.59 0.56 Zanne (2007, unpublished)

Syncarpia glomulifera 151.29 −33.58 3.80 branch 0.59 0.56 Zanne (2007, unpublished)

Acacia suaveolens 151.14 −33.69 3.25 branch 0.59 0.62 Zanne (2007, unpublished)

Boronia ledifolia 151.14 −33.69 3.07 branch 0.59 0.62 Zanne (2007, unpublished)

Eriostemon australasius 151.14 −33.69 3.36 branch 0.59 0.62 Zanne (2007, unpublished)

Hakea dactyloides 151.14 −33.69 3.51 branch 0.59 0.62 Zanne (2007, unpublished)

Lambertia formosa 151.14 −33.69 3.63 branch 0.59 0.62 Zanne (2007, unpublished)

Leptospermum trinervium 151.14 −33.69 3.73 branch 0.59 0.62 Zanne (2007, unpublished)

Persoonia levis 151.14 −33.69 3.60 branch 0.59 0.62 Zanne (2007, unpublished)

Phyllota phylicoides 151.14 −33.69 3.12 branch 0.59 0.62 Zanne (2007, unpublished)

Acacia havilandiorum 146.15 −32.97 2.76 branch 0.18 0.22 Zanne (2007, unpublished)

Brachychiton populneus 146.15 −32.97 3.95 branch 0.18 0.22 Zanne (2007, unpublished)

Dodonaea viscosa 146.15 −32.97 3.45 branch 0.18 0.22 Zanne (2007, unpublished)

Eremophila longifolia 146.15 −32.97 3.55 branch 0.18 0.22 Zanne (2007, unpublished)

Geijera parviflora 146.15 −32.97 3.32 branch 0.18 0.22 Zanne (2007, unpublished)

Hakea tephrosperma 146.15 −32.97 3.28 branch 0.18 0.22 Zanne (2007, unpublished)

Philotheca difformis 146.15 −32.97 3.39 branch 0.18 0.22 Zanne (2007, unpublished)

Senna artemisioides 146.15 −32.97 3.27 branch 0.18 0.22 Zanne (2007, unpublished)

Acacia doratoxylon 146.15 −32.98 3.62 branch 0.18 0.22 Zanne (2007, unpublished)

Bertya cunninghamii 146.15 −32.98 3.28 branch 0.18 0.22 Zanne (2007, unpublished)

Beyeria opaca 146.15 −32.98 3.10 branch 0.18 0.22 Zanne (2007, unpublished)

Cassinia laevis 146.15 −32.98 3.19 branch 0.18 0.22 Zanne (2007, unpublished)

Eremophila glabra 146.15 −32.98 3.04 branch 0.18 0.22 Zanne (2007, unpublished)

Eucalyptus socialis 146.15 −32.98 3.47 branch 0.18 0.22 Zanne (2007, unpublished)

Melaleuca uncinata 146.15 −32.98 3.11 branch 0.18 0.22 Zanne (2007, unpublished)

Olearia pimelioides 146.15 −32.98 3.06 branch 0.18 0.22 Zanne (2007, unpublished)

Eucalyptus globulus 147.68 −41.78 3.29 trunk 0.50 0.47 Feikema et al. 2010

Eucalyptus globulus 147.68 −41.78 3.25 trunk 0.56 0.77 Feikema et al. 2010

Eucalyptus globulus 143.58 −38.87 3.43 trunk Feikema et al. 2010

Eucalyptus globulus 144.60 −38.58 3.54 trunk Feikema et al. 2010

Eucalyptus globulus 148.32 −38.30 3.39 trunk Feikema et al. 2010

Eucalyptus globulus 147.12 −37.28 3.43 trunk 0.70 1.00 Feikema et al. 2010

Eucalyptus globulus 144.48 −37.57 3.59 trunk Feikema et al. 2010

Eucalyptus nitens 147.68 −41.78 3.23 trunk 0.50 0.47 Feikema et al. 2010

Eucalyptus nitens 147.68 −41.78 3.24 trunk 0.56 0.77 Feikema et al. 2010

Eucalyptus nitens 143.58 −38.87 3.37 trunk Feikema et al. 2010

Eucalyptus nitens 148.32 −38.30 3.35 trunk Feikema et al. 2010

Eucalyptus nitens 149.38 −37.38 3.51 trunk 0.63 0.62 Feikema et al. 2010

Eucalyptus nitens 147.12 −37.28 3.44 trunk 0.70 1.00 Feikema et al. 2010
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3.1 Summary

Ecosystem models commonly assume that key photosynthetic traits, such as carboxyla-

tion capacity measured at a standard temperature, are constant in time. The temper-

ature responses of modelled photosynthetic/respiratory rates then depend entirely on

enzyme kinetics. Optimality considerations suggest this assumption may be incorrect.

The ‘coordination hypothesis’ (that Rubisco- and electron-transport limited rates of

photosynthesis are co-limiting under typical daytime conditions) predicts instead that

carboxylation (Vcmax) and light-harvesting (Jmax) capacities, and mitochondrial respira-

tion in the dark (Rdark), should acclimate so that they increase with growth temperature

- but less steeply than their instantaneous response rates. To explore this hypothesis,

photosynthetic measurements were carried out on woody species during the warm and

the cool seasons in the semi-arid Great Western Woodlands, Australia, under broadly

similar light environments. A consistent linear relationship between Vcmax and Jmax

was found across species. Vcmax, Jmax and Rdark increased with temperature, but val-

ues standardized to 25°C declined. The ci:ca ratio increased slightly with temperature.

The leaf N :P ratio was lower in the warm season. The slopes of the relationships of

log-transformed Vcmax and Jmax to temperature were close to values predicted by the

coordination hypothesis, but shallower than those predicted by enzyme kinetics.

3.2 Introduction

Net photosynthetic CO2 uptake (Anet) depends on temperature in all vegetation models,

but models commonly disregard possible acclimation of the parameters determining

Anet to temporal variations in the growth environment. There are plentiful data on

the instantaneous (minutes to hours) temperature responses of photosynthetic uptake

(Hikosaka et al., 2006; Sage and Kubien, 2007; Way and Sage, 2008), but data on

the responses of photosynthetic traits on ecologically relevant time scales (days to

years) are scarce (Lin et al., 2013). Nonetheless there is evidence that temperature

responses of biochemical processes are a function of plant growth temperature, and

not just instantaneous temperature: from studies comparing species (Miyazawa and

Kikuzawa, 2006; Kattge et al., 2007) and experiments or serial measurements on single

species (Medlyn et al., 2002a; Onoda et al., 2005). Neglecting acclimation to the

growth temperature could lead to incorrect model estimates of the responses of primary

production and ecosystem carbon budgets to climate change.
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Farquhar et al. (1980) provided the standard model to predict photosynthetic re-

sponses to environment in C3 plants. The model describes photosynthesis as instan-

taneously determined by the slower of two biochemical rates: the carboxylation of

RuBP (ribulose-1,5-bisphosphate), dependent on Rubisco (ribulose-1,5-bisphosphate

carboxylase/oxygenase) activity (Vcmax); and electron transport for RuBP regenera-

tion in the Calvin cycle, dependent on light intensity and the capacity of the electron

transport chain (Jmax). Both rates are influenced by intercellular CO2 concentration

(ci), which in turn is partially regulated by stomatal conductance (gs). Unlimited

mesophyll conductance (Miyazawa and Kikuzawa, 2006; Lin et al., 2013) remains the

standard implementation of the Farquhar model although it is recognized to be an

approximation that results in an overestimation of Vcmax and Jmax, hence the values

estimated are ‘apparent’ Vcmax and Jmax. These are highly variable both within and

between species (Wullschleger, 1993), ranging through two to three orders of magni-

tude. Despite acceptance of the importance of these parameters for predicting rates of

net CO2 exchange in natural ecosystems, a full understanding of how seasonal changes

in the environment affect these parameters remains elusive.

The ‘coordination hypothesis’ (Field and Mooney, 1986; Chen et al., 1993; Maire et

al., 2012) predicts that values of Vcmax and Jmax should acclimate, in time as well as in

space, in such a way that carboxylation and RuBP regeneration are co-limiting under

typical daytime conditions. This hypothesis makes a number of testable predictions

regarding photosynthetic properties of trees experiencing large seasonal variations in

growth temperature, including an increase in Vcmax with rising growth temperature -

because at higher daily temperatures, greater Rubisco activity is required to match any

given rate of photosynthesis. On the other hand, the hypothesis predicts that values

of Vcmax and Jmax normalized to 25°C - and also the leaf N per unit area (Maire et al.,

2012) - should decline with increasing daily average temperature, as the quantities of

proteins needed to maintain a given level of photosynthetic activity decline more steeply

with temperature than the predicted increases in Vcmax and Jmax. Rdark is also expected

to acclimate to temperature, and this can take place on a daily time scale (Atkin et al.,

2000). A recent data synthesis (Atkin et al., 2015) showed that geographic variation

in Rdark at growth temperature from the tropics to the tundra is much smaller than

would be expected on the basis of enzyme kinetics.

Many models assume optimality criteria for stomatal behaviour, in which carbon

assimilation is traded off against water loss. Prentice et al. (2014) provided field evi-

dence supporting the ‘least-cost’ hypothesis, which states that plants adopt an optimal

ci:ca ratio that minimizes the combined costs per unit carbon assimilation of main-
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taining the capacities for carboxylation (Vcmax) and water transport. This hypothesis

predicts, inter alia, that the ci:ca ratio should increase with the Michaelis-Menten

coefficient for Rubisco-limited photosynthesis (K ) and decrease with vapour pressure

deficit (D). The ci:ca ratio is expected to increase with temperature, due to lower water

viscosity (reducing water costs) and higher photorespiration (increasing carboxylation

costs) (Prentice et al., 2014), while declining with D (Prentice et al., 2011) .

We present leaf-level measurements carried out during the warm and the cool sea-

sons in the semi-arid environment of the Great Western Woodlands of southwestern

Australia. By sampling towards the end of both seasons, we were able to compare

observations under broadly overlapping light conditions but spanning a range of tem-

peratures. We are not aware of any previous study that has tested whether seasonal

temperature acclimation is consistent with the coordination hypothesis. We explore

the idea by comparing the field-observed relationships of each trait to temperature with

the theoretical acclimation of photosynthetic traits (as predicted by the coordination

hypothesis) and with the alternative, i.e. the relationship of each trait to temperature

to be expected if it were controlled only by enzyme kinetics (i.e. no acclimation).

3.3 Materials and methods

3.3.1 Site

Eight representative woody species were studied at the Great Western Woodlands

SuperSite flux station (17°07’ S, 145 °37’ E) approximately 70 km north-west of Kal-

goorlie. The area has a semi-arid climate and the vegetation is an intact mosaic of

temperate woodland, shrubland and mallee. The mean annual rainfall (MAP) for

1970-2013 was 380 mm (Hutchinson, 2014c). The average rainfall is slightly higher

during summer months, but this rain often falls during short periods as intense storms.

Mean annual temperature (MAT ) is 20°C Hutchinson (2014a,b). Mean monthly daily

temperature minima range between 6°C and 18°C and maxima between 17°C and 35°C.

Data for daily temperature and shortwave radiation were obtained from the flux tower

(Australian and New Zealand Flux Research and Monitoring, www.ozflux.org.au). All

trees were sampled within a 5 km radius from the tower. The species studied were

the evergreen angiosperm trees Eucalyptus clelandii, E. salmonophloia, E. salubris and

E. transcontinentalis and the shrub Eremophila scoparia; the nitrogen-fixing legumi-

nous tree Acacia aneura and shrub A. hemiteles ; and one gymnosperm tree (Callitris

columellaris).
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3.3.2 Gas exchange measurements

We measured 109 A-ci curves altogether during the warm season (late March/early

April) and the cool season (late August/early September). The same individual plants

were sampled in both seasons. A portable infrared gas analyser (IRGA) system (LI-

6400; Li-Cor, Inc., Lincoln, NB, USA) was used. Sunlit terminal branches from the top

one-third of the canopy were collected and immediately re-cut under water (Domingues

et al., 2010). One of the youngest fully expanded leaves, attached to the branch, was

sealed in the leaf chamber. Measurements in the field were taken with the chamber

block temperature close to the air ambient temperature. The CO2 mixing ratios for the

A-ci curves proceeded stepwise down from 400 to 35 and up to 2000 µmol mol−1. Prior

to the measurements, we tested plants to determine appropriate light-saturation lev-

els. The photosynthetic photon flux density (PPFD) adopted for measurement ranged

between 1500 and 1800 µmol m−2 s−1. After measuring the A-ci curves over about

35 minutes, light was set to zero for five minutes before measuring Rdark. Following

Domingues et al. (2010), we discarded 23 A-ci curves in which gs declined to very low

levels (i.e. resulting in 86 curves being used in further analyses), adversely affecting

the calculation of Vcmax. TPU (triose phosphate utilization) limitation (Sharkey et al.,

2007) was not considered, as it would be unlikely to occur at our field temperatures of

above 17°C. Data is published in Togashi et al. (2015). Reported ratios of ci:ca relate

to chamber conditions of ambient CO2 ≈ 400 µmol mol−1.

3.3.3 Photosynthetic parameters and their temperature re-

sponses

Apparent values of Vcmax and Jmax were fitted using the Farquhar et al. (1980) model.

Values were standardized to 25°C (Vcmax25 and Jmax25) using the in vivo temperature

dependencies given in Bernacchi et al. (2001) and Bernacchi et al. (2003). Following

Bernacchi et al. (2009), we used the Arrhenius equation to describe the temperature

responses of Vcmax, and Jmax:

parameter = parameter25 exp

[
(Tk − 298.15) ∆Ha

R′ Tk 298.15

]
(1)

where ∆Ha is the activation energy (J mol-1), R′ is the universal gas constant (8.314

J mol−1 K−1) and Tk is leaf temperature (K).

