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What are the health impacts from climate 
change of most concern?

1. Declines in forest productivity  
a. reduced growth rates and / or

b. increased mortality rates

2. Shifts in species composition

3. Permanent loss of forests



Climate change impacts on forest productivity: 
state of play in 2012

• Model simulations were the primary source of information - bias 
towards plantations

• Mortality risk important but poorly predicted – lack of observations

• CO2 fertilization effect important but evidence lacking

• Productivity predicted to increase in cooler parts of Australia in 
areas where water is not limiting

• Global warming trends between 1994-2012 were partially masked 
(IPCC 6) – coincided with the period when Tasmania’s hardwood 
plantation estate was being established



IPCC  6th Assessment 
Report

• Much higher level of certainty 
of earth system processes 
affected by global warming

• Models are now providing a 
much better representation of 
the physical, chemical  and 
biological processes

• Simulations of future conditions 
strengthened by constraining 
models with past observations

“It is unequivocal that 

human influence has 

warmed the 

atmosphere, ocean and 

land”



The last decade: 
temperature

• Rapid warming

• Record high temperatures

• December 2018

• Record heatwaves

• March 2013

• November 2017
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Three hottest years on record

Bureau of Meteorology maximum 
temperature anomalies for Tasmania



The last decade: 
rainfall

• Drying trend (since 2000)

• Record droughts (6mo)
• Spring-summer 2015

• Winter – spring 2017

• Summer-autumn 2021-22

• Compound events 
(drought x heatwave)
• November 2017
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The last decade: forest 
measurements during 
extreme events

• Commissioning of the Warra Flux 
Tower in 2013

• Establishment of Warra Supersite in 
2013
• Contributed to several national 

ecosystem studies 

• Opportunistic field measurements 
during extreme events

• Retrospective analyses of past 
forest mortality events

Keith Bloomfield (ANU) 
making gas exchange 
measurements on main 
tree species at Warra

80-m tower at Warra 
equipped with instruments to 
measures carbon, water and 
energy exchanges between 
the forest and atmosphere



The observations

1. Long-term monitoring of change



Impact of slow, progressive change in climate

David Bauman et al. 2022. Tropical tree mortality has 

increased with rising atmospheric water stress. 

Nature, 2022 May 18: 1-6.

Evidence from 50 years of measuring forest growth plots in tropical rainforest 

• Annual mortality rate 1984-2020 has 
doubled

• Explained by increase in VPD (drying 
power of the atmosphere)



What happens when mortality rate doubles?

David Bauman et al. 2022. Nature, 2022 May 18: 1-6.

• ΔBA(mortality) > ΔBA(growth)

• (-230 m2/ha)  (+114 m2/ha)

• Stand basal area declines 
(12%)



Climate change along macroecological gradients

• Most temperate eucalypt forests are above the 
MAT for maximal growth rates (11C)

• Calculate a 22% decline in productivity with
3 C of warming (no change in rainfall)

Dave Bowman et al. 2014. A warmer world will reduce tree growth in evergreen 

broadleaf forests: evidence from Australian temperate and subtropical eucalypt 
forests. Global Ecology and Biogeography, 23(8): 925-934.

Largest trees in forest show greatest 
growth declines as temperature warms

Lynda Prior et al. (2014) Big eucalypts grow more slowly in a warm 
climate: evidence of an interaction between tree size and 
temperature. Global Change Biology, 20(9): 2793-2799.



The observations

2. Responses to heatwave events



Heatwave anomalies - Southern Australia 

Getting more heatwave days / 
year and heatwave days are 
getting hotter (measured by 
cumulative C above 90th

percentile temperature for site), 
particularly in southern Australia

Sarah Perkins-Kirkpatrick and Sophie Lewis 2020. Increasing trends in regional 
heatwaves. Nature communications, 11(1): 1-8.



Coupled response:

1. Water-limited sites
• GPP declines 

• ET declines

2. Non-water-limited sites
• GPP increases

• ET increases

Determined by changes in stomatal 
conductance to regulate water loss

2012-2013 “Angry Summer” heatwave

Eva van Gorsel et al. (2016) Carbon uptake and water use in woodlands and forests in southern Australia during an extreme heat wave 
event in the “Angry Summer” of 2012/2013. Biogeosciences, 13(21): 5947-5964.

