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ABSTRACT

Aims Understanding how tree growth is influenced by climate is vital for predict-
ing how forests will respond to climate change, yet there have been few studies of
tree growth spanning macroclimatic gradients. The aim of this study is to correlate
growth of a single lineage of broadleaf evergreen trees with continental-scale vari-
ability in climate.

Location Australia’s temperate mesic eucalypt forests, spanning latitudes from 23
to 43° S and longitudes from 115 to 153° E.

Methods We compiled and analysed a dataset containing around half a million
measurements of growth in eucalypt tree diameter, collected from 2409 permanent
forestry plots. These plots spanned a range of 558–2105 mm mean annual precipi-
tation and 6–22 °C mean annual temperature. Generalized additive models were
used to study the relationship between growth in tree diameter and several tem-
perature and water availability variables.

Results Tree growth increased with precipitation, but with a diminishing
response above a mean annual precipitation of 1400 mm. There was a peaked
response to temperature, with maximum growth occurring at a mean annual
temperature of 11 °C and maximum temperature of the warmest month of
25–27 °C. Lower temperatures directly constrain growth. High temperatures pri-
marily reduced growth by reducing water availability, but they also appeared to
exert a direct negative effect. Our best model, which included maximum tempera-
ture of the warmest month and the ratio of precipitation to evaporation, explained
28% of the deviance.

Main conclusions The productivity of Australia’s temperate eucalypt forests
could decline substantially as the climate warms, given that 87% of these forests
currently experience a mean annual temperature above 11 °C, where the highest
growth rates were observed. This will reduce carbon sequestration and slow recov-
ery after catastrophic disturbances such as wildfire.
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INTRODUCTION

Forests are a critical component of the global carbon cycle, yet

there is surprisingly little information on how tree growth and

forest biomass respond to climate change (Bowman et al.,

2013b). Existing studies suggest that global warming may

increase tree growth in forests in cold climates but cause declines

in warmer climates, especially where water is limiting (Mäkinen
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et al., 2002; Intergovernmental Panel on Climate Change, 2006;

Reich & Oleksyn, 2008; Mu et al., 2011), but there have been few

studies across wide temperature and rainfall gradients to test

this proposition. Such macroecological studies are an attractive

approach for investigating relationships between tree growth

and climate, because geographic gradients capture a greater

range of climate variation than occurs at specific locations.

Importantly, this approach can quantify climatic effects on the

growth of forest trees, which are impractical to study through

experimental manipulation. Networks of strategically located

permanent plots can be used to track regional trends in tree

growth over large geographic scales (Malhi et al., 2004; Bowman

et al., 2013b). Accordingly, we analysed almost half a million

observations of tree growth from 2409 permanent plots estab-

lished by forest management agencies in Australia’s temperate

mesic forests (Prior et al., 2011; Prior & Bowman, 2014). These

plots are located between latitudes 23.5 and 43° S, and experi-

ence climates ranging from cool temperate wet to subtropical

dry (sensu Holdridge, 1947) (Fig. 1). The forests are naturally

regenerating and are dominated by eucalypts with a range of

co-dominant Acacia, Callitris and rain forest species. Our analy-

sis considered only eucalypts (Eucalyptus and the allied genera

Corymbia and Angophora) in order to avoid gross phylogenetic

differences in growth between families and genera. Eucalypts are

a valuable model system for macroecological investigations of

tree growth because they span very wide climate gradients,

dominating forests in all but the driest areas of the Australian

continent, and have comparable photosynthetic and water-use

physiologies to other evergreen broadleaf trees (Wright et al.,

2004).

The aim of our study was to quantify eucalypt growth in

relation to climate, and in particular to water availability and

temperature. The interpretation of temperature responses is

complicated due to indirect effects on water availability via

evaporation as well as direct metabolic effects. While plant

growth is suppressed by cold temperatures, respiration increases

more rapidly than photosynthesis as temperature increases,

leading to higher tissue maintenance costs and lower net

primary productivity (NPP) at high temperatures (Zhang et al.,

2009; Larjavaara & Muller-Landau, 2012). In eucalypts, leaf

temperatures higher than c. 35 °C can depress photosynthesis

independently of the effect on stomatal conductance (Prior

et al., 1997), and temperatures > 45 °C can lead to extensive

foliar damage (Groom et al., 2004). Statistical modelling was

therefore used to tease apart the direct and indirect effects of

temperature and rainfall, and demonstrate whether both appar-

ently contribute to lower growth rates at hotter sites. We also

tested whether the overall response of eucalypt growth to

climate was similar within and among species or was driven by

species replacement: in other words, whether fast-growing

species occur only in particular climates and that species able to

survive in other climates have inherently slower growth. Finally,

we calculated the likely change in growth resulting from proj-

ected climate change during this century.