To derive Rdark25 we applied a temperature-dependent Q10 (fractional change in

respiration with a 10°C increase in temperature) equation in which Q10 declines with
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increasing leaf temperature (Atkin and Tjoelker, 2003):

Rdark25 = Rdark

[
3.09− 0.043

(
T2 + T1

2

)]T2−T1
10

(2)

where 3.09 and 0.04 are empirical values, T2 (25°C) and T1 are leaf temperatures (°C)

for Rdark25 and Rdark respectively.

3.3.4 Nutrient analyses

After completion of each A-ci curve, leaves were retained to determine leaf area, dry

mass, and mass-based nitrogen (N ) and phosphorus (P) concentrations (mg g−1).

Leaves were sealed in plastic bags containing moist tissue paper to prevent wilting.

Leaf area was determined using a 600 dots/inch flatbed top-illuminated optical scanner

and Image J software (http://imagej.nih.gov/ij/). Leaves were dried in a portable

desiccator for 48 hours, to be preserved until the end of the campaign. Subsequently,

in the laboratory, leaves were oven-dried for 24 hours at 70°C and the dry weight

determined (Mettler-Toledo Ltd, Port Melbourne, Victoria, Australia). Leaf mass per

unit area (LMA; g m−2) was calculated from leaf area and dry mass. Nmass and Pmass

were obtained by Kjeldahl acid digestion of the same leaves (Allen et al., 1974). The leaf

material was digested using sulphuric acid 98% and hydrogen peroxide 30%. Digested

material was analyzed for N and P using a flow injection analyser system (LaChat

QuikChem 8500 Series 2, Lachat Instruments, Milwaukee, WI, USA). Area-based N

and P values (mg m−2) were calculated as products of LMA and Nmass or Pmass.

3.3.5 Statistical analyses

All statistics were performed in R (Team R Core, 2012). For graphing we used the

ggplot2 package (Wickham, 2010). Vcmax, Vcmax25, Jmax, Jmax25, Rdark, Rdark25, Narea and

Parea data were log10-transformed, unless otherwise indicated, to approximate a normal

distribution of values. The ratio ci:ca was not transformed because of its small variance

and approximately normal distribution in this study. Linear regression (lm) was used

to test dependencies among parameters. Slopes and elevations of regressions were

compared using standardized major axis regression with the smatr package (Warton

et al., 2006). The Welch two-sample t-test was used to test pairwise differences in

traits (e.g. differences between the warm season and the cool season measurements).

Generalized linear models (glm) were used to test acclimation to temperature across

species, using species and temperature as predictors.
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3.3.6 Predicted responses to temperature

Natural log-transformed Vcmax, Jmax and Rdark were regressed against leaf temperature

measured in field. All regressions were fitted across species, with species identity in-

cluded as a predictor (glm) to control for species effects on parameter values at a given

temperature. We compared the slopes of these regressions with theoretically derived

values based on alternative hypotheses: (1) based on enzyme kinetics (without accli-

mation), and (2) based on the coordination hypothesis for Vcmax, Jmax and Rdark and

the least-cost hypothesis for ci:ca. The derivations are summarized in Appendix A.

Although enzyme activation energy (∆Ha) can vary among species and with temper-

ature (Von Caemmerer, 2000), for simplicity we adopted the same ∆Ha for all species

and temperatures. This approximation could affect interspecies comparisons of ∆Ha-

dependent parameters but should not substantially interfere with the comparison of

theoretical and fitted slopes.

3.4 Results

3.4.1 Relationships among photosynthetic parameters

When measured at near ambient air temperature, species-average Vcmax values ranged

across seasons from 44.4 to 105 µmol m−2 s−1, Jmax from 77.4 to 160 µmol m−2 s−1,

Rdark from 1.16 to 3.14 µmol m−2 s−1 and ci:ca from 0.39 to 0.60 (at ambient CO2 ≈
400 µmol mol−1). At the prevailing air temperatures, Vcmax, Jmax and Rdark were

systematically higher in the warm season, while their values normalised to 25°C were

higher in the cool season (figure 3.1). The ci:ca ratio also exhibited significantly higher

average values in the warm season in six out of eight species (not shown).

Vcmax and Jmax were closely correlated across species within and across seasons

(figure 3.2). The warm and the cool seasons equations relating Vcmax and Jmax were

statistically indistinguishable. The warm and the cool seasons slopes of regressions

forced through the origin are shown in figure 3.2. Regressions between Vcmax and Jmax

for the warm and the cool seasons together yielded Jmax = 0.84 Vcmax + 55.2 (p <

0.05, slope standard error = 0.2). There were negative correlations between species-

average of ci:ca ratios and Rdark versus both Vcmax and Jmax across seasons (figure

3.3): log10Vcmax = 0.26 log10Rdark + 1.70 (p < 0.05, slope standard error = 0.08, R2 =

0.18) and log10Jmax = 0.27 log10Rdark + 1.94 (p < 0.05, slope standard error = 0.06,

R2 = 0.2); log10Vcmax = −0.75 ci:ca + 2.17 (p < 0.05, slope standard error = 0.21, R2
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Figure 3.1: Species distribution warm:cool seasons ratios of log10-transformed Vcmax,
Jmax and Rdark as measured at ambient temperature (top panel) and standardized to 25°C
(bottom panel). Ratios > 1 are shown as black bars, ratios < 1 as white bars (n = 8).

= 0.12) and log10Jmax = −0.31 ci:ca + 2.18 (p < 0.05, slope standard error = 0.16, R2

= 0.13) For individual species, log10Vcmax and log10Jmax were significantly related to

log10Rdark (p < 0.05) in E. salmonophloia and C. columellaris.

3.4.2 Photosynthetic trait responses to temperature

Based on data from all species together, Vcmax, Jmax and Rdark all increased with leaf

temperature, while the corresponding normalized (to 25 °C) values declined with leaf

temperature (p < 0.05, figure 3.4). The ci:ca ratio also increased slightly but sig-

nificantly with leaf temperature, (p < 0.05, R2 = 0.05; figure 3.5 left). The ratio

Jmax:Vcmax did not correlate with temperature based on the data from all species to-

gether, but it was negatively correlated with temperature for E. salmonophloia, E.

scoparia and C. columellaris (not shown). Excluding the two N -fixing species, and/or
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= 1.79, df = 31, R2 = 0.59). Both regressions are significant (p<0.05). Each point represents
one A-ci curve (n=86).

the one gymnosperm, from the dataset had no effect on these results.

The relationship between air temperature and leaf temperature was Tleaf = 1.01 Tair

+ 0.35 (p < 0.05, R2 = 0.96). Regression slopes between photosynthetic parameters

and Tair showed no significant differences from those calculated using Tleaf , but the

goodness of fit was weaker with Tair than with Tleaf . We also fitted regressions using

Tday (the daily mean temperature). Again the slopes did not change, but the goodness

of fit was further reduced. The factor ‘season’ (included as a predictor in a glm, in

addition to Tleaf ) did not improve model fit.

Within individual species, we also found positive responses of Vcmax and Jmax to

temperature, and negative responses when the parameters were corrected to 25°C (fig-

ure 3.6). The response of the ci:ca ratio to leaf temperature was similar in most species
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(figure 3.5 right). Within-species responses of Rdark to leaf temperature were weaker

and less consistent (figure 3.6), suggesting that respiration had acclimated to a greater

extent than was the case for Vcmax and Jmax.

Incoming shortwave radiation at the surface is used here as a proxy for PPFD.

Daily values ranged from 90 to 256 W m−2 and averaged 193 W m−2. Averages for the

warm and the cool seasons sampling periods were not significantly different. None of

the photosynthetic parameters showed any relationship with shortwave radiation.

3.4.3 Leaf N and P relationships to photosynthetic traits and

temperature

Photosynthetic parameters were not systematically related to Narea or Parea (data not

shown). There was a positive relationship between N and P (by mass) across species,

and within three of the species (p < 0.05; figure 3.7). High values of the foliar N :P

ratio (> 16) in seven out of eight species (figure 3.8) suggests that P in this ecosystem
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Figure 3.6: Bivariate linear regressions of log10 transformed Vcmax, Vcmax25, Jmax, Jmax25,
Rdark and Rdark25 (µmol m−2 s−1) versus leaf temperature (Tleaf , °C) within species (p <
0.05). Only significant regressions (p < 0.05) are shown. Each point represents one A-ci
curve (n=86).
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data (black line, slope = 0.33, R2 = 0.17). Each point represents one leaf (n=86).

is more limiting to growth than N (Westoby and Wright 2006). N :P ratios declined

with increasing temperature (p < 0.05). A. aneura and A. hemiteles presented the

highest N :P as expected for N -fixing species.

3.4.4 Quantitative temperature responses

For Vcmax and Jmax, the fitted slopes with leaf temperature were shallower than the

predicted ‘kinetic’ slopes by a margin that greatly exceeded their 95% confidence limits

(Table 3.1). The ‘kinetic’ values are what would be expected if the activities of the

relevant enzyme complexes remained constant with changing growth temperature. The

coordination hypothesis, however, predicts shallower rate ↔ temperature slopes. The

theoretical ‘acclimated’ slope for Vcmax falls just marginally above the 95% confidence

interval for the fitted slope. The acclimated slope of Jmax falls well within the 95%

confidence interval for the fitted slope. For Rdark the acclimated and kinetic slopes are

closer together and both fall within the 95% confidence interval of the fitted slope.

There is no ‘kinetic’ response of ci:ca, but the least-cost hypothesis predicts a pos-
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itive response to temperature. This was observed, although the fitted slope of the

response to temperature is shallower than predicted. The observed response of ci:ca

to temperature is taken into account as a small correction to the acclimated slope of

Vcmax against temperature (Appendix A).

3.5 Discussion

3.5.1 Quantitative ranges of photosynthesis traits

Values of Vcmax, Jmax, Rdark and ci:ca for the eight species measured here were within

ranges commonly reported. Vcmax and Jmax were generally lower than expected for

desert species, but higher than typical values for mesic perennial species (Wullschleger,

1993). The values were also high compared with trees from savannas with twice the

annual rainfall (Domingues et al., 2010). The ci:ca ratios fall within the range typical

for dry environments (Prentice et al., 2014).
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Table 3.1: Linear regression slopes (K1) and their 95% confidence intervals for natural
log-transformed photosynthetic traits, with species included as a factor. The values are
compared to ‘kinetic’ slopes (as expected in the absence of acclimation) and ‘acclimated’
slopes, as predicted by the coordination hypothesis for Vcmax, Jmax and Rdark and the least-
cost hypothesis for ci:ca. See Appendix A for the calculation of kinetic and acclimated slopes.

Vcmax Jmax Rdark ci:ca
Fitted 0.0328 0.0251 0.0514 0.0060

(±0.0158) (±0.0108) (±0.0164) (±0.0033)
Kinetic 0.0885 0.0628 0.0675 n/a
Acclimated 0.0498 0.0236 0.0494 0.0131

3.5.2 Comparison between seasons

Our results were consistent with acclimation of photosynthetic traits to temperature as

predicted by the coordination hypothesis. When measured at the prevailing ambient

temperature, Vcmax, Jmax and Rdark were all generally higher in the warm season than

in the cool season, whereas values standardised to 25°C were generally lower in the

warm season than in the cool season (figure 3.1). This is prima facie evidence for

active seasonal acclimation, as the coordination hypothesis predicts lower allocation of

N to Rubisco and other photosynthetic enzymes at higher temperatures, offsetting the

increase in enzyme activity with elevated temperature.

Levels of leaf N and P have been reported to change seasonally (Medlyn et al.,

2002b, and figure 3.8). We found a reduction in the N :P ratio in the warm season,

consistent with a reduced allocation of N to photosynthetic functions (Way and Sage,

2008). A reduction in total leaf N does not necessarily indicate changes in N allocation;

however, a strong coupling between N and photosynthesis has been widely observed,

even though Rubisco accounts for only 10-30% of the total leaf N (Evans, 1989).

Furthermore, a reduction of leaf N in the warm season is unlikely to be caused by

general growth dilution during an actively growing part of the year because: a) this is

an environment with a year-round growing season; b) PAR levels during the periods of

the field campaigns were similar; and c) the measured Vcmax values were shown to be

consistent with the coordination hypothesis, implying similar assimilation rates in the

two seasons. We did not find significant relationships of photosynthetic traits to foliar

N or P but the study area is extremely limited in supplies of both nutrients (Prober

et al., 2012).

The comparison of fitted and theoretically predicted slopes (Table 3.1) reveals not

only that the responses of Vcmax, Jmax and Rdark to ambient temperature were smaller
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than would be predicted from enzyme kinetics alone, but also that the observed re-

sponses were close to, or (in the case of Jmax) statistically indistinguishable from the

responses predicted by the coordination hypothesis. The response of ci:ca is in the

same direction (positive) as the response predicted by the least-cost hypothesis, but

only about half as large, probably due to the opposing effect (reduction in ci:ca) of

greater vapour pressure deficits in the warm season than in the cool season (Prentice

et al., 2014).

Vcmax and Jmax were strongly and positively correlated across species (figure 3.2),

and the relationship did not shift significantly between seasons. Some studies have re-

ported a lower Jmax:Vcmax ratio in warmer seasons compared to cooler seasons (Medlyn

et al., 2002b; Lin et al., 2013). Our data show a tendency in this direction, but not

enough to be significant (figure 3.2). Vcmax and Jmax have previously been reported

to increase seasonally with leaf temperature. In one recent study on six Eucalyptus

species, measurements were taken at six temperature levels in winter, spring and sum-

mer; there was an increase in Vcmax and Jmax with air temperature in seasons with

overlapping temperatures, and Vcmax25 was significantly higher in the winter than in

the summer (Lin et al., 2013). Miyazawa and Kikuzawa (2006) obtained similar results

in five evergreen broadleaved species. Our measurements yielded similar results (figure

3.4 and 3.6).