Anne Griebel et al. (2020) Trading water for carbon: Maintaining photosynthesis at the cost of increased water loss during high 
temperatures in a temperate forest. Journal of Geophysical Research: Biogeosciences, 125(1): e2019JG005239.
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November 2017 heatwave in Tasmania: 
1. Temperature conditions November 2017 heatwave:

• Tasmania-wide

• Protracted – 3 weeks of 
above-average temperatures

• Two embedded heatwaves 
(HW1 and HW2)

• Maximum temperatures of 
10/21 days above 90th

percentile

• Very different to extreme 
high temperature heatwaves 
of the Australian mainland

Tim Wardlaw (2022) Eucalyptus obliqua tall forest in cool, temperate Tasmania becomes a 
carbon source during a protracted warm spell in November 2017. Scientific Reports, 12: 2661
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November 2017 heatwave in Tasmania: 
2. Average carbon fluxes

Compared with the same period 
in 2016, the November 2017 
heatwave saw:

• Significant drop in gross 
primary productivity (GPP)

• Significant increase in 
ecosystem respiration (ER)

• Net productivity (NEE) 
changed from source to sink

Tim Wardlaw (2022) Eucalyptus obliqua tall forest in cool, 
temperate Tasmania becomes a carbon source during a 
protracted warm spell in November 2017. Scientific Reports , 12: 
2661
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November 2017 heatwave in Tasmania: 
3. Cumulative carbon losses or gains

Tim Wardlaw (2022) Eucalyptus obliqua tall forest in cool, temperate 
Tasmania becomes a carbon source during a protracted warm spell in 
November 2017. Scientific Reports , 12: 2661

Over the 3-week heatwave the forest:

• Switched from CO2 sink – taking up 
about 1 tonne C /ha – to a CO2

source – losing about 2.6 tonnes 
C/ha

• Rapidly transitioned back to CO2

sink when heatwave ended

= STRONG POSITIVE FEEDBACK TO 
WARMING (the downside of being a 
highly productive forest)



Reduction in GPP was NOT as a consequence of 
stomatal regulation to reduce water loss
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Tim Wardlaw (2022) Eucalyptus obliqua tall forest in cool, temperate 
Tasmania becomes a carbon source during a protracted warm spell in 
November 2017. Scientific Reports , 12: 2661

• Significant reduction in GPP in 
late-morning and afternoon 
during the heatwave

• No corresponding reduction in 
canopy conductance in the 
same period during the 
heatwave 

What’s going on?

2016

2017

GPP GT



Optimum temperature for productivity of the forest 
is related to the historical temperature of the site

Warra

The E. obliqua tall forest at 
Warra has a low optimum 
temperature for productivity 
(16C)

Warra



Sensitivity of forest productivity to deviations from 
optimum temperature

Alison Bennett, et al. (2021) Change Biology, 27: 
4727- 4744

E. obliqua tall forest at Warra 
groups with tropical rainforests. 
In each, productivity declines 
steeply as temperature 
deviates from the optimum



November 2017 heatwave in Tasmania: 
Revisiting the temperature conditions

Wardlaw (2022) Eucalyptus obliqua tall forest in cool, temperate Tasmania becomes a carbon 
source during a protracted warm spell in November 2017. Scientific Reports, 12: 2661
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Daytime temperatures at 
Warra were above the 
optimum temperature for 
GPP 75% of the time during 
the November 2017 
heatwave



Decoupling of GPP and ET

1. Water-limited forests at very 
high temperatures

Christopher Krich et al. (2022) Decoupling between ecosystem 
photosynthesis and transpiration: a last resort against 
overheating. Environmental Research Letters. 17: 044013.

2. Non-water-limited forests at 
lower temperatures (but above 
optimum for that site)

Tim Wardlaw (2022) Eucalyptus obliqua tall forest in cool, 
temperate Tasmania becomes a carbon source during a 
protracted warm spell in November 2017. Scientific Reports, 
12(1): 1-12.

Challenging the universality of the coupled model 
for describing the response of GPP and transpiration
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Australia’s official models only configured for 
coupled response between GPP-ET in forests

Predict increased CO2

removals by forests 
with warmer 
temperatures on non-
water-limited sites 



A decoupled response to heatwaves in Tasmania’s 
non-water-limited forests is consequential
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UNESCO top five properties for 
total amount of carbon taken up 
by forests annually

Based on data in UNESCO, WRI and IUCN (2021) World Heritage Forests: 
Carbon sinks under pressure. Paris, UNESCO 
Nancy Harris et al. (2021) Global maps of twenty-first century forest 
carbon fluxes. Nature Climate Change, 11: 234-240

• 21 Million tonnes CO2e/year

• ACCU spot price (July 2022) 
$29/tonne CO2e

• $609,000,000 / year

• Approx 6% decrease in carbon uptake 
for each C increase in temperature
= $36 M per annum decline in value 
per C (in the 50% of Tasmania’s tall 
eucalypt forest in the TWWHA)



The observations

3. Responses to drought events



Changes in the 
occurrence of droughts

CSIRO & Bureau of Meteorology (2020) State of the 
Climate.