METHODS

Tree growth data

Permanent growth plots have been established to monitor tree

growth in these forests by Australian state government forestry

organizations since the 1930s. Our study focused on permanent

plots located in temperate mesic (> 500 mm mean annual pre-

cipitation) eucalypt forests (Fig. 1). The data were compiled as

Figure 1 Australia’s mesic eucalypt
forests and location of the permanent
plots. Mesic forests (Black on the main
map) were considered those in areas
receiving > 500 mm mean annual
precipitation (grey on main map). Insets
show location of the permanent plots,
with the brown, yellow and blue dots
representing sites with low, medium and
high water availability, respectively. Water
availability is the ratio of mean annual
precipitation to evaporation (P:E).
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part of a research programme to understand the effects of

climate change on Australia’s forests, which are used for timber

production (Prior et al., 2011).

The plots are naturally regenerating, often with a pulse of

recruitment following disturbance (typically wildfire). Tree age

is not known, as plots were generally set up in established forest,

and eucalypts are very difficult to age using dendrochronology.

Forests are generally multi-aged. Approximately one-third of

plots were monospecific with respect to eucalypts > 10 cm

diameter.

The tree growth data consisted of repeated measurements of

the diameter at breast height (d.b.h.) of individually identified

trees within marked plots of known area and location, with

measurement intervals averaging 4.0 years (range 1–44 years)

(Table 1). In most cases, all trees > 10 cm d.b.h. within a plot

were measured, but in some plots only large trees (e.g. > 50 cm

d.b.h.) were measured over the entire plot, and smaller trees

measured in subplots of known area. The stand basal area of

each plot (an indicator of intertree competition) was calculated

by summing the cross-sectional area of each tree stem then

dividing by the ground area. Where subplots were used, basal

area was calculated for each size class individually, then summed

to give total stand basal area for the plot. Diameter increments

were annualized, and to avoid anomalous observations arising

from measurement error or extreme situations we included only

data complying with the following conditions: measurement

interval ≥ 1 year; plot size ≥ 100 m2 and stand basal area

10–100 m2 ha−1; eucalypts with d.b.h. from 10–150 cm and

diameter increments from −0.5–2.5 cm year−1 (or the 95th per-

centile for the one species where this was > 2.5 cm year–1; Fox

et al., 2010). After filtering, the dataset comprised records

from 2409 plots, and 499,161 tree-intervals and > 100 species

or subspecies (Table 1 and Appendix S1 in Supporting

Information).

Climatic variables

Climatic data were derived using the latitude and longitude of

the plot and digital elevation data, with a resolution of 5 arcmin

used throughout. Gridded data were obtained from the

WorldClim dataset (Hijmans et al., 2005) for the BIOCLIM

variables of mean annual precipitation (P), mean annual tem-

perature (T), mean daily maximum temperature of the warmest

month (MaxWarm) and mean daily minimum temperature of

the coldest month (MinCold). Pan evaporation (E) was derived

from anuclim 6.1 (Australian National University, Canberra),

and the ratio P : E was used as a proxy for water availability (Ellis

& Hatton, 2008).

Data analyses

Initial inspection of the raw data showed that the relationships

between diameter increments and the climatic variables were

nonlinear, so generalized additive models (GAMs) were used to

evaluate these relationships. GAMs are semi-parametric exten-

sions of generalized linear models and provide a smooth

response to the explanatory variables, without imposing a par-

ticular type of relationship (e.g. linear, quadratic, power, loga-

rithmic) (Crawley, 2002). The smoothness of the curve can be

varied by adjusting the parameters of the GAM fitting algo-

rithm, thereby avoiding over-fitting. Cubic regression splines

were used, and we specified smoothers with up to three effective

degrees of freedom for all variables, which produced biologically

sensible response curves. The GAMs were evaluated by the per-

centage deviance they explained and the associated Akaike infor-

mation criterion (AIC) (Burnham & Anderson, 2002). The raw

data were spatially and temporally autocorrelated because there

were multiple measurements on each plot. GAMs have limited

capacity to incorporate random effects, so to overcome this

autocorrelation, all measurements, including d.b.h. increment,

were averaged over all measurement intervals for each plot, and

plot means were used in the analyses. The statistical software R

was used for all analyses (R Development Core Team, 2013), and

the package mgcv (v.1.6-2) was used for the generalized additive

modelling.