3.5.3 Links between photosynthetic activity, Rdark and ci:ca

Vcmax, Jmax and Rdark were positively correlated with leaf temperature across a wide

range (cool season 17 to 27°C; warm season 26 to 37°C), both for the dataset as a

whole and within individual species (figure 3.4 and 3.6). Photosynthetic capacity and

respiratory flux are linked via the ATP (adenosine triphosphate) demand of sucrose

synthesis and transport, leading to the interdependence of chloroplast and mitochon-

drial metabolism (Krömer, 1995; Ghashghaie et al., 2003). The parallel temperature

acclimation of Rdark and Vcmax illustrates this close relationship.

Across all species, there was a strong negative relationship between ci:ca and pho-

tosynthetic capacity. This is to be expected from the coordination hypothesis as the

lower the ci:ca ratio, the greater photosynthetic capacity (Vcmax and Jmax) required to

achieve a given assimilation rate. ci:ca ratios increased with temperature as predicted

by the least-cost hypothesis, but the slope of 0.006 (figure 3.5) based on all data is

shallower than the predicted slope of 0.0131. This difference may reflect higher vapour

pressure deficits in the warm season, which would be expected to close stomata and
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therefore act in the opposite way to the effect of temperature alone (Prentice et al.,

2014).

3.5.4 Implications for modelling

One dynamic global vegetation model, the Lund-Potsdam-Jena (LPJ) model (Sitch

et al., 2003) together with later models based on LPJ, formally assumes the coordi-

nation hypothesis (as well as the coupling between Rdark and Vcmax) and thus implic-

itly allows photosynthetic parameters and leaf respiration to acclimate, on a daily to

monthly time scale, to the seasonal course of climate. The same assumption is implicit

in the simple primary production models developed by Wang et al. (2013, 2014), but

there are few data available to test this model assumption. Our study has presented

field evidence supporting predictions of the coordination hypothesis regarding the sea-

sonal acclimation of Vcmax, Jmax and the allocation of N in leaves. Models that do not

allow such acclimation may incorrectly represent the seasonal time course of carbon

exchange at the plant and ecosystem levels.

Appendix A: Derivation of theoretical responses of

photosynthetic traits to temperature

Kinetic responses

Temperature responses of many biological reaction rates are accurately described (within

normal physiological ranges) by the Arrhenius equation, which can be written as:

ln parameter(T )− ln parameter(Tref ) =
∆Ha

R

(
1

Tref
− 1

T

)
(A1)

where T is the measurement temperature and Tref is a reference temperature (K),

∆Ha is the activation energy of the reaction (J mol−1 K−1) and R is the universal

gas constant (8.314 J mol−1 K−1). This expression can be approximated by a simple

exponential function as follows, by linearizing around Tref :

ln parameter(T )− ln parameter(Tref ) ≈ ∆Ha

R

(
1

Tref
2

)
∆T (A2)

where ∆T = T −Tref . Thus, the slope of ln param(T ) versus T can be predicted from

equation (A2), when ∆Ha is known. We set Tref = 298 K (which is both conventional,

and close to the median measurement temperature in our data set). We used the ∆Ha
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values based on in vivo measurements at 25°C by Bernacchi et al. (2001) for Vcmax (65

330 J mol−1 K−1). For Jmax, we used the ∆Ha value based on in vivo measurements by

Bernacchi et al. (2003) on plants that had been grown at 25°C (43 900 J mol−1 K−1).

For Rdark, we used ∆Ha (50230 J mol−1 K−1) calculated from equation 2.

Acclimated responses

The ‘acclimated’ response of Vcmax according to the coordination hypothesis is obtained

by setting the Rubisco- and electron-transport limited rates of photosynthesis to be

equal. To simplify matters, we disregarded the curvature of the response of electron

transport to PPFD, giving:

Vcmax = ϕ0Iabs

[
ci +K

ci + 2Γ∗

]
(A3)

where ϕ0 is the intrinsic quantum efficiency of photosynthesis, Iabs is the absorbed

PPFD, K is the effective Michaelis-Menten coefficient for carbon fixation and Γ∗ is

the photorespiratory compensation point. The sensitivity of Vcmax to temperature can

then be calculated from the derivative of (A3):

∂ln Vcmax

∂T
=

1

Vcmax

∂Vcmax

∂T
=
∂ci
∂T

(
1

ci +K
− 1

ci + 2Γ∗

)
+

∂K

∂T

(
1

ci +K

)
− 2

∂Γ∗

∂T

(
1

ci + 2Γ∗

) (A4)

We evaluated equation (A4) at 25°C and ci = 200 µmol mol−1 (approximately the

median of our observed values of ci), using the temperature dependencies of K and

Γ∗ from Bernacchi et al. (2001). The temperature dependency of K was determined

from those of the constituent terms Kc and Ko (the Michaelis-Menten coefficients for

carboxylation and oxygenation, respectively) as given by Bernacchi et al. (2001), using

similar methods.

Again for simplicity, we assumed an approximation of the theoretical acclimated

slope for Jmax that is simply the acclimated slope of Vcmax, minus the difference be-

tween the ‘kinetic’ slopes of Vcmax and Jmax. We assumed that Rdark (on acclimation)

should simply be equal to a constant fraction of Vcmax, implying the same acclimated

temperature response for Rdark as for Vcmax.

The least-cost hypothesis (Prentice et al., 2014) provides an optimal value for ci:ca,
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denoted by χ∗, such that:

χ∗ =
χ0

1− χ0

=

√
bK

1.6 aD
(A5)

where b is the (assumed constant) ratio of Rdark to Vcmax and a is the cost of maintaining

the transpiration pathway. Both K and a are temperature-dependent; a because it is

proportional to the viscosity of water, η. Holding vapour pressure deficit (D) constant,

we can obtain an expression for ∂χ∗/∂T :

∂χ∗

∂T
=
χ∗

2

(
∂lnK

∂T
− ∂a

∂T

)
(A6)

and from equations (A5) and (A6), with the help of the chain rule,

∂χ0

∂T
=
χ0

2
(1− χ0)

(
∂lnK

∂T
− ∂a

∂T

)
(A7)

We evaluated equation (A7) at T = 25°C, χ0 = 0.5 and ca = 400 ppm using known

temperature dependencies of K and η.

Appendix B: Species list, average and standard error

of key photosynthetic traits (µmol m−2 s−1)

Specie Season n Vcmax Jmax Rdark Vcmax25 Jmax25 Rdark25

Acacia aneura Warm 7 50.83 92.78 1.99 38.78 77.51 1.71

(±7.15) (±3.86) (±0.22) (±5.48) (±4.31) (±0.19)

Acacia hemiteles Warm 6 81.97 137.21 2.61 66.11 118.35 2.24

(±7.23) (±12.99) (±0.45) (±5.79) (±9.90) (±0.31)

Callitris columellaris Warm 10 78.42 122.45 2.50 60.08 103.52 2.14

(±14.24) (±12.77) (±0.32) (±8.97) (±9.26) (±0.24)

Eucalyptus clelandii Warm 6 67.93 115.21 2.55 53.17 98.21 1.93

(±11.22) (±10.56) (±0.45) (±11.38) (±12.96) (±0.20)

Eucalyptus salmonophloia Warm 6 93.11 140.01 3.15 59.08 103.43 2.26

(±7.43) (±7.46) (±0.44) (±4.97) (±6.58) (±0.18)

Eucalyptus salubris Warm 6 53.27 109.39 2.73 42.18 93.00 2.30

(±7.01) (±5.59) (±0.27) (±6.39) (±5.32) (±0.13)

Eucalyptus transcontinentalis Warm 5 68.57 110.48 2.55 34.93 70.95 1.75

(±14.21) (±15.36) (±0.63) (±5.81) (±10.28) (±0.49)

Eremophila scoparia Warm 7 101.65 149.07 2.92 55.62 102.11 1.96

(±13.60) (±13.22) (±0.32) (±6.51) (±10.26) (±0.23)

Acacia aneura Cool 5 45.26 77.43 1.56 78.75 112.37 2.54

(±3.16) (±2.97) (±0.11) (±6.82) (±6.13) (±0.21)

Acacia hemiteles Cool 5 47.02 74.52 0.99 80.04 106.24 1.62

(±5.00) (±11.15) (±0.05) (±9.56) (±15.93) (±0.04)

Callitris columellaris Cool 3 44.44 125.03 2.16 52.22 139.45 2.67

(±3.47) (±15.02) (±0.30) (±4.45) (±17.49) (±0.37)

Eucalyptus clelandii Cool 5 62.99 92.09 1.24 89.00 115.97 1.81

(±4.12) (±4.82) (±0.16) (±5.50) (±4.55) (±0.23)

Eucalyptus salmonophloia Cool 4 48.41 112.25 1.56 65.50 141.03 2.36

continued on next page
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continued from previous page
Specie Season n Vcmax Jmax Rdark Vcmax25 Jmax25 Rdark25

(±8.72) (±4.91) (±0.16) (±5.50) (±4.55) (±0.23)

Eucalyptus salubris Cool 5 49.55 95.79 1.77 55.91 101.05 2.01

(±2.16) (±7.76) (±0.16) (±9.07) (±8.68) (±0.22)

Eucalyptus transcontinentalis Cool 5 75.62 100.59 1.25 113.48 131.68 1.97

(±3.89) (±1.98) (±0.20) (±8.02) (±2.47) (±0.29)

Eremophila scoparia Cool 5 46.04 87.96 2.86 68.46 114.46 4.18

(±3.62) (±9.28) (±0.35) (±7.65) (±13.14) (±0.62)
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4.1 Summary

The representation of Plant Functional Types (PFTs) in the current generation of

Dynamic Global Vegetation Models (DGVMs) is simplistic and has limited predictive

power. Key ecophysiological traits, including photosynthetic parameters, are typically

assigned single values for each, broadly defined PFT. Trait variation within PFTs -

which may represent continuous variation in response to environmental factors, and/or

differences linked to spatial and temporal niche differentiation within communities -

is thus neglected. A stronger empirical basis for the treatment of plant functional

trait variation in DGVMs is greatly needed. We present and analyse 431 sets of mea-

surements of leaf and whole-plant traits, including photoynthesis measurements, on

evergreen angiosperm trees in tropical moist forests of Australia and China. By con-

fining attention to a relatively narrow range of climate, our analysis highlights trait

differences linked to vegetation dynamic roles. Certain predictions of coordination

theory (that Rubisco- and electron-transport limited rates of photosynthesis are co-

limiting under field conditions) and the least-cost hypothesis (that air-to-leaf CO2

drawdown minimizes the combined costs per unit carbon assimilation of maintaining

carboxylation and transpiration capacities) are supported for within-community trait

variation linked to canopy position, just as they are for variation along spatial environ-

mental gradients. Trait differences among plant species occupying different structural

and temporal niches provide an initial basis for the ecophysiological representation of

vegetation dynamics in next-generation DGVMs.
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4.2 Introduction

The development of Dynamic Global Vegetation Models (DGVMs) from the earliest

stages has emphasized the role of the distribution of different types of plants and veg-

etation in predicting the exchanges of carbon between the atmosphere and the land

biota (Prentice and Cowling, 2013). Plant Functional Type (PFT) classifications can be

traced back to Raunkiær’s (1934) ‘life form’ classification, based on plant traits that

ensure persistence through seasons unfavourable for growth (Harrison et al., 2010).

After several decades when plant functional geography was neglected, new PFT clas-

sifications appeared during the 1980’s (Box, 1981; Woodward, 1987) with a view to

the development of DGVMs - which began in earnest during the late 1980’s (Leemans

and Prentice, 1989). The PFT concept has received significant attention since then

(Prentice et al., 1992; Dı́az and Cabido, 1997; Lavorel and Garnier, 2002; Wright et

al., 2004; Prentice et al., 2007; Harrison et al., 2010; Fyllas et al., 2012). It has become

widely accepted that PFT classifications for modelling purposes ideally should reflect

aspects of trait diversity that can predict plant responses to the physical environment

and land management.

Many PFT schemes have been developed since Raunkiær’s (1934) pioneering work.

PFTs adopted in DGVMs today are most commonly defined in terms of up to five

qualitative traits: (a) life form (using various definitions), (b) leaf type (usually just

broad- or needle-leaf), (c) phenological type (usually just deciduous or evergreen), (d)

photosynthetic pathway (C3, C4 or CAM) (Calvin and Benson, 1948; Ranson and

Thomas, 1960; Kortschak et al., 1965), and (e) climatic range defined in terms of

broad climatic classes such as boreal, tropical, desert (Köppen, 1931). This conven-

tional approach to PFT classification has numerous limitations (Prentice and Cowling,

2013). For example, life-form definitions are often incompletely defined, as informal

and potentially ambiguous terms such as ‘shrub’ have been used in place of Raunkiær’s

explicitly specified categories. Leaf-type definitions usually ignore the huge variations

in leaf size among ‘broad-leaved’ plants, and even the distinction between broad and

needle-leaved trees is often effectively an (imperfect) surrogate for the important dis-

tinction in hydraulic architecture between angiosperms and gymnosperms - the latter,

in fact, including many species with broad leaves. The physiological distinction between

C3 and C4 herbaceous plants is usually made, but CAM has usually been disregarded

in models. Thermal climate categories make sense if it is recognized that they are

a surrogate for different cold-tolerance mechanisms in phanerophytes (Prentice et al.

1992; see Harrison et al. 2010 for a compilation of experimental data on cold tolerance),
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but they are often used without clear definitions and in effect they may often stand in

for a continuum of physiological differences between plants adapted or acclimated to

different seasonal temperature regimes, rather than representing qualitative differences

among types of plant.

Another key aspect of plant functional classification that is ignored by the majority

of DGVMs pertains to species’ distinct ‘roles’ in vegetation dynamics. Classifications

of tree species according to shade tolerance (Whitmore, 1982), growth characteristics

(maximum height and growth rate) (Shugart, 1984; Swaine and Whitmore, 1988) and

successional stage (pioneer versus climax) (Swaine and Whitmore, 1988) have been a

mainstay of regionally specific ‘gap models’ designed to predict forest dynamics under

constant or changing environmental conditions (Botkin et al., 1972; Shugart, 1984;

Denslow, 1987; Prentice and Leemans, 1990; Prentice et al., 1993, Turner, 2001). But

these aspects are not treated by most DGVMs. Exceptions are those models with

individual-based dynamical cores, such as LPJ-GUESS (Smith et al., 2001) and Hy-

brid (Friend et al., 1993), and the ED model (Moorcroft et al., 2001) which uses a

mathematical short-cut to represent the essentials of forest dynamics without simulat-

ing individual trees explicitly.

A critique of the use of PFTs for modelling purposes has recently emerged with

the initial development of models based on continuous traits variation (Pavlick et al.,

2013; Scheiter et al., 2013; Verheijen et al., 2013). The jury is out on whether next-

generation DGVMs should include PFT classifications at all; and if so, at what level.

For example, there is a clear case to be made for retaining well-understood distinctions

among photosynthetic pathways, and there may be good reasons also to retain life-

form distinctions at least at the highest level of Raunkiær’s classification. At the same

time, most quantitative traits show continuous adaptive variation along environmental

gradients (Meng et al., 2015), indicating that the conventional approach in most mod-

els of assigning fixed values of leaf-level traits such as carboxylation capacity (Vcmax)

and nitrogen content per unit leaf area (Narea) to PFTs does not adequately describe

the plasticity of such traits in the real world. Even the less plastic biophysical traits

(Meng et al., 2015), such as leaf mass per area (LMA) and leaf dry-matter content show

systematic, quantitative variations along environmental gradients as a consequence of

species turnover within PFTs, and thus not necessarily the replacement of one PFT

by another. Faced with continuous trait variation, models can either treat it as contin-

uous - as the LPJ model (Sitch et al., 2003) does for photosynthetic traits, following

the approach developed by Haxeltine and Prentice (1996) - or subdivide the contin-

uum for convenience. But problems such as unrealistically abrupt modelled vegetation
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transitions (as climatic limits of PFTs are reached) can arise if the subdivision is too

coarse.

In this paper we focus principally on the neglected ‘dynamical’ aspect of PFT clas-

sification. We adopt the simple fourfold classification popularized by Shugart (1984) to

define species’ roles, while recognizing that this classification represents a convenient

subdivision of two orthogonal continua of variation - shade tolerance (requiring, versus

not requiring, a gap for regeneration) and size at maturity (producing, versus not pro-

ducing, a gap upon mortality). We focus on functional trait variations within tropical

moist forests, which harbour enormous tree species diversity and contain species that

exhibit all combinations of these traits (Turner, 2001). We build on a previous analysis

by Fyllas et al. (2012), who showed that quantitative traits including foliar δ13C dis-

crimination, LMA and nutrients including N and P could be used to discriminate PFTs

with distinct dynamical characteristics in Amazonian rain forests. Our analysis focuses

on east Asian (SW China) and northern Australian tropical rain forests, and extends

the approach of Fyllas et al. (2012) to include field photosynthetic measurements.

4.3 Background and principles of this study

Some recent work directed towards the development of ‘next-generation’ DGVMs has

focused on the predictability of key quantitative traits as a function of environmental

variation. The ‘least-cost’ (Prentice et al., 2014) and ‘coordination’ (Maire et al., 2012)

hypotheses together suggest a degree of predictability (across environments and clades)

for the air-to-leaf CO2 drawdown (ci:ca ratio, the ratio of leaf-internal to ambient CO2:

Prentice et al., 2014), Vcmax and the electron-transport capacity Jmax (Togashi et al.,

in revision), and Narea (Dong et al., submitted). Both hypotheses have a much longer

pedigree than indicated by the recent references cited here, but systematic testing of

these hypotheses has only been undertaken quite recently.

The ‘least-cost’ hypothesis indicates that at the leaf level, plants should respond

to differences in the relative costs (per unit of assimilation achieved) of maintaining

the biochemical capacity for photosynthesis versus the structural capacity for tran-

spiration by making an optimal investment ‘decision’ that minimizes the total carbon

cost of maintaining both essential functions. This hypothesis can be shown to lead

to an optimum value of the ci:ca ratio that depends predictably on temperature and

vapour pressure deficit (Prentice et al., 2014). Moreover, this optimum has the same

mathematical form as that predicted approximately by the Cowan-Farquhar optimal-

ity criterion for electron-transport limited photosynthesis, and known to provide good
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predictions of stomatal behaviour under a range of conditions (Medlyn et al., 2011;

Lin et al., 2015). The least-cost hypothesis however is more explicit than the Cowan-

Farquhar criterion in that it ‘unpacks’ water transport and biochemical costs, and its

predictive ability is more general in that it does not only apply to electron-transport

limited photosynthesis.

The coordination hypothesis indicates that under typical daytime conditions, the

Rubisco-limited and electron transport-limited rates of photosynthesis should be ap-

proximately equal. This represents the optimal disposition of resources between light

capture and carbon fixation. It leads to the prediction that top-of-canopy Vcmax (mea-

sured at the growth temperature) should be determined by the ci:ca ratio (higher values

of one quantity being consistent with lower values of the other), temperature (as higher

Vcmax is required to achieve a given assimilation rate at higher temperatures), and in-

cident photosynthetically active radiation (PAR) (as productive investment in Vcmax

is directly proportional to the available PAR). Narea is generally found to be roughly

proportional to Rubisco content, and thus to Vcmax at standard temperature, although

leaf N also has structural and defensive components that are roughly proportional to

LMA and represent a largely independent source of variation in Narea (Dong et al., sub-

mitted). So far, these predictions have been supported for seasonal variations within

individual plants (Togashi et al., in revision), and for spatial variations along envi-

ronmental gradients (Prentice et al., 2014; Dong et al., submitted). Here we extend

their application to biotically conditioned, microenvironmental variation within forest

environments. The framework provided by the least-cost and coordination hypotheses

suggest moreover that shade tolerance, and stem properties such as height and wood

density, should also be related to leaf metabolic and structural traits, as proposed e.g.

by Whitehead et al. (1984) and many later commentators.

The least-cost and coordination hypotheses are based on optimality concepts, whose

rationale depends on the heuristic principle that natural selection has eliminated trait

combinations that fall short of optimality according to various criteria. Another opti-

mality concept lies behind the Leaf Economics Spectrum, LES (Wright et al., 2004).

Fundamentally, the LES simply represents a universal negative correlation between

LMA and leaf life-span (Lloyd et al., 2013), which can be considered to arise from

a trade-off because (a) carbon available for investment in leaves is limited and (b)

long-lived leaves need to be thicker and/or tougher than short-lived leaves in order to

avoid high risks of predation by herbivores and other damages. Thus leaves can be

short-lived and flimsy or long-lived and thick and/or tough, or somewhere in between.

In contrast, short-lived leaves with high LMA would be uneconomic, while long-lived
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leaves with low LMA would be unviable.

This study considers four groups of leaf and stem traits. The first group consists

of leaf metabolic traits: Vcmax, Jmax and leaf day respiration (Rday). This last one

has been found to closely correlate with Vcmax (Atkin et al., 2000; Weerasinghe et al.,

2014). The second group contains the leaf structural/chemical traits Narea, Parea and

LMA, reflecting the LES; although as noted, Narea has a metabolic component as well

as a structural component and the same may be true for Parea (Evans, 1989; Reich

et al., 1997; Fyllas et al., 2009). The third group, represented principally by wood

density (WD), stands in for plant hydraulics, as denser wood tends also to have lower

permeability to water (Sperry, 2003; Lin et al., 2015). Wood density also has an

automatic impact on plant growth because height growth is necessarily slower, for

a given photosynthetic output, in trees with dense wood. Although the correlation

between WD and more directly instrumental traits for plant hydraulics, such as the

Huber value (the ratio of cross-sectional sapwood area to subtended leaf area) (Togashi

et al., 2015b), vessel density and calibre, and permeability (Reid et al., 2005) is far

from perfect, these last traits are much more time-consuming to measure and thus

comparatively under-represented in available data sets. We anticipate that plants with

an aggressive water use strategy should present higher conductivity and lower average

WD, while plants adapted to environments with long droughts, or vulnerable to water

use competition, should tend to adopt a more conservative water-use strategy and to

have high-density wood. The fourth group reflects the ability to compete with other

species for light, expressed as potential maximum height (Hmax): taller plants are able

to harvest more light while shorter plants are often more shade-tolerant (Turner, 2001).

This group also includes the ci:ca ratio, which has been reported to show a negative

relationship with height (Koch et al., 2015).

Leaf-level measurements were conducted in tropical forests of Queensland, Australia

and Yunnan, China, and combined with (a) published and unpublished datasets on

Hmax, WD, and (b) expert information on the species’ vegetation dynamical roles.

Thus we are able to present what is (to our knowledge) the first study to analyse key

biochemical rates in the context of tree species contrasting dynamical roles, and the

first empirical trait-based analysis to include measured biochemical rates in a PFT

classification. The objective of this work was to quantify trait variation within these

forests that can be linked to dynamical roles. We also aimed specifically to test the

following predictions: (i) within the same climate, photosynthetic capacity should be

governed by incident PAR (a prediction of the coordination hypothesis); (ii) ci:ca should

be lower at high Hmax because water transport is more expensive with increasing height
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(a prediction of the least-cost hypothesis); and (iii) pioneer species should tend to have

low WD (an expectation from the theory of forest dynamics).

4.4 Materials and methods

4.4.1 Sites

Our analysis includes in total material from 232 evergreen angiosperm tree species (431

leaf samples, one leaf per each individual tree) from intact moist tropical forests of

Queensland, northern Australia (from the inland Atherton Tablelands to Cape Tribu-

lation near the Pacific coast) and Yunnan, southwestern China (the Xishuangbanna

region in southern Yunnan, near the land borders with Myanmar, Thailand and Laos).

Field campaigns conducted in Queensland (Robson Creek and Cape Tribulation) and

Yunnan yielded data on 191 species. Data from these campaigns were combined with

data on a further 41 Queensland species, from field studies carried out by the TROpi-

cal Biomes In Transition (TROBIT) network (Bloomfield et al., 2014). Climates cov-

ered by the sampled areas range in mean annual precipitation (MAP) from 1427±443

to 3671±828 mm (Harris et al., 2014; Hutchinson, 2014c) and in mean annual tem-

perature (MAT) between 19.0±0.4 and 24.3±0.4°C (Harris et al., 2014; Hutchinson,

2014a,b). Both Queensland and Yunnan have a marked wet season in summer and

dry season in the winter. Gridded data at 0.01°resolution on MAP, MAT, the annual

Moisture Index (MI, the ratio of precipitation to equilibrium evaporation) and mean

monthly photosynthetic active radiation (mPAR) were acquired for the Australian sites

at www.emast.org.au. The Chinese climatology data were derived from records at 1814

meteorological stations (740 stations have observations from 1971-2000, the rest from

1981-1990: China Meteorological Administration, unpublished data), interpolated to

a 0.01°grid using a three dimensional thin-plate spline (ANUSPLIN version 4.36, Han-

cock and Hutchinson, 2006). Figure 4.1 and Table 4.1 provide further details on sites

and climates.

4.4.2 Gas exchange measurements and photosynthetic vari-

ables

We used a portable infrared gas analyser (IRGA) system (LI-6400; Li-Cor, Inc., Lincoln,

NB, USA) to perform leaf gas-exchange measurements. Sunlit terminal branches from
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Figure 4.1: Mean annual temperature (MAT, °C), the square root of Moisture Index
(MI, ratio of precipitation to potential evaporation) and mean monthly photosynthetic active
radiation (mPAR, µmol m−2) for in north-east Australia (CTR1, CTR2, KBL1, KBL3, KCR,
RCRs, RCRw) and south-east China (Y1X, Y2U, Y3M1, Y3M2, Y4L).

the top one-third of the canopy were collected and immediately re-cut under water.

One of the youngest fully expanded leaves, attached to the branch, was sealed in the leaf

chamber. Measurements in the field were taken with relative humidity and chamber

block temperature close to those of the ambient air at the time of measurement. The

rate of airflow was held constant at 500 µmol s−1, but exceptionally the flow was

reduced (to a minimum of 250 µmol s−1) under very low stomatal conductance.

We obtained 130 A-ci curves from Robson Creek (RCRs and RCRw). The CO2

mixing ratios for the A-ci curves proceeded stepwise down from 400 to 35 and up to

2000 µmol s−1. Prior to the measurements, we tested plants to determine appropriate

light-saturation levels. The photosynthetic photon flux density (PPFD) adopted for

measurement ranged between 1500 and 1800 µmol m−2 s−1. After measuring the A-ci

curves over about 35 minutes, light was set to zero for five minutes before measuring

mitochondrial respiration in the dark (Rdark). Following the protocol of Domingues
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Table 4.1: Climate averages (MAT = mean annual temperature, MI = Moisture Index,
mPAR = mean monthly photosynthetic active radiation), geographic location and soil proper-
ties (CEC = cation exchange capacity, TN = total soil nitrogen, TP = total soil phosphorus)
of the study sites in north-east Australia (CTR1, CTR2, KBL1, KBL3, KCR, RCRs, RCRw)
and south-east China (Y1X, Y2U, Y3M1, Y3M2, Y4L)

SITE LON LAT Altitude
(m)

MAT
(°C)

MAP
(mm)

mPAR
(µmol
m−2)

MI CEC
(cmol
kg−1)

TN
(%)

TP
(%)

CTR1 145.45 −16.10 64 24.3 3671 27.5 2.54 0.02 0.01
CTR2 145.45 −16.10 90 24.3 3671 27.5 2.54 0.02 0.01
KBL1 145.54 −17.76 761 20.4 1976 28.2 1.39 10.83 0.08 0.03
KBL3 145.54 −17.69 1055 19.0 1726 28.3 1.22 11.11 0.08 0.03
KCR 145.60 −17.11 813 19.6 2541 27.9 1.82 9.81 0.01 0.01
RCRs 145.63 −17.12 700 20.4 1813 27.9 1.29 9.81 0.01 0.01
RCRw 145.63 −17.12 700 20.4 1813 27.9 1.29 9.81 0.01 0.01
Y1X 101.27 21.92 502 21.7 1427 30.1 0.94 8.68 0.08 0.04
Y2U 101.24 21.98 1075 19.7 1562 30.6 1.03 6.09 0.08 0.04
Y3M1 101.58 21.61 668 19.6 1662 29.8 1.14 10.21 0.08 0.05
Y3M2 101.58 21.62 828 20.5 1604 29.9 1.07 10.21 0.08 0.05
Y4L 101.58 21.62 1034 20.5 1604 30.1 1.06 10.21 0.08 0.05

et al. (2010), we discarded 37 of a total 167 A-ci curves in which gs declined to very low

levels, adversely affecting the calculation of Vcmax. These procedures were very similar

to the ones applied to the 187 A-ci curves obtained in the TROBIT sites (CTR2, KBL1,

KBL3 and KCR) and are further described in Bloomfield et al. (2014).