Climatic variables were strongly intercorrelated (Appendix

S1). In developing models of eucalypt growth patterns we there-

fore grouped the variables into two suites, those related to tem-

perature (T, MaxWarm and MinCold) and those related to water

availability (P, E and P : E), and compared the explanatory

power of the variables within each suite. We reasoned that the

indirect effect of temperature mediated through water availabil-

ity would be subsumed by a water availability term, but that a

strong correlation with both temperature and water availability

would indicate an additional, direct, effect of temperature on

metabolism. Further, we expected the diameter increment to be

more closely related to MaxWarm or MinCold than to T if

Table 1 Summary of the final dataset.

Mean Minimum Maximum

Plot area (m2) 1451 100 8280

Measurement date 31/01/1984 1/02/1930 29/10/2009

Measurement interval (years) 4.0 1.0 37.6

Mean annual precipitation (mm) 1117 558 2105

Mean annual temperature (°C) 14.8 6.4 22.4

Maximum temperature of

warmest month (°C)

26.3 16.3 34.4

Minimum temperature of

coldest month (°C)

4.0 -3.0 12.2

Pan evaporation (mm) 1008 563 1649

Water availability (ratio

precipitation: evaporation)

1.18 0.38 2.96

Elevation (m) 514 3 1371

Initial stand basal area (m2 ha−1) 31.3 10 93.6

Initial DBH (cm) 34.8 10.4 133

DBH increment (cm year−1) 0.39 -0.50 1.94

The data presented here are based on plot means rather than individual
trees, after filtering according to the criteria specified in the Methods
section.
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extremes of heat or cold, respectively, were driving the negative

relationship between growth and temperature.

The relationships between diameter increment and climate

were explored using GAMS to (1) test which of the water avail-

ability variables P, E or P : E is the best predictor of growth,

individually and in combination with temperature variables;

and (2) compare the explanatory power of the temperature

variables T, MaxWarm and MinCold, individually and in com-

bination with water availability variables. This analysis sug-

gested that there is statistical support for a direct effect of

temperature in addition to its effect through water availability,

an aspect that was explored further by examining the response

to temperature within five P : E classes individually.

We estimated the likely impact of climate change on tree

growth by using the model based on mean annual temperature

only, because estimates of T are much more reliable than those

for P and E. Full details are given in Appendix S1. Briefly, diam-

eter increment was calculated for T in the temperate mesic euca-

lypt forests currently, and for the projected T in 2070. Future

climate projections for temperate eucalypt forests were based on

the CSIRO_mk3, a2a scenario (Ramirez & Jarvis, 2008). Diam-

eter increments were converted to above-ground biomass

(AGB) increments for an average-sized tree (d.b.h. = 34.8 cm)

using the relationship developed for native sclerophyll forest in

southern Australia (Keith et al., 2000).

Intraspecific growth responses to water availability were

tested using a linear mixed effects model, with P : E the fixed

effect and tree within plot the random effect. The P : E effect was

considered statistically important if this model received an AIC

weight > 0.73 relative to the null model (Richards, 2005).

RESULTS

Eucalypt diameter growth was related to temperature and water

availability to a similar degree, with the best variables in both

suites explaining 21% of the deviance (Table 2). The growth

response to temperature was peaked, being maximal around a T

of 11 °C and a MaxWarm of 25–27 °C, but there was a poor

relationship with MinCold (Fig. 2; Table 2). Compared with the

mean diameter growth rate of 0.53 cm year−1 at a T of 11 °C,

diameter growth was 14% lower at 8 °C, 18% lower at 14 °C and

56% lower at 20 °C. These growth rates suggest that a tree of

diameter 100 cm growing under a T of 11 °C would be 187 years

old while a similar sized tree growing under 20 °C would be 430

years old.

The ratio P : E, a proxy for water availability, had more

explanatory power than its components P or E, both in single-

variable models and in combination with temperature terms

(Table 2). Growth increased as the ratio of P : E increased to

about 1.8, after which there was little response (Fig. 2). A similar

pattern was evident for P, with a diminishing response to P

above 1400 mm (Fig. 2). Conversely, growth declined with

increasing E (Fig. 2).