We sampled 114 leaves in Yunnan (Y1X, Y2U, Y3M1, Y3M2, Y4L) and data for

62 leaves was obtained from Cape Tribulation (CTR1: Weerasinghe et al., 2014). We

repeated the same sampling methods for Yunnan and Cape tribulation. The PPFD

was held constant at 1800 µmol m−2 s−1. For each leaf, we first set the CO2 mixing

ratio to 400 µmol mol−1 to obtain the rate of photosynthesis under light saturation

(Asat) and related variables. Measurement was taken under stable conditions of gs (>

0.5 µmol m−2 s−1), CO2 and leaf-to-air vapour pressure deficit. The next step was

to increase the CO2 mixing ratio to 2000 µmol mol−1 in order to register the rate of

photosynthesis under light and CO2 saturation (Amax). Rdark was not measured in

Yunnan. For Rdark in CTR1, the leaf was wrapped in foil sheets after Asat and Amax

measurements. There was a waiting period of at least 30 min of darkness before taking

Rdark values. Triose phosphate utilization (Sharkey et al., 2007) limitation was not

considered, as it would be unlikely to occur at our field temperatures > 22°C.

Apparent values of Vcmax, Jmax and mitochondrial respiration in presence of light

(Rday) were fitted using the Farquhar et al. (1980) model. Unlimited mesophyll con-
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ductance (Miyazawa and Kikuzawa, 2006; Lin et al., 2013) remains the standard im-

plementation of the Farquhar model although it is recognized to be an approximation

that results in an overestimation of Vcmax and Jmax, hence all of the values estimated

are (as in most of the ecophysiological literature) ‘apparent’ Vcmax and Jmax values. In

cases where A-ci curves and Rdark were not measured we estimated Vcmax from Asat by

the so-called one-point method, which simply inverts the equation for Rubisco-limited

photosynthesis, taking into account the measured ci and temperature by applying the

temperature dependences of the Michaelis-Menten coefficients of Rubisco Kc, Ko and

the photorespiratory compensation point, Γ* from Bernacchi et al. (2001). This method

relies on the assumption that light-saturated photosynthesis is Rubisco-limited, which

has been found to be true in almost all cases (De Kauwe et al., accepted). Jmax was

estimated from Amax in an analogous way (Bernacchi et al., 2003) from Amax measure-

ments.

4.4.3 Nutrient analyses

After completion of the leaf gas-exchange measurements, the leaf was retained to de-

termine leaf area, dry mass, and mass-based N and P concentrations (mg g−1). Leaves

were sealed in plastic bags containing moist tissue paper to prevent wilting. Leaf area

was determined using a 600 dots/inch flatbed top-illuminated optical scanner and Im-

age J software (http://imagej.nih.gov/ij/). Leaves were dried in a portable desiccator

for 48 hours, to be preserved until the end of the campaign. Subsequently, in the

laboratory, leaves were oven-dried for 24 hours at 70°C and the dry weight determined

(Mettler-Toledo Ltd, Port Melbourne, Victoria, Australia). LMA (g m−2) was calcu-

lated from leaf area and dry mass. Nmass and Pmass were obtained by Kjeldahl acid

digestion of the same leaves (Allen et al., 1974). The leaf material was digested using

sulphuric acid 98% and hydrogen peroxide 30%. Digested material was analyzed for N

and P using a flow injection analyser system (LaChat QuikChem 8500 Series 2, Lachat

Instruments, Milwaukee, WI, USA). Area-based N and P values (mg m−2) were cal-

culated as products of LMA and Nmass or Pmass. TROBIT nutrient analysis were

performed using similar methods but different equipment, as described in Bloomfield

et al. (2014).

4.4.4 Wood density and tree height

Twenty-year series of wood density (WD), tree height (H), and tree diameter at breast

height (D) were obtained from (Bradford et al., 2014) (n = 138). Maximum tree
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height (Hmax) was estimated using the derivative of the Mitscherlich function relating

diameter and height (Li et al., 2014):

dH

dD
= a exp

(
−aD
Hmax

)
= a

(
1− H

Hmax

)
(1)

where a is the initial slope of the relationship between height and diameter.

4.4.5 Vegetation dynamical roles

Australian species (n = 262) were assigned to dynamical roles with the help of the

database published by Bradford et al. (2014), which gives the authors’ expert assess-

ment based on over 20 years’ experience in plant identification and rainforest dynamics

research in tropical Australia, while Chinese species (n = 85) were assigned by a geob-

otanist and taxonomist from the Xishuangbanna Botanical Garden, Professor Zhu Hua

(A1: Dynamic roles based on expert assessment). The classification was implemented

accordingly to the Shugart (1984) framework, which can also be related to those of

Denslow (1987), Turner (2001), and Fyllas et al. (2012):

(1) Requires a gap, and produces a gap. These are long-lived pioneers that reach

the canopy.

(2) Doesn’t require gap, but produces a gap. These are long-lived climax species

that reach the canopy and grow large.

(3) Requires a gap, but doesn’t produce a gap. These are short-lived pioneers that

never grow large.

(4) Doesn’t require a gap, and doesn’t produce a gap. These are subcanopy species.

4.4.6 Statistical analyses

All statistics were performed in R (R Core Team, 2012). For graphing we used the

ggplot2 package (Wickham, 2010). Moisture index was represented in Figure 4.1 as

its square root, a transformation appropriate to precipitation values generally (M.F.

Hutchinson, pers. comm. 2011) which approximately normalizes the distribution of

values and thus contains the spread of values at the high end. Vcmax, Jmax, Rday,

LMA, Narea, Parea, Hmax and WD data were all log10-transformed, unless otherwise

indicated, to approximate a normal distribution of values. The ratio ci:ca was logit-

rather than log-transformed as this variable is bounded between 0 and 1, and the logit

transformation results in approximately linear relationships between the transformed

ratio and environmental predictors including temperature (Prentice et al., 2014). Or-
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dinary least-squares linear regression (lm) was used to test relationships between plant

traits and climate variables. Pairwise combinations of quantitative traits were tested

for significant relationships across all data, and within groups corresponding to high

and low MI, high and low mPAR, and high and low MAT. Slopes and elevations of

regressions were compared using standardized major axis regression with the smatr

package (Warton et al., 2006). We used the package vegan (Oksanen et al., 2015) to

assess multivariate trait variation, using the following methods:

• Principal component analysis (PCA) of nine plant traits (Vcmax, Jmax, Rday,

LMA, Narea, Parea, Hmax and WD);

• Redundancy analysis (RDA) of the same nine traits, constrained by three

climate variables (MI, mPAR, and MAT);

• Redundancy analysis (RDA) of the same nine traits, constrained by dynamic

roles (as factors); and

• Redundancy analysis (RDA) of the same nine traits, constrained simultane-

ously by both climate and dynamic roles.

PCA was used to identify patterns of covariation among traits irrespective of their

dynamical or environmental correlates; RDA to analyse multivariate trait relationships

to predictors. Note that PCA is an exploratory method with no associated formal

test of significance. By contrast, the significance of trait-environment relationships

identified by RDA can be assessed in a similar way to generalized linear models (see

e.g. Ter Braak and Prentice, 1988). The K-means (R Core Team, 2012) clustering

method was used to create four groups of species based on the nine plant traits (A2:

Dynamic roles based on quantitative assessment). K-means clustering was performed

with the number of iterations set to 100 and bootstrapped with 10,000 repetitions.

RDA and bivariate correlations were used to compare A2 and A1. The dataset used

for PCA and RDA analysis consist of 130 observations where data was available for

all traits, climatologies and dynamic roles. All RDA visualizations here follow the

response-variable focused ‘Type 2 scaling’ (Oksanen et al., 2015), such that the angles

between pairs of vectors as plotted approximate their pairwise correlations. For PCA

and RDA input data where direct measurements of Rdark were not available, Rday (n =

58) was estimated from Asat following (Prentice et al., 2014) using the approximation

Rday ≈ 0.01 Vcmax (De Kauwe et al., accepted).
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4.5 Results

4.5.1 Trait values and dimensions of variation

Average values of the metabolic traits Vcmax, Jmax, and Rday were 52.0, 82.0, and 0.63

µmol m−2 s−1 respectively. The corresponding ranges were 4.2 to 148.9, 14.0 to 203.6,

and near-zero to 3.70 µmol m−2 s−1. Average values of the chemical/structural traits

LMA, Narea and Parea were 110.9 x 103, 0.19 and 0.013 mg m−2 with ranges of 12.04 to

610.3 x 103 (LMA), near-zero to 1.49 mg m−2 (Narea), and near-zero to 0.06 mg m−2

(Parea). Average values of ci:ca, Hmax and WD were 0.71, 26.3 m and 0.55 g cm−3 with

ranges of 0.39 to 0.94, 1.3 to 54.5 m, and 0.33 to 0.98 g cm−3 respectively.

Four orthogonal dimensions of trait variation were identified based on the PCA and

correspond to the metabolic, chemical/structural, hydraulic and height trait groups

described above (Figure 4.2, Table 4.2). Metabolic traits Vcmax, Jmax and Rday varied

continuously and in close correlation with one another. Vcmax and ci:ca were negatively

correlated (not shown), but the correlation was weak. Table 4.2 makes it clear that

ci:ca does not belong to the metabolic dimension. The chemical/structural traits LMA,

Narea and Parea were positively correlated with one another (p < 0.05), the pairwise

relationship of Parea to LMA however being weaker than that of Narea. The strong

correlation between LMA and Narea suggests that much of the N content in the leaf

is structural rather than metabolic in these plants. A PCA using mass- instead of

area-based leaf nutrients similarly clustered LMA, N and P on the second axis (not

shown). The third dimension was mostly represented by variation in WD, with some

contribution from Parea. Finally Hmax and ci:ca had a non-significant negative pairwise

relationship and were associated with the fourth dimension, suggesting a trade-off

between water loss and the length of the water-transport pathway. These dimensions

of trait variation are slightly different from the ones found by Baraloto et al. (2010) but

broadly in agreement with those described by Fyllas et al. (2012) and Reich (2014).

4.5.2 Contribution of climate variables to trait variation

Regression slopes between Vcmax and Jmax for both high MI and low MI groups were

statistically distinct (p < 0.05, Figure 4.3), and the same was true for high versus

low mPAR and MAT groups (Figure 4.3). Regressions for Vcmax versus Narea were

not significant within these climatic groups (p < 0.05, Figure 4.3) but the relationship

was significant, albeit weak, when all of the data were considered together (not shown:
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Figure 4.2: Principal component analysis (PCA) of nine traits in north-east Australia
and south-east China (n = 130). Red dotted lines and names extend backwards from the
plane of the paper; and black lines and names protrude forwards towards the observer.

Table 4.2: Principal Component Analysis (PCA) loadings for nine traits in north-east
Australia and south-east China (n = 130). The highest correlations (| > 0.45|) are indicated
with boldface.

PC1 PC2 PC3 PC4
logVcmax −0.48 −0.27 0.21 0
logJmax −0.46 −0.25 0.18 0.04
logRday −0.45 −0.16 0.27 −0.01
logLMA −0.32 0.55 −0.21 0.03
logNarea −0.37 0.45 −0.24 −0.12
logParea −0.08 0.54 0.45 0.03
logWD 0.15 0.10 0.68 −0.16
logHmax −0.20 −0.15 −0.24 −0.74
logitci:ca 0.23 0.11 0.16 −0.64

PC1 PC2 PC3 PC4
Standard deviation 1.84 1.26 1.09 0.98
Proportion of Variance 0.37 0.18 0.13 0.11
Cumulative Proportion 0.37 0.55 0.68 0.79
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slope = 0.69, R2 = 0.10, p < 0.05). High MI and low mPAR were associated with

high Vcmax, Jmax, Narea (Figure 4.3), Rday, and LMA (not shown) individually. The

remaining plant traits ci:ca, Parea, Hmax and WD presented very scattered values for

the same range of MI and mPAR. All traits had high and low values spanning the full

range of MAT.

The clustered vectors for metabolic traits, MI and MAT in Figure 4.4 indicate that

within this data set, higher moisture and air temperature favour species with higher

metabolic rates (Figure 4.4). The RDA constrained by climate variables explained 35%

of trait variation - with 20% and 11% on axes 1 and 2 respectively (p < 0.05, Figure

4.4) representing an unexpectedly large fraction of the trait variation, considering the

relatively slight variation of MAT (19 to 24°C), mPAR (27.4 to 30.5 µmol m−2) and MI

(0.9 to 2.5) among these tropical moist forest sites. However, no individually significant

trait-climate variable relationships were found. Association of high metabolic rates

with aridity (Prentice et al., 2011) is commonly found when considering longer climate

gradients, but not within this data set. Thus, the analysis suggests that it is worthwhile

to seek associations between the observed traits and dynamical roles, independent of

climate.

4.5.3 Contribution of dynamical roles to trait variation

The decision regarding how the four groups clustered by K-means were associated to

dynamic roles for A2 rested on the degree of correspondence of means of plant traits

obtained by each group and the classification by Shugart (1984). Hmax was the primary

trait to determine if a cluster was climax - large pioneer or small pioneer - subcanopy.

Higher photosynthetic traits defined tall trees as climax, as opposed to large pioneer,

and small trees as small pioneer, as opposed to subcanopy.

Expert (A1) and quantitative (A2) role definitions explained 23% and 55% of to-

tal plant trait variance, respectively, as shown in Figure 4.5. The greater variance

explained by the A2 classification is to be expected as the clustering was performed

using the same trait data represented in the RDA. Nonetheless, the RDA results ob-

tained with the two classifications are quite similar to one another. The major common

patterns shown in the two RDA plots are as follows:

(1) The metabolic traits Vcmax, Jmax, Rday and the structural-chemical traits Narea

and LMA tending to be higher in climax species versus the rest;

(2) Parea tending to be greater in subcanopy species versus the rest; and
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Figure 4.3: Bivariate relationships of log10Vcmax versus log10Jmax and log10Vcmax versus
log10Narea, within groups defined by high and low values of climate variables (3A and 3B:
MI; 3C and 3D: mPAR; 3E and 3F: MAT) (n = 431). Significant linear regressions (p < 0.05)
are shown.



4.5 Results 105

mPAR

MI

MAT

logLMA

logRday

logVcmax

logJmax logit ci:ca

logNarea

logParea

logWD

logHmax

−0.4

−0.2

0.0

0.2

−0.4 −0.2 0.0 0.2
RDA1 (20.61% explained var.)

R
D

A
2 

(1
1.

75
%

 e
xp

la
in

ed
 v

ar
.)

dynamic roles climax large pioneer small pioneer subcanopy

Figure 4.4: Redundancy analysis (RDA) of nine traits constrained by climate variables
(MAT, MI, mPAR) in north-east Australia and south-east China (n = 130, p < 0.05). Dy-
namic roles do not participate in this RDA calculation and are shown for visual assessment.

(3) WD tending to be smaller in pioneer species versus the rest.

These distinctions are supported, and further information provided, by the sum-

mary statistics for trait variation within each group (Figure 4.6). Climax species con-

sistently presented the highest values of Vcmax, Jmax, Rday, LMA, Narea, and Hmax

(with large pioneer species sharing top position for Hmax). High WD, consistent with

slow growth, characterized the subcanopy species. The outstanding difference between

the large and small pioneers was simply Hmax. The ci:ca ratio was lowest in climax

species. Gap-requiring and gap creating pioneers have lower Vcmax associated to higher

ci:ca (higher stomatal conductance). The scaling slopes of the bivariate relationships

between Vcmax and Jmax and between Vcmax and Narea were largely similar within each

group, whether the roles were defined quantitatively or by expert assessment (Figure
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Figure 4.5: Redundancy analysis (RDA) of nine traits constrained by dynamic roles,
defined by quantitative (5A) versus expert (5B) assessment in north-east Australia and south-
east China(n = 130). Ellipses represent 95% confidence intervals around the centroid of each
group.

4.7).

4.5.4 Partitioning trait variance to climate variables versus

dynamical roles

RDA constrained by the two sets of predictors both separately and collectively provides

the necessary information to partition the total explained variation into the unique

contributions of each set and a combined contribution associated with covariation of the

two sets (not shown). Based on the quantitative assessment of dynamical roles (A2),

RDA constrained by both sets of predictors explained 61% of trait variation, which

could be partitioned as follows: 26% from dynamical roles alone, 6% from climate

alone, and 29% from the combination. The corresponding figures based on expert

assessment were as follows: 43% of trait variation explained, composed of 8% from

dynamical roles alone, 20% from climate alone, and 15% from the combination.
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Figure 4.6: Box plots showing means and standard deviation of nine traits per four
dynamic roles based on quantitative versus expert assessment (n = 130, p < 0.05). ‘Expert’
group averages of LMA, Narea land Parea are not significantly different (ANOVA). Dynamical
roles of each trait sharing the same letter (Tukey post hoc test) are not significantly different.

4.6 Discussion

The existence of coordinated variation in plant traits is key to explaining species strate-

gies, community assembly and ecosystem structure and function (Reich, 2014). Recent

analyses have started to explore plant trait diversity and plasticity with a view to

more realistic modelling of plant and vegetation processes, whether for local or global

model applications (Fyllas et al., 2009, 2012; Quesada et al., 2012). Our study has pro-

vided support for the idea that forest dynamic roles, as described by Shugart (1984),

might be systematically related to key biophysical and physiological traits that are

used in DGVMs. Moreover, our results have supported certain specific predictions of

the least-cost and coordination hypotheses, which collectively hold the promise of pro-

viding general, testable trait-environment relationships that could greatly reduce the

excessive number of parameters required by most current DGVMs.
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Figure 4.7: Bivariate relationships of Vcmax versus Jmax, Vcmax versus Narea (upper
panels) and Narea versus LMA (lower panels) within dynamical role groups, according to
quantitative (left, n = 130) versus expert (right, n = 262) assessment. Significant linear
regressions between log10-transformed variables are shown (p < 0.05).
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4.6.1 Dynamic roles and the coordination hypothesis

A core prediction of the coordination hypothesis is that Jmax and Vcmax should be

higher under high illumination and lower in the shade, as seen both in the vertical

gradient of light-saturated assimilation rates in dense canopies (Chen et al., 1993) and

more generally, in the solar radiation gradient across canopies situated in diverse en-

vironments (Maire et al., 2012). Among dynamical roles, top-canopy climax species

are expected to receive most PAR and therefore (optimally) should have the highest

photosynthetic capacity, while subcanopy species should have the lowest. Our results

support these predictions for tropical moist forests. Pioneer (gap-requiring) species

would be expected to have intermediate photosynthetic capacity and this too is consis-

tent with our findings. Additionally, the widely reported conservative ratio of Jmax and

Vcmax seems to be maintained, both within and across dynamic roles. The association

of Rday with Vcmax and Jmax was also found to be strong, with Rday maintaining a near

constant ratio for leaves whether in sun-exposed or shade conditions, as previously

reported (e.g. by Hirose and Werger, 1987; Weerasinghe et al., 2014; Atkin et al.,

2015).

The observed relationships among Narea, Parea and LMA, and the weaker correla-

tions of these traits with primary metabolic traits, reflect the fact that a substantial

part of the N and P content of leaves is not tied to photosynthetic functions (Dong

et al., submitted). The photosynthetic component of Narea should also be proportional

to incident PAR. Strong linear relationships between Vcmax and Narea seem to be widely

expected (Evans, 1989; Chen et al. 1993, Domingues et al., 2010) but are not always

supported (Prentice et al., 2014; Togashi et al., in revision; this work), perhaps due to

the overpowering effect of variation in structural and defensive components of leaf N .

However, Narea often can be related to PAR, as confirmed by Dong et al. (submitted),

and as suggested by our finding of highest Narea among climax species.

4.6.2 Dynamic roles and the least-cost hypothesis

It has been reported that ci:ca declines with tree height, and this too is a prediction

of the least-cost hypothesis (Wang et al., 2014) as the cost of maintaining the water

transport pathway increases at with height; therefore, tall trees (and the top stratum of

leaves in a tall tree: Koch et al., 2015) should aim for a lower optimum ci:ca by investing

more in the maintenance of biochemical capacity and less in transport capacity. Even

if the ‘path length’ effect on stem hydraulic conductance is fully compensated by xylem

tapering (Tyree and Ewers, 1991; Enquist and Bentley, 2012) as often seems to be the
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case, it is still more expensive in terms of sapwood respiration to maintain a tall stem

as opposed to a short stem (Prentice et al., 2014). This prediction was confirmed by the

low ci:ca ratios found here in climax species. However, large pioneer species (with Hmax

equivalent to climax species) did not show this adaptation. Subcanopy species, at least

according to the expert classification, did nonetheless show high ci:ca ratios, consistent

with their short stature. Given a reduced ci:ca ratio, the coordination hypothesis then

predicts that Vcmax should be increased - a mechanism that may additionally contribute

to high Vcmax found in climax species and low Vcmax in subcanopy species.

4.6.3 Dynamic roles, the leaf economics spectrum and the the-

ory of forest dynamics

A third group of predictions broadly supported by our results comes from the framework

presented in Shugart (1984), Turner (2001), and Fyllas et al. (2012). This approach

considers two main axes of ecological specialization, one reflecting canopy position and

access to light, the other life span and growth rate. The main advantage for large

pioneers in rapidly achieving tall statures is to shade lower canopies nearby, while

obtaining rapid access to full sunlight. Compared to climax species, large pioneers

adopt a less conservative strategy regarding water use, and are likely to have a shorter

lifespan (Shugart, 1984; Reich, 2014). One way to achieve fast growth is to invest in

low-density conducting tissues, which implies lower WD. Subcanopy species by contrast

are necessarily shade-tolerant and often have traits associated with slow growth. Our

results support the existence of this tradeoff, with subcanopy trees having generally

high WD (a trait often accompanied by a high density of short and narrow vessels:

Reich, 2014).

According to the LES, across species globally, high LMA is linked to longevity of

individual leaves; and it has generally been found that LMA varies as much or more

within communities as with environmental gradients. Our data do not allow us to

address the LMA-lifespan linkage directly. However, the distribution of LMA is not

random across the dynamical roles, being greatest in climax species and associated

with high Vcmax and least in subcanopy species where it is associated with low Vcmax.

These findings suggest a more nuanced interpretation of the variation in LMA among

dynamical roles. Namely: that thick, high-LMA leaves are a pre-requisite for a leaf to

attain Vcmax commensurate with high levels of PAR at the top of a canopy (Niinemets

and Tenhunen, 1997), while thin, low-LMA leaves provide optimum light capture for

the least investment in leaves - a good strategy for subcanopy species. Fast-growing
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pioneer species with their aggressive water-use strategy also require a low investment

in leaf structure, developing thin, low-LMA leaves in order to obtain a quicker return

on investment. The downside is that the leaves are likely to be more exposed to losses

by herbivory while the low-density stems are subject to the risks of cavitation and

embolism, shortening their life expectancy (Enquist and Bentley, 2012).

4.6.4 Partitioning of trait variation

Significant trait variation was found to be linked to climate, even within the narrow

climatic range of tropical moist forests. But individual trait-climate relationships were

weak and patterns observed across a wider range of climates, such as the widely re-

ported increase of Narea with aridity, were not present. Variance partitioning showed

that a significant fraction (between 8 and 26%) of trait variation could not be at-

tributed to the temperature and moisture regime, but could be related uniquely to

species’ dynamical roles.

4.6.5 Implications for modelling

DGVMs based on continuous trait variation have recently emerged as a consequence

of the growing realization that PFTs, as conventionally defined, do not adequately de-

scribe the genotypic or phenotypic plasticity of plant traits in the real world. However,

DGVMs in general (including recent trait-based models) have paid minimal attention

to the co-existing functional diversity of traits present in communities where climate

variation is small but tree species diversity is large, such as tropical forests. Our re-

sults suggest that the framework provided by optimality concepts (the coordination and

least-cost hypotheses) can be combined with classical forest dynamics theory, which

differentiates complementary survival strategies for tree species in a highly competi-

tive environment, to yield successful predictions that would allow vegetation dynamics

to be represented more faithfully in DGVMs. The combination of these different re-

search strands can be achieved quite simply, by extending existing predictions about

trait-environment relationships based on optimality considerations to cover biotically

induced microhabitat variation within complex plant communities. By providing infor-

mation on the quantitative trait distinctions between different forest dynamical roles,

we have made a first step towards the inclusion of these roles explicitly in the eco-

physiological framework of most DGVMs. Next step should further test the methods

presented in this work in different ecosystems.

The existence of systematic, adaptive trait variation within a narrow climate range
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provides further support for the conclusion (e.g. Meng et al., 2015) that models should

avoid fixing PFT-specific values for most quantitative traits. In general, consideration

of the adaptive function of trait differences among dynamic roles should contribute

to reducing the multiplicity of uncertain parameters, and simultaneously increase the

realism, of next-generation DGVMs.

Supporting Information: Dynamical roles dataset

All traits are log10 transformed with exception of logit transformed ci:ca.

Units ⇒ Vcmax, Jmax and Rday (µmol m−2 s−1); LMA (g cm2); Narea and Parea (m2

g−1); WD (g m−3); Hmax (m); ci:ca (unitless)

As a condition for use of the dataset, we request that users agree:

(1) To notify the main author (Henrique Furstenau Togashi) if the dataset is to be

used in any publication;

(2) To recognise that the researchers who gathered these data with formal recogni-

tion that may include co-authorship or acknowledgements on publications

Specie Vcmax Jmax Rday LMA Narea Parea WD Hmax ci:ca Expert Quantitative

Acacia

celsa 1.8 1.86 -0.3 2.54 0.68 -0.64 -0.19 1.43 0.27 large p. climax

Acronychia

acidula 1.63 1.87 -0.55 1.77 -0.02 -1.45 -0.28 1.48 0.13 climax large p.

Actinodaphne

henryi 1.7 1.96 -0.3 2.21 0.2 -0.43 -0.15 0.97 0.21 NA subcanopy

Actinodaphne

henryi 1.24 1.68 -0.76 1.89 -0.08 -0.46 -0.15 0.97 0.47 NA subcanopy

Ailanthus

fordii 1.5 1.7 -0.5 1.74 0.22 -0.94 0.13 1.34 0.59 NA subcanopy

Albizia

lucida 1.6 2 -0.4 1.63 0.11 -1.05 0.15 1.4 0.79 NA large p.