Models containing both temperature and water availability

terms performed better than single-factor models (Table 2). For

example, adding MaxWarm to the P : E model increased the

deviance explained from 21% to 28%, suggesting that tempera-

ture has a direct effect on eucalypt growth in addition to the one

it exerts via increased evaporation. Much of this additional

temperature effect is due to slow growth in cooler areas

(MaxWarm < 20 °C), but growth is also slower in hotter areas

(MaxWarm > 25 °C), even when P : E is controlled for in the

model (Fig. 3). Investigating the growth response to tempera-

ture within individual P : E classes, we found that within the

three classes that spanned a large temperature range (i.e. P : E

between 0.8 and 2.0), growth decreased when T exceeded 14 °C

or MaxWarm exceeded 26 °C (Fig. 4). (The temperature range

of the driest and wettest classes was insufficient to draw conclu-

sions.) GAMs showed that growth decreased as MAT exceeded

10–12 °C (P : E < 1.2) or 14–15 °C (P : E 1.2–2.0) (Appendix

S2). For plots with P : E > 2, the MAT range was only 7–12 °C,

Table 2 Comparison of generalised additive models used to
analyse d.b.h. increment. The explanatory power of each of the
terms mean annual precipitation (P), mean annual temperature
(T), mean daily maximum temperature of the warmest month
(MaxWarm), mean daily minimum temperature of the coldest
month (MinCold), evaporation (E) and P:E (the ratio of
precipitation to evaporation, an indicator of water availability) in
describing tree diameter growth was determined for each factor
individually. Predictions of the best model, indicated by bold type,
are plotted in Fig. 3 (n = 2409 plots).

%Dev.

expl. AIC

Delta

AIC

Single-variable models – temperature

MaxWarm 21.0 313 206

T 14.2 512 405

MinCold 9.3 646 539

Single-variable models – water availability

P : E 21.0 314 207

E 18.2 397 290

P 9.2 648 541

Combining water availability terms and T

P : E + T 24.2 217 110

P + T 21.9 292 185

E + T 19.9 352 245

Combining water availability terms and

MaxWarm

P : E + MaxWarm 27.6 107 0

P + MaxWarm 25.5 178 71

E + MaxWarm 24.3 214 107

Combining water availability terms and

MinCold

P : E + MinCold 23.2 252 145

E + MinCold 19.8 355 248

P + MinCold 18.6 390 283

%Dev. expl. is the amount of deviance explained by the model, and is
analogous to R2 in a linear model. AIC is the Akaike information cri-
terion, which balances model fit and simplicity (the lower the value, the
better the model). Delta AIC is the difference in AIC relative to that of
the best model.
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but growth appeared to plateau at around 12 °C. GAMs also

indicated a decline in MaxWarm values higher than 23 to 26 °C

for all P : E classes (except P : E > 2, where the highest

MaxWarm value was 25 °C).

Our modelling predicted that as a result of a warming climate,

the average diameter increment in temperate Australian euca-

lypt forests would decrease from a current value of 0.41 to

0.32 cm year−1 in 2070, equivalent to a 22.4% decrease in

biomass increment (details in Appendix S4). This equates to a

decrease of approximately 90 Mt C year−1 over the 333,000 km2

of Australian eucalypt forest estate that receives a mean annual

precipitation of more than 500 mm.

There was a wide range of diameter growth rates among

species (Appendix S3). Of the species with more than 10
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Figure 2 Tree diameter increment in
relation to (a) mean annual temperature,
(b) mean annual precipitation, (c)
maximum temperature of the warmest
month, (d) the ratio of precipitation to
evaporation, (e) minimum temperature
of the coldest month and (f) mean
annual evaporation. For presentation,
raw data are grouped into 200-mm
precipitation classes, 0.4
precipitation:evaporation classes and
2 °C temperature classes. Boxes indicate
the median and upper and lower
quartiles, with whiskers showing 10th
and 90th percentiles and circles 5th and
95th percentiles. Fitted values for the
diameter increment versus temperature
model are indicated by the dashed line in
(a). This model was used to predict the
effects of climate change on forest
carbon sequestration. The line is derived
independently of the boxplot, although
based on the same data.
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Figure 3 Diameter increment in
relation to water availability (the
ratio of mean annual precipitation to
evaporation) and mean maximum
temperature of the warmest month,
predicted from our most strongly
supported generalized additive model,
which explained 28% of the deviance.
The growth responses to each variable
are shown holding the other variable
constant at the average value. The solid
line is the smoothed model fit, the
dotted lines are 95% confidence interval
bands.
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observations, the three fastest growing were Eucalyptus nitens

(0.87 cm year−1), Eucalyptus delegatensis (0.67 cm year−1) and

Eucalyptus fraxinoides (0.61 cm year−1) and the slowest-growing

was Eucalyptus drepanophylla (0.04 cm year−1). Differences

among, rather than within, eucalypt species appeared to drive

the positive relationship between diameter growth and water

availability (Fig. 5a). All 15 major species with the fastest

growth, but only one of the 12 species with the slowest growth,

grew in forests where mean P : E was > 1. On the other hand,

there was no significant relationship between growth and P : E

within 15 of the major species, while two showed a negative

relationship and 10 showed a positive one (Fig. 5b).

DISCUSSION

Growth rates in mesic Australian eucalypt forests are maximal at

mean annual temperatures around 11 °C, and where MaxWarm

is 25–27 °C. Our results suggest that high temperatures reduce

growth largely through their effect on evaporation and water

availability, with a smaller additional direct effect: a temperature

effect was much weaker, albeit still present, in models that con-

tained water availability terms (Table 2) and among plots with

similar P : E. Mean annual temperatures less than 11 °C were

suboptimal for growth, but higher temperatures also appeared

to directly constrain growth: growth showed a decline once T
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Figure 4 Diameter increment as a
function of maximum temperature
of the warmest month and mean
annual temperature for five
precipitation:evaporation (P:E) classes.
For presentation, raw data are grouped
into 0.4 P:E classes and 2 °C temperature
classes. Points with fewer than 10
observations are omitted, and bars
indicate standard errors.
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exceeded 11–14 °C or MaxWarm exceeded 25 °C within the P : E

classes that spanned the full temperature range. These findings

are consistent with global meta-analyses showing that carbon

use efficiency (the ratio of gross primary productivity to

maintenance costs) and biomass accumulation are highest in

cool temperate rather than tropical forests (Larjavaara &

Muller-Landau, 2012). Higher gross primary production in

tropical forests is apparently offset by higher autotrophic respi-

ration than in temperate forests (Luyssaert et al., 2007). In addi-

tion cool, high-rainfall environments (T of 10–15 °C, and P of

1200–2500 mm) (Midgley, 2001; Keith et al., 2009), such as

coastal California and south-eastern Australia, experience rela-

tively infrequent disturbance and slow decomposition (Midgley,

2001; Keith et al., 2009). Given that 87% of the area occupied by

Australia’s temperate eucalypt forests currently experiences

MAT above 11 °C, at which the highest growth rates were

observed, our results suggest that productivity of these forests

will decline substantially as the climate warms. Based on the

direct and indirect effects of MAT on diameter growth of euca-

lypts, we calculate that, without any change in precipitation,

there will potentially be an overall reduction in tree growth of

22% resulting from projected temperature increases of around

3 °C for Australian forests by 2070 (calculations in Appendix

S4). This is equivalent to a reduction in carbon uptake of about

90 Mt annually, or about 4% of current Australian total NPP

(Haverd et al., 2013). We note there are already suggestions of

reduced terrestrial NPP from 2000 to 2009, attributed to high

temperatures and water stress in the Southern Hemisphere
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Figure 5 The relationship between
diameter growth and water availability
for the major eucalypt species. (a) The
relationship between diameter growth
and water availability (the ratio of
precipitation to evaporation, P:E) for
each of the 27 species with more than
2000 observations and (b) the range of
P:E, indicated by the horizontal lines, for
each of these 27 species, sorted by mean
diameter increment, shown in brackets
as cm year−1. The dotted line indicates a
P:E ratio of 1.0. Symbols indicate the
mean P:E for each species: black circles
represent species with a positive response
to P:E, black squares those with a
negative response, and open circles those
without a statistically supported
response.
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(Zhao & Running, 2010). Similarly, tree growth regionally in the

south-western United States is positively correlated with winter

rainfall and negatively correlated with summer temperature via

its effect on vapour pressure deficit, and hence evaporative

demand (Williams et al., 2012). Thus, there is evidence to

suggest that global warming will slow tree growth and reduce

carbon sequestration in other warm temperate forests around

the world.

Our findings suggest that the positive relationship between

diameter growth and water availability was driven largely by

differences among, rather than within, eucalypt species. There

was no consistent relationship within species between growth

rates and P : E. However, there was a clear relationship between

growth rates and P : E averaged for the major species (Fig. 5),

with the fastest-growing eucalypt species found in areas with

the highest P : E. With P : E likely to decrease under future

climate change, these species may gradually be replaced by less

productive ones.

It is worth highlighting that our results represent the best

possible case, where trees and species are adapted to the prevail-

ing climate. In reality, existing trees may take time to acclimate

to hotter climates, or may never do so. Given that most eucalypt

species have a narrow thermal range (Hughes et al., 1996), and a

limited ability to adapt to warmer conditions (Crous et al.,

2013), it is likely that long-term changes in climate will lead to

widespread local elimination of many eucalypt species accom-

panied by more limited replacement of these species by better

adapted ones.