Aleurites

rockinghamensis 1.88 1.98 -0.18 2.02 0.35 -0.99 -0.41 1.66 0.49 large p. climax

Alphitonia

whitei 1.58 1.84 -0.42 2.07 0.32 -1.05 -0.2 1.5 0.41 large p. small p.

Alphitonia

whitei 1.62 1.83 -1.02 1.94 0.22 -1.12 -0.2 1.5 0.58 large p. large p.

Alphitonia

whitei 1.09 1.56 -0.59 2.04 0.28 -0.95 -0.2 1.5 0.32 large p. subcanopy

Alphitonia

whitei 1.75 1.99 -0.31 2 0.25 -1.13 -0.2 1.5 0.53 large p. small p.

Alphitonia

whitei 1.76 1.88 -0.33 2.09 0.3 -1.15 -0.2 1.5 0.5 large p. small p.

Alphitonia

whitei 1.64 1.82 -0.46 1.91 0.08 -1.2 -0.2 1.5 0.65 large p. large p.

Alphitonia

whitei 1.84 1.94 -0.17 2.17 0.31 -1.09 -0.2 1.5 -0.18 large p. climax

Alstonia

muelleriana 1.49 1.76 -0.29 2.05 0.42 -0.87 -0.17 1.43 0.36 large p. small p.

Alstonia

muelleriana 1.76 2.03 -1.07 2.1 0.38 -0.9 -0.17 1.43 0.55 large p. small p.

Alstonia

muelleriana 1.01 1.62 -0.49 1.75 0.08 -1.2 -0.17 1.43 0.5 large p. large p.

continued on next page
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Alstonia

muelleriana 1.63 1.8 -0.49 1.97 0.14 -1.29 -0.17 1.43 0.37 large p. large p.

Alstonia

muelleriana 1.68 1.83 -0.44 2.06 0.3 -1.14 -0.17 1.43 0.32 large p. small p.

Alstonia

muelleriana 1.26 1.51 -1.11 1.89 0.1 -1.43 -0.17 1.43 0.51 large p. large p.

Alstonia

scholaris 2.15 2.16 0.15 2.05 0.43 -0.84 -0.48 1.7 0.3 large p. climax

Alstonia

scholaris 2.07 2.21 0.07 2.14 0.45 -0.64 -0.48 1.7 0.32 large p. climax

Alstonia

scholaris 1.91 1.88 -0.09 1.94 0.38 -0.98 -0.48 1.7 0.33 large p. climax

Alstonia

scholaris 2.09 2.08 0.09 2.07 0.38 -0.93 -0.48 1.7 0.32 large p. climax

Alstonia

scholaris 1.36 1.69 -0.64 1.73 0.09 -1.03 -0.48 1.7 1.04 large p. large p.

Alstonia

scholaris 1.74 1.88 -0.45 1.78 0.08 -1.26 -0.48 1.7 0.21 large p. large p.

Antiaris

toxicaria 1.12 1.75 -0.88 1.93 0.36 -0.69 0.06 1.16 0.85 NA subcanopy

Argyrodendron

peralatum 2.12 2.11 0.12 2.21 0.43 -0.88 -0.19 1.66 0.35 climax climax

Argyrodendron

peralatum 2.05 2.02 0.05 2.27 0.45 -0.88 -0.19 1.66 0.4 climax climax

Argyrodendron

peralatum 2.09 2.14 0.09 2.18 0.39 -0.81 -0.19 1.66 0.43 climax climax

Argyrodendron

peralatum 2.07 2.11 0.07 2.28 0.43 -0.84 -0.19 1.66 0.4 climax climax

Baccaurea

ramiflora 1.28 1.45 -0.72 1.82 0.02 -1.06 0.18 1.5 0.5 NA subcanopy

Baccaurea

ramiflora 1.55 1.7 -0.45 1.79 -0.05 -0.67 0.18 1.5 0.55 NA subcanopy

Baccaurea

ramiflora 1.01 1.33 -0.99 1.79 -0.26 -0.77 0.18 1.5 0.6 NA subcanopy

Baccaurea

ramiflora 1.35 1.68 -0.65 1.76 -0.15 -0.53 0.18 1.5 0.46 NA subcanopy

Betula

alnoides 1.99 2.13 -0.01 1.87 0.21 -0.73 -0.18 1.48 0.54 NA climax

Bubbia

semecarpoides 1.66 1.87 -0.42 2.27 0.31 -1.04 -0.35 1.06 0.34 subcanopy small p.

Canarium

album 1.36 1.61 -0.64 1.83 0.17 -1.85 -0.3 1.54 0.61 NA large p.

Cardwellia

sublimis 2.03 2.07 0.03 2.02 0.46 -0.99 -0.34 1.49 0.53 large p. climax

Cardwellia

sublimis 1.93 2.01 -0.07 2.12 0.5 -1.09 -0.34 1.49 0.51 large p. climax

Cardwellia

sublimis 1.96 2.06 -0.04 2.1 0.55 -1.03 -0.34 1.49 0.55 large p. climax

Cardwellia

sublimis 1.98 1.96 -0.02 2.13 0.34 -1.01 -0.34 1.49 0.48 large p. climax

Cardwellia

sublimis 1.47 1.69 -0.43 2.12 0.22 -1.05 -0.34 1.49 0.41 large p. small p.

Cardwellia

sublimis 1.58 1.85 -0.51 1.98 0.17 -1.08 -0.34 1.49 0.81 large p. large p.

Cardwellia

sublimis 1.55 1.79 -0.67 2.01 0.17 -1.08 -0.34 1.49 0.49 large p. large p.

Cardwellia

sublimis 1.67 1.83 -0.36 2.11 0.23 -1.21 -0.34 1.49 0.52 large p. small p.

Cardwellia

sublimis 1.76 1.86 0.09 2.14 0.28 -1.15 -0.34 1.49 0.06 large p. climax

Cardwellia

sublimis 1.17 1.44 -0.93 2.04 0.2 -1.13 -0.34 1.49 0.39 large p. large p.

Cardwellia

sublimis 1.76 1.93 -0.32 2.11 0.15 -1.24 -0.34 1.49 0.25 large p. small p.

Cardwellia

continued on next page
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sublimis 1.66 1.77 -0.38 1.74 -0.15 -1.63 -0.34 1.49 0.48 large p. large p.

Castanospora

alphandii 1.43 1.66 -0.73 1.99 0.26 -1.34 -0.24 1.54 0.29 climax large p.

Castanospora

alphandii 1.41 1.65 -0.77 2.4 0.53 -0.61 -0.24 1.54 0.37 climax subcanopy

Ceratopetalum

succirubrum 1.51 1.71 -0.62 2.15 0.12 -1.22 -0.29 1.49 0.13 climax small p.

Ceratopetalum

succirubrum 1.3 1.56 -0.76 2.11 0.1 -1.3 -0.29 1.49 0.39 climax large p.

Cinnamomum

bejolghota 1.6 1.75 -0.4 1.99 0.2 -0.46 -0.22 1.4 0.22 NA subcanopy

Cinnamomum

bejolghota 1.48 1.59 -0.52 1.89 -0.04 -0.69 -0.22 1.4 0.38 NA subcanopy

Duabanga

grandiflora 1.93 2.12 -0.07 2.07 0.09 -0.49 -0.35 1.6 0.48 NA climax

Engelhardia

spicata 1.17 1.65 -0.83 1.93 0.12 -0.63 -0.25 1.3 0.34 NA subcanopy

Engelhardia

spicata 1.2 1.4 -0.8 1.93 0.01 -0.36 -0.25 1.3 0.53 NA subcanopy

Ficus

leptoclada 1.07 1.64 -0.52 2.12 0.5 -0.84 -0.34 1.49 0.55 small p. subcanopy

Ficus

leptoclada 1.52 1.92 -0.9 1.98 0.32 -0.96 -0.34 1.49 0.59 small p. large p.

Ficus

leptoclada 1.13 1.62 -0.69 2.07 0.43 -0.94 -0.34 1.49 0.49 small p. large p.

Ficus

leptoclada 1.3 1.8 -0.61 2.04 0.43 -1.65 -0.34 1.49 0.46 small p. large p.

Ficus

leptoclada 1.6 1.78 -0.41 1.83 0.09 -1.3 -0.34 1.49 0.33 small p. large p.

Ficus

leptoclada 1.47 1.63 -0.45 2.55 0.88 -0.52 -0.34 1.49 0.34 small p. small p.

Ficus

leptoclada 1.65 1.87 -0.44 1.9 0.23 -1.26 -0.34 1.49 0.32 small p. small p.

Ficus

leptoclada 1.46 1.8 -0.61 1.93 0.32 -1.12 -0.34 1.49 0.41 small p. large p.

Flindersia

bourjotiana 1.6 1.79 -0.53 2.13 0.27 -1.31 -0.28 1.52 0.19 large p. small p.

Flindersia

brayleyana 1.87 2.05 -0.4 2.29 0.43 -1.09 -0.32 1.54 0.06 large p. climax

Flindersia

pimenteliana 1.78 1.99 -0.49 1.62 -0.1 -1.5 -0.28 1.49 0.03 large p. large p.

Garcinia

cowa 1.2 1.58 -0.8 1.88 -0.02 -1.29 -0.26 1.36 0.81 NA large p.

Garcinia

cowa 1.28 1.47 -0.72 1.74 -0.17 -0.82 -0.26 1.36 0.55 NA subcanopy

Garcinia

cowa 1.23 1.42 -0.77 1.77 -0.14 -0.59 -0.26 1.36 0.58 NA subcanopy

Garcinia

cowa 1.28 1.46 -0.72 1.89 0.01 -0.64 -0.26 1.36 0.34 NA subcanopy

Garuga

floribunda 1.62 1.97 -0.38 1.75 0.39 -0.86 -0.16 1.45 0.08 large p. small p.

Geissois

biagiana 1.4 1.67 -0.85 1.5 0.05 -1.34 -0.28 1.56 0.32 climax large p.

Lithocarpus

grandifolius 1.44 1.5 -0.56 1.86 -0.05 -0.45 -0.12 1.18 0.43 NA subcanopy

Litsea

leefeana 1.19 1.75 -0.71 1.98 0.28 -0.89 -0.29 1.55 0.28 large p. subcanopy

Litsea

leefeana 1.12 1.44 -0.45 1.97 0.24 -1.51 -0.29 1.55 0.35 large p. large p.

Litsea

leefeana 1.64 1.98 -1.2 2.03 0.27 -1.7 -0.29 1.55 0.31 large p. large p.

Litsea

leefeana 1.57 1.81 -0.47 2.08 0.27 -1.06 -0.29 1.55 0.48 large p. small p.

Litsea

leefeana 1.55 1.86 -0.51 2.19 0.37 -0.97 -0.29 1.55 0.34 large p. small p.

continued on next page
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Litsea

leefeana 1.5 1.71 -0.62 1.78 0.2 -1.21 -0.29 1.55 0.39 large p. large p.

Litsea

leefeana 1.54 1.72 -0.46 1.99 0.16 -1.01 -0.29 1.55 0.46 large p. small p.

Litsea

leefeana 1.47 1.77 -0.57 2.5 0.71 -0.77 -0.29 1.55 0.41 large p. small p.

Litsea

monopetala 1.47 1.89 -0.53 1.87 0.13 -0.56 -0.31 1.26 0.24 NA subcanopy

Lomatia

fraxinifolia 1.81 1.98 -0.36 2.06 0.05 -1.3 -0.1 1.37 0.16 climax small p.

Macaranga

inamoena 1.25 1.56 -0.99 1.88 0.08 -1.31 -0.34 1.69 0.4 NA large p.

Magnolia

henryi 1.17 1.57 -0.83 1.83 0.07 -0.68 -0.08 1.06 0.43 NA subcanopy

Melicope

vitiflora 1.75 1.85 -0.37 1.6 0.27 -1.26 -0.29 1.35 0.62 large p. large p.

Meliosma

arnottiana 1.8 2.03 -0.2 1.84 -0.17 -0.55 -0.14 1.3 0.27 NA climax

Neolitsea

dealbata 1.39 1.54 -0.73 2.04 0.26 -1.15 -0.17 1.39 0.42 small p. large p.

Nephelium

chryseum 1.5 1.54 -0.5 1.74 -0.07 -0.51 -0.14 1.47 0.23 NA subcanopy

Phoebe

puwenensis 1.43 1.58 -0.57 1.97 0.07 -0.39 -0.24 1.48 0.62 NA subcanopy

Placospermum

coriaceum 1.66 1.82 -0.38 2.2 0.22 -0.98 -0.25 1.51 0.41 large p. small p.

Polyscias

elegans 1.29 1.75 -0.33 2.13 0.32 -0.94 -0.4 1.33 0.19 large p. small p.

Polyscias

elegans 1.61 1.96 -0.54 1.99 0.18 -1.05 -0.4 1.33 0.5 large p. small p.

Polyscias

elegans 1.47 1.8 -0.51 1.91 0.16 -1.07 -0.4 1.33 0.26 large p. small p.

Polyscias

elegans 1.48 1.76 -0.62 1.84 -0.06 -1.22 -0.4 1.33 0.46 large p. large p.

Polyscias

elegans 1.88 2.05 -0.21 2.53 0.78 -0.57 -0.4 1.33 -0.16 large p. climax

Polyscias

elegans 1.83 2.03 -0.22 1.92 0.14 -1.19 -0.4 1.33 0.25 large p. small p.

Polyscias

elegans 1.88 1.98 -0.05 2.06 0.19 -1.14 -0.4 1.33 0.2 large p. climax

Polyscias

elegans 1.66 1.94 -0.45 1.93 0.2 -1.23 -0.4 1.33 0.35 large p. small p.

Prunus

turneriana 1.51 1.87 -0.27 2.16 0.36 -0.91 -0.36 1.22 0.4 large p. small p.