Increased CO2 has been shown to increase the water-use effi-

ciency of trees but this is unlikely to entirely offset the effects of

increased water stress on tree growth (Leuzinger et al., 2011).

Indeed, recent increases in CO2 have not prevented extensive

drought-induced mortality in many parts of the world (Allen

et al., 2010), including in eucalypt forests in Australia (Fensham

& Guymer, 2009; Brouwers et al., 2013). We acknowledge that

our macroecological approach can only provide a first approxi-

mation to partitioning the effects of temperature, drought and

CO2 on tree growth and mortality. Experimental and modelling

approaches are critical but are beset by numerous practical chal-

lenges. For instance, the future climate projections are unable to

provide details on P : E under specific CO2 and temperature

regimes. Direct experimentation on mature trees combining all

these factors is obviously extraordinarily difficult.

Overall, our results are consistent with observations of recent

increases in tree growth in cold-limited regions in the Northern

Hemisphere, and predictions that it will decrease in warmer

regions as a result of a warming climate (Mäkinen et al., 2002;

Reich & Oleksyn, 2008; Mu et al., 2011). The broader effects of

climate change on tree growth will depend on the interactions

between elevated CO2, increased temperature, changing

amounts and patterns of rainfall and other factors affecting

forest growth (Boisvenue & Running, 2006). For example, future

drying and warming trends are expected to increase fire risk due

to the increased number of extreme fire weather days and

increased fuel loads from the shedding of drought-damaged

foliage (Williams et al., 2009). Reduced tree growth would

increase the vulnerability of forests dominated by obligate

seeder species, such as Eucalyptus regnans, to catastrophic state

shifts after bushfires (Bowman et al., 2013a) because trees may

be unable to mature quickly enough to set seed before the next

fire. Eucalyptus regnans forests are amongst the tallest, most

carbon-dense in the world (Keith et al., 2009). Thus climate

change may drive a positive feedback by increasing disturbance,

reducing growth, causing change in vegetation composition and

structure and increasing carbon emissions in the flammable

eucalypt forest biome.

ACKNOWLEDGEMENTS

We thank the many personnel in Australian forest management

agencies who collected and managed these data over more than

50 years. Claire Howell in the ABARES supported the develop-

ment of the Forest Industries Climate Change Research Fund

grant (Department of Agriculture, Fisheries and Forestry) that

enabled the research (project B0018298 DAFF). Funding was

also provided by the Terrestrial Ecosystems Research Network.

Tim Parkes, Justin Crowe and Jim Shirley (State Forests NSW),

Bruce Wilson and Michael Ngugi (Qld DERM), Martin Rayner

(WA DEC), John Garnham, Bronwyn Price and Sharon

Occhipinti (VicForests), Martin Stone, Steve Read, David

Mannes and Daniel Hodge (Forestry Tasmania) for supplying

the data and Vanessa Mann for negotiating the data agreements.

REFERENCES

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D.,

McDowell, N., Vennetier, M., Kitzberger, T., Rigling, A.,

Breshears, D.D., Hogg, E.H., Gonzalez, P., Fensham, R., Zhang,

Z., Castro, J., Demidova, N., Lim, J.H., Allard, G., Running,

S.W., Semerci, A. & Cobb, N. (2010) A global overview of

drought and heat-induced tree mortality reveals emerging

climate change risks for forests. Forest Ecology and Manage-

ment, 259, 660–684.

Boisvenue, C. & Running, S.W. (2006) Impacts of climate

change on natural forest productivity – evidence since the

middle of the 20th century. Global Change Biology, 12, 862–

882.

Bowman, D.M.J., Murphy, B.P., Boer, M.M., Bradstock, R.A.,

Cary, G.J., Cochrane, M.A., Fensham, R.J., Krawchuk, M.A.,

Price, O.F. & Williams, R.J. (2013a) Forest fire management,

climate change and the risk of catastrophic carbon losses.

Frontiers in Ecology and the Environment, 11, 66–68.

Bowman, D.M.J., Brienen, R.J.W., Gloor, E., Phillips, O.L. &

Prior, L.D. (2013b) Detecting trends in tree growth: not so

simple. Trends in Plant Science, 18, 11–17.

Brouwers, N., Matusick, G., Ruthrof, K., Lyons, T. & Hardy, G.

(2013) Landscape-scale assessment of tree crown dieback fol-

lowing extreme drought and heat in a Mediterranean eucalypt

forest ecosystem. Landscape Ecology, 28, 69–80.

Burnham, K.P. & Anderson, D.R. (2002) Model selection

and multimodel inference. A practical information-theoretic

approach, 2nd edn. Springer, New York.

D. M. J. S. Bowman et al.

Global Ecology and Biogeography, 23, 925–934, © 2014 The Authors.
Global Ecology and Biogeography published by John Wiley & Sons Ltd

932



Crawley, M.J. (2002) Statistical computing. An introduction to

data analysis using S-plus. John Wiley, Chichester, UK.

Crous, K.Y., Quentin, A.G., Lin, Y.-S., Medlyn, B.E., Williams,

D.G., Barton, C.V.M. & Ellsworth, D.S. (2013) Photosynthesis

of temperate Eucalyptus globulus trees outside their native

range has limited adjustment to elevated CO2 and climate

warming. Global Change Biology, 19, 3790–3807.

Ellis, T.W. & Hatton, T.J. (2008) Relating leaf area index of

natural eucalypt vegetation to climate variables in southern

Australia. Agricultural Water Management, 95, 743–747.

Fensham, R.J. & Guymer, G.P. (2009) Carbon accumulation

through ecosystem recovery. Environmental Science and

Policy, 12, 367–372.

Fox, J.C., Yosi, C.K., Nimiago, P., Oavika, F., Pokana, J.N.,

Lavong, K. & Keenan, R.J. (2010) Assessment of aboveground

carbon in primary and selectively harvested tropical forest in

Papua New Guinea. Biotropica, 42, 410–419.

Groom, P.K., Lamont, B.B., Leighton, S., Leighton, P. & Burrows,

C. (2004) Heat damage in sclerophylls is influenced by

their leaf properties and plant environment. Ecoscience, 11,

94–101.

Haverd, V., Raupach, M.R., Briggs, P.R., Canadell, J.G., Davis,

S.J., Law, R.M., Meyer, C.P., Peters, G.P., Pickett-Heaps, C. &

Sherman, B. (2013) The Australian terrestrial carbon budget.

Biogeosciences, 10, 851–869.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A.

(2005) Very high resolution interpolated climate surfaces for

global land areas. International Journal of Climatology, 25,

1965–1978.

Holdridge, L.R. (1947) Determination of world plant forma-

tions from simple climatic data. Science, 105, 367–368.

Hughes, L., Cawsey, E.M. & Westoby, M. (1996) Geographic and

climatic range sizes of Australian eucalypts and a test of

Rapoport’s rule. Global Ecology and Biogeography Letters, 5,

128–142.

Intergovernmental Panel on Climate Change (2006) 2006

Guidelines for national greenhouse gas inventories. Volume 4,

Agriculture, forestry and other land use (ed. by S. Eggleston, L.

Buendia, K. Miwa, T. Ngara and K. Tanabe) Institute for

Global Environmental Strategies, Kanagawa, Japan.

Keith, H., Barrett, D. & Keenan, R. (2000) Review of allometric

relationships for estimating woody biomass for New South

Wales, the Australian Capital Territory, Victoria, Tasmania and

South Australia. Australian Greenhouse Office, Canberra.

Keith, H., Mackey, B.G. & Lindenmayer, D.B. (2009)

Re-evaluation of forest biomass carbon stocks and lessons

from the world’s most carbon-dense forests. Proceedings of the

National Academy of Sciences USA, 106, 11635–11640.

Larjavaara, M. & Muller-Landau, H.C. (2012) Temperature

explains global variation in biomass among humid old-

growth forests. Global Ecology and Biogeography, 21, 998–

1006.

Leuzinger, S., Luo, Y.Q., Beier, C., Dieleman, W., Vicca, S. &

Korner, C. (2011) Do global change experiments overestimate

impacts on terrestrial ecosystems? Trends in Ecology and Evo-

lution, 26, 236–241.

Luyssaert, S., Inglima, I., Jung, M. et al. (2007) CO2 balance of

boreal, temperate, and tropical forests derived from a global

database. Global Change Biology, 13, 2509–2537.

Mäkinen, H., Nojd, P., Kahle, H.P., Neumann, U., Tveite, B.,

Mielikainen, K., Rohle, H. & Spiecker, H. (2002) Radial

growth variation of Norway spruce (Picea abies (L.) Karst.)

across latitudinal and altitudinal gradients in central and

northern Europe. Forest Ecology and Management, 171, 243–

259.

Malhi, Y., Baker, T.R., Phillips, O.L. et al. (2004) The above-

ground coarse wood productivity of 104 Neotropical forest

plots. Global Change Biology, 10, 563–591.

Midgley, J.J. (2001) Do mixed-species mixed-size indigenous

forests also follow the self-thinning line? Trends in Ecology and

Evolution, 16, 661–662.