Prunus

turneriana 1.67 1.77 -0.31 2.24 0.44 -0.79 -0.36 1.22 0.55 large p. small p.

Prunus

turneriana 1.72 1.96 -0.6 2.06 0.31 -1.42 -0.36 1.22 0.18 large p. small p.

Prunus

turneriana 1.57 1.72 -0.48 2 0.2 -1.18 -0.36 1.22 0.42 large p. small p.

Prunus

turneriana 1.73 1.83 -0.32 1.94 0.17 -1.21 -0.36 1.22 0.45 large p. small p.

Prunus

turneriana 1.69 1.88 -0.59 2 0.22 -1.16 -0.36 1.22 0.04 large p. small p.

Prunus

turneriana 1.91 2.01 -0.11 2.23 0.38 -1.05 -0.36 1.22 0.42 large p. climax

Pterospermum

menglunense 1.47 1.78 -0.53 1.7 0.04 -0.44 -0.31 1.49 0.8 NA subcanopy

Pullea

stutzeri 1.61 1.81 -0.57 2.03 0.03 -1.42 -0.18 1.5 0.3 large p. large p.

Rockinghamia

angustifolia 1.6 1.85 -0.4 1.92 0.22 -1.15 -0.19 1.29 0.56 subcanopy small p.

Rockinghamia

angustifolia 1.53 1.86 -0.47 1.82 0.13 -1.07 -0.19 1.29 0.69 subcanopy large p.

Rockinghamia

continued on next page
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angustifolia 1.31 1.67 -0.69 1.88 0.15 -1.22 -0.19 1.29 0.9 subcanopy large p.

Rockinghamia

angustifolia 1.65 1.95 -0.35 1.88 0.12 -1.18 -0.19 1.29 0.73 subcanopy small p.

Sarcopteryx

martyana 1.7 1.96 -0.58 2 0.31 -1.04 -0.18 1.54 0.06 climax small p.

Synima

cordierorum 1.98 1.93 -0.02 2.07 0.44 -0.91 -0.11 1.39 0.27 climax climax

Synima

cordierorum 2.03 2.07 0.03 2.05 0.37 -0.99 -0.11 1.39 0.4 climax climax

Synima

cordierorum 1.96 2.02 -0.04 2.08 0.43 -0.82 -0.11 1.39 0.44 climax climax

Synima

cordierorum 1.99 2.04 -0.01 2.03 0.42 -0.86 -0.11 1.39 0.45 climax climax

Syzygium

sayeri 2.1 2.09 0.1 2.1 0.39 -0.9 -0.11 1.74 0.17 climax climax

Syzygium

sayeri 2.07 2.13 0.07 2.09 0.41 -0.9 -0.11 1.74 0.13 climax climax

Syzygium

sayeri 2.06 2.14 0.06 2.04 0.44 -0.88 -0.11 1.74 0.23 climax climax

Syzygium

sayeri 2.04 2.13 0.04 2.03 0.31 -1.05 -0.11 1.74 0.19 climax climax

Terminalia

myriocarpa 1.92 2.12 -0.08 2.13 0.08 -0.26 -0.31 1.54 0.6 NA climax

Toona

ciliata 1.67 1.89 -0.33 1.89 0.28 -0.48 -0.31 1.45 0.08 large p. subcanopy

Xanthophyllum

octandrum 1.96 2.05 -0.04 2.07 0.32 -1.04 -0.19 1.38 0.03 climax climax

Xanthophyllum

octandrum 1.66 1.91 -0.34 2.09 0.27 -1.01 -0.19 1.38 0.7 climax small p.

Xanthophyllum

octandrum 2.02 2.09 0.02 2.09 0.23 -1.06 -0.19 1.38 0.39 climax climax
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5
Conclusion

This thesis has focused on processes important for improving the representation of pri-

mary production, plant growth and vegetation changes in dynamic global vegetation

models (DGVMs). Leaf- and plant-level data were compiled and analysed, combining

new fieldwork with existing data sources, in order to address three issues that are either

neglected or treated simplistically in the majority of current models. A simple theoret-

ical framework, based on a combination of the least-cost theory (Prentice et al., 2014)

with the coordination hypothesis (Maire et al., 2012), provides a basis for interpreting

and generalizing the results. This framework is applied to variation in plant functional

traits across species and climates (chapter 2), within species through time (chapter 3),

and between species occupying different spatial and temporal niches (chapter 4). The

wider analysis of field measurements in an explicit theoretical framework, as demon-

strated in this thesis, should help eventually to increase the realism and predictive

capability of next-generation DGVMs.

Chapter 2 tested the ‘pipe model’ relating leaf area (LA) to sapwood area (SA) in

trees and branches, and investigated the extent to which the LA:SA ratio in angiosperm

trees relates to hydroclimatic variation (quantified using the Cramer-Prentice α index

of plant-available moisture). Decreasing LA:SA with increasing aridity has previously

been shown for gymnosperms (Warton et al., 2006; Mencuccini and Grace, 1995; Schfer

126
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et al., 2000; Delucia et al., 2000) but not for angiosperms (Gleason et al., 2012). The

pipe model was supported by the finding of a near-isometric relationship between LA

and SA. LA:SA however was found to show some relationship to tree height, consistent

with the observation that taller plants tend to present larger vessel diameters and

lower vessel densities (Gleason et al., 2012; Olson and Rosell, 2013), presumed to be

a means of maintaining hydraulic conductivity with increasing height. Across species,

the maximum and minimum observed values of LA:SA varied with α but within the

(large) range of values shown the relationship was very weak. Leaf-specific hydraulic

conductivity went some way towards explaining this large range of variation, with

lower conductivity compensated by greater sapwood area (smaller LA:SA). The strong

relationship between LA:SA vs. hydroclimate in gymnosperms and the much weaker

relationship shown here for angiosperms are contrasting, and can be explained by the

many-fold greater diversity of xylem conduit diameters in angiosperms (Sperry et al.,

2006) combined with the steep (fourth-power) dependence of hydraulic conductivity

on diameter, according to Poiseuille’s law. Chapter 4 results, derived from the analysis

of 130 leaves of individual angiosperm tropical trees, suggests that tall climax species

have a great inclination for higher wood density, trait linked to hydraulic conductivity.

Increasing hydraulic conductivity associated with increasing height (a consequence of

tapering of the xylem elements) sits with the expectation that tall climax species have

dense wood, and this should be a difference among species strategies rather than an

ontogenetic change.

Chapter 2 follow up work should explore a wider global synthesis of data on LA:SA

ratios, wood density and hydraulic properties, in order to advance the understanding

regarding the relationship between LA:SA (a trait that can be easily collected in the

field and also provides powerful associations with other traits) in angiosperms and

climate. This wider dataset must contain representative number of species in different

climates and information in dynamic roles/ successional stages; which is crucial to

further test the dynamic role approach.

Chapter 3 evaluated a major (and a priori, probably unrealistic) simplification

frequently adopted in DGVMs, namely that key photosynthetic traits (including the

leaf-level capacities for carboxylation (Vcmax) and electron transport (Jmax), measured

at a standard temperature) are constant through the seasonal cycle. The coordination

hypothesis is physiologically based in plants response to environmental conditions,

where the short term balance is regulated in the chloroplast to modulate Rubisco lim-

ited rate of carboxylation (Wc) and RuBP limited rate of carboxylation (Wj) (Chen

et al., 1993). If Wc and Wj remain out of balance for prolonged periods, nitrogen has
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to be reallocated to leaves (increasing with irradiance and decreasing with air tempera-

ture) to restore balance (Maire et al., 2012). Plants respond to environment constantly

changes by attempting to restore their balance through coordination to achieve optimal

(or near-optimal) behaviour (Chen et al., 1993). This assumption of fixed photosyn-

thetic parameters is at odds with optimal allocation theory, which predicts that such

traits should acclimate over time to changing environmental conditions. In particular,

this assumption would imply that the temperature response of photosynthesis over

monthly time scales is the same as the instantaneous temperature response, which is

governed by enzyme kinetics. Short-term variation of temperature (and irradiance)

should be large enough to significantly modify leaf physiology, and long-term acclima-

tion may result in different assimilation among short distances in plant canopies only

if they become exposed to diverse microclimates such as unequal irradiation or tem-

perature in various heights of a canopy (Niinemets and Valladares, 2004). The thermal

acclimation of assimilation was tested by repeated sampling of evergreen angiosperm

trees in a highly seasonal, semi-arid environment during the warm and the cool sea-

sons. It was found that the photosynthetic traits (Vcmax, Jmax) and the rate of leaf

dark respiration (Rdark) increased with ambient temperature from the cool season to

the warm season, but less steeply than would be predicted by enzyme kinetics - such

that the values when standardized to 25°C decreased with ambient temperature. The

N :P ratio was also lower in the warm season, consistent with a reduced allocation of

N to photosynthetic functions at higher temperatures (Way and Sage, 2008). These

findings suggest that there is active seasonal acclimation consistent with the coordi-

nation hypothesis (co-limitation of photosythesis by Rubisco and electron transport),

which predicts lower allocation of N to Rubisco and other photosynthetic enzymes

at higher temperatures - counterbalancing the effect of enzyme kinetics. Vcmax and

Jmax were strongly correlated, as also predicted by the coordination hypothesis, and

further supported by measurements in chapter 4. Rdark was correlated with Vcmax and

Jmax, consistent with results presented by Weerasinghe et al. (2014) and Atkin et al.

(2015). Vcmax and Jmax were negatively correlated with ci:ca (in both chapter 3 and 4),

a further prediction of the coordination hypothesis, as higher photosynthetic capacity

is required to offset reduced ci.

To my knowledge, chapter 3 represents the first attempt to apply the Farquhar et al.

(1980) model of carbon assimilation in order to quantify (and test for) the optimal

acclimation of Vcmax, Jmax and Rdark according to the coordination hypothesis. (The

alternative of no acclimation predicts a steeper response, governed by enzyme kinetics

alone). Field-observed responses to ambient temperature were shown to be closer to the
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responses predicted by the coordination hypothesis. The response of ci:ca to ambient

temperature was positive (as predicted by the least-cost hypothesis) but only about

half as large as predicted, probably due to reduction in ci:ca associated with higher

vapour pressure deficits in the warm season (Prentice et al., 2014). Overall, these

findings support the idea that metabolic rate parameters in DGVMs should be allowed

to acclimate temporally to environmental conditions, as in the LPJ family of models

[e.g. LPJ-GUESS (Smith et al., 2001); LPJ (Sitch et al., 2003); LPJ 2.1 (Gerten et al.,

2004); LPJ-SPITFIRE (Thonicke et al., 2010); LPX (Prentice et al., 2011)], rather

than being fixed characteristics of PFTs. Testing these findings in models that do

not account for Vcmax, Jmax and Rdark acclimation could demonstrate the magnitude

of error relative to this process and it would provide information to improve future

models.

Chapter 4 considered another aspect of plant functional trait variation that is not

considered by most current DGVMs, namely the functional basis for spatial and tem-

poral niche differentiation within complex communities. Data on more than 200 ever-

green angiosperm tree species from intact moist tropical forests in both northeastern

Australia and southwestern China were assembled, including metabolic, structural,

hydraulic and height variables. Within the relatively narrow range of climatic vari-

ation represented by these tropical forest sites, it was possible to identify syndromes

of traits linked to species’ ‘dynamical roles’ as defined by the fourfold classification of

Shugart (1984). This classification distinguishes climax, large pioneer, small pioneer,

and subcanopy taxa based on canopy position and life span. Other classifications make

essentially the same distinctions. The differences among species in different role groups

were found to be broadly consistent with theoretical expectations. In particular, climax

species were characterized by greatest maximum height (Hmax) accompanied by rela-

tively low ci:ca - a consequence of the increasing cost of water transport with increasing

height (Koch et al., 2015) and high values of Vcmax, Jmax, Rday and leaf nitrogen con-

tent per unit area (Narea), consistent both with high exposure to light and with low

ci:ca. Subcanopy species showed generally the opposite combinations of traits. Climax

species were also found to have the thickest leaves (highest leaf mass per area, LMA),

which is a requirement for high Vcmax (Niinemets and Tenhunen, 1997); conversely,

thin leaves (low LMA) were found in subcanopy species, optimizing the use of limited

carbon supplies for light capture. It was also expected, and found, that fast-growing

pioneer species should adopt low investment in leaf structure, developing thin leaves

(low LMA) along with low wood density, consistent with a non-conservative water use

strategy. Wood density was greater for slow growers (climax and subcanopy species):
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a trait presumed to confer longer life, for example through resistance to embolism and

mechanical damage (Enquist and Bentley, 2012), but at a greater carbon cost.

Thus, chapter 4 provides pointers towards the integration of classical forest dynamic

theory with contemporary plant functional ecology. It also suggests how species’ dy-

namical roles might be represented in next-generation DGVMs, by implementing quan-

titative distinctions in both metabolic and biophysical traits. Future research building

on this work should try to identify dynamical roles in other ecosystems and compare

them to the functional trait combinations identified for tropical forests in this study.

This is an outstanding research need that should produce crucial information to im-

prove the representation of current DGVMs.

This thesis has discussed and has examined a set of theories, evaluating them by

using state-of-the art methods and originally assembled data sets. These articles have

potential to have a significant impact on DGVM practice, as well as the representa-

tion of PFTs and traits in ESMs. This work addresses complex natural processes in a

simple way that matches fundamental ecological insights. I hope the findings in this

thesis stimulate the ecological community (theorists as well as field scientists) to fur-

ther test and support, extend or falsify the many other assumptions derived from the

evolutionary attractor framework.
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Niinemets, Ü and Tenhunen, J. D. A model separating leaf structural and physiolog-

ical effects on carbon gain along light gradients for the shade-tolerant species Acer

saccharum. Plant, Cell & Environment, 20(7):845–866, 1997.
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