Mu, Q.Z., Zhao, M.S. & Running, S.W. (2011) Evolution of

hydrological and carbon cycles under a changing climate. Part

III: global change impacts on landscape scale evapotranspira-

tion. Hydrological Processes, 25, 4093–4102.

Prior, L.D. & Bowman, D.M.J. (2014) Big eucalypts grow more

slowly in a warm climate: evidence of an interaction between

tree size and temperature. Global Change Biology, doi:

10.1111/gcb.12540.

Prior, L.D., Eamus, D. & Duff, G.A. (1997) Seasonal and diurnal

patterns of carbon assimilation, stomatal conductance and

leaf water potential in Eucalyptus tetrodonta saplings in a wet–

dry savanna in northern Australia. Australian Journal of

Botany, 45, 241–258.

Prior, L.D., Williamson, G.J. & Bowman, D.M.J. (2011) Using

permanent forestry plots to understand the possible effects of

climate change on Australia’s production forest estate. Depart-

ment of Agriculture, Fisheries and Forestry, Canberra.

R Development Core Team (2013) R: a language and environ-

ment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria.

Ramirez, J. & Jarvis, A. (2008) High resolution statistically

downscaled future climate surfaces. Available at: http://

www.ccafs-climate.org

Reich, P.B. & Oleksyn, J. (2008) Climate warming will reduce

growth and survival of Scots pine except in the far north.

Ecology Letters, 11, 588–597.

Richards, S.A. (2005) Testing ecological theory using the

information-theoretic approach: examples and cautionary

results. Ecology, 86, 2805–2814.

Williams, A.P., Allen, C.D., Macalady, A.K., Griffin, D.,

Woodhouse, C.A., Meko, D.M., Swetnam, T.W., Rauscher,

S.A., Seager, R., Grissino-Mayer, H.D., Dean, J.S., Cook, E.R.,

Gangodagamage, C., Cai, M. & McDowell, N.G. (2012)

Temperature as a potent driver of regional forest drought

stress and tree mortality. Nature Climate Change, 3, 292–

297.

Williams, R.J., Bradstock, R.A., Cary, G.J., Gill, A.M., Liedloff,

A.C., Lucas, C., Whelan, R.J., Andersen, A.N., Bowman,

D.J.M., Clarke, P.J., Cook, G.D., Hennessy, K.J. & York, A.

(2009) Interactions between climate change, fire regimes

and biodiversity in Australia – a preliminary assessment.

Macro-climatic gradients and tree growth

Global Ecology and Biogeography, 23, 925–934, © 2014 The Authors.
Global Ecology and Biogeography published by John Wiley & Sons Ltd

933



Department of Climate Change and Department of the Envi-

ronment, Water, Heritage and the Arts, Canberra.

Wright, I.J., Reich, P.B., Westoby, M. et al. (2004) The worldwide

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

Zhang, Y.J., Xu, M., Chen, H. & Adams, J. (2009) Global pattern

of NPP to GPP ratio derived from MODIS data: effects of

ecosystem type, geographical location and climate. Global

Ecology and Biogeography, 18, 280–290.

Zhao, M.S. & Running, S.W. (2010) Drought-induced reduction

in global terrestrial net primary production from 2000

through 2009. Science, 329, 940–943.

Additional references may be found at the end of Appendix S4

in the online version of this article.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s web-site.

Appendix S1 Correlation coefficients between diameter incre-

ment and climatic variables.

Appendix S2 Growth response to mean annual temperature

within water availability classes, derived using generalized addi-

tive models.

Appendix S3 Species growth summary.

Appendix S4 Calculation of above-ground biomass increment

for an average tree under current conditions and in the year

2070.

BIOSKETCH

David Bowman holds a research chair in

Environmental Change Biology in the School of

Biological Sciences at the University of Tasmania. The

primary motivation for his research is understanding

the effects of global environmental change, natural

climate variability and Aboriginal landscape burning on

bushfire activity and landscape change across the

Australian continent.

Author contributions: D.M.J.S.B. conceived and led the

project and wrote the manuscript together with L.D.P.;

L.D.P. also checked and analysed the data; G.J.W. con-

structed the dataset and performed the G.I.S. analyses;

R.J.K. contributed to the conceptual development of the

study, facilitated data acquisition and contributed to

writing of the manuscript.

Editor: Thomas Gillespie

D. M. J. S. Bowman et al.

Global Ecology and Biogeography, 23, 925–934, © 2014 The Authors.
Global Ecology and Biogeography published by John Wiley & Sons Ltd

934