Strong trend of declining 
Oct-Apr rainfall in SE 
Australia (esp. Tasmania) 
since 2000



New insights into why trees 
die during droughts

• Trees rely on continuous water 
columns in xylem cells to transport 
water to the crown

• As drought develops, water columns 
are under increasing tension

• Too much tension causes water 
columns to break and form gas 
bubbles (embolisms), which reduce 
hydraulic conductance

• If hydraulic conductance drops below 
a threshold value trees die Brendan Choat et al. (2018) Triggers of tree mortality 

under drought. Nature, 558(7711): 531-539.



Dry sclerophyll woodland 

(Overstorey: Eucalyptus pulchella, Acacia mearnsii, Allocasuarina
verticellata, Callitris rhomboidea. Understorey: Leptecophylla divaricate, 
Micrantheum hexandrum, Bursaria spinosa, Melaleuca pustulata) 

2015 spring-summer drought Lost Fall Ck 

Peter Skelton et al. (2017) Gas exchange recovery following natural 
drought is rapid unless limited by loss of leaf hydraulic conductance: 
evidence from an evergreen woodland. New Phytologist, 215(4):1399-
1412.

Extreme drought – Standardised Precipitation 
Evaporation Index below the 2nd percentile



2015 spring-summer drought 

Peter Skelton et al. 2017. New Phytologist, 215(4):1399-1412.

• Hydraulic safety margins varied 2-fold among species

• Rapid recovery of sapflow / photosynthesis after drought ended 
for species who’s MD did not decline to P50 level

• Most vulnerable species – A. mearnsii, E. pulchella – minimum 
midday leaf water potential (MD) reached their P50 value by end 
of drought. Slower recovery of sapflow / photosynthesis after 
drought ended in some individuals



2017-2019 drought northern NSW

Rachael Nolan et al. (2021) Hydraulic failure and tree size linked with canopy die‐back 
in eucalypt forest during extreme drought. New Phytologist, 230(4): 1354-1365.



P88

P50

Rachael Nolan et al. (2021) New Phytologist, 230(4): 
1354-1365.

2017-2019 drought northern NSW

• P50 differentiates “low 
impact” trees from trees 
with obvious crown damage 

• Differences in stem water 
potential corresponding to 
P50 consistent with level of 
aridity of sites occupied by 
the three eucalypt species



Vulnerability to drought injury increases from arid 
sites to mesic sites: main tree species of forests

• Forests from mesic 
environments have a low 
safety margin for hydraulic 
failure. 

• Mesic forests vulnerable to 
drought events

Glob.Ch.Biol., 27(15): 3620-3641



Vulnerability to drought injury increases from arid 
sites to mesic sites: E. obliqua progeny

Carola Pritzkow et al.  2020. Phenotypic plasticity and genetic 
adaptation of functional traits influences intra-specific variation in 
hydraulic efficiency and safety. Tree Physiology, 40(2): 215-229.

Hydraulic vulnerability (P50

and  P88) of E. obliqua 
seedlings increased as MAP of 
the site of their origin 
increased



New Phytologist, 230: 1844-1855

Sensitivity of photosynthesis to leaf water potential

Trade-off between maintaining 
high rates of photosynthesis and 
drought sensitivity in forest species 
from mesic environments



1. Measurement of the amount that stem hydraulic 
conductivity has been reduced during drought 
can predict if a plant will / will not recover when 
drought breaks
• Recovery likely if reduction in hydraulic conductivity < 

50%

• Death is likely once loss of hydraulic conductivity > 88%

NB. Models not yet able to predict if mortality will / 
will not occur in a drought event (Martin de Kauwe et al. 
(2020) Global Change Biology, 26(10): 5716-5733)

Drought – what our observations tell us

Image from Nolan et al (2021)



2. a. Hydraulic vulnerability 
of a species relates to the 
aridity of site where the 
species grows

b. Traits determining 
hydraulic vulnerability 
under strong genetic 
control

Drought – what our observations tell us

From Peters et al. (2021) 



3. Commercially important 
eucalypt species in Tasmania 
have low hydraulic safety 
margins – they are vulnerable 
to drought damage

Drought – what our observations tell us

Mortality of E. nitens at Blackwood Creek after 2007 
drought



The observations

4. Responses to combined events



Heatwave + drought = hot and 
dry compound events

All CMIP6 models and 
emissions scenarios predict 
more frequent hot and dry 
compound events over the 
remainder of the century, 
particularly in southern 
Australia (including 
Tasmania)

Nina Ridder et al. (2022) High impact compound events in Australia. Weather and Climate 
Extremes, 36: e100457.



Mass tree mortality events can be described by a 
common threshold 

Mass mortality if….

• Rainfall deficit anomaly 
P0.02

• High temperature 
anomaly P0.02 
(mostly)

• One or more heatwaves 
during the event

Adapted from Table 1 in Mitchell et al. 2014



• Death of E. obliqua on floor of 
valleys in NE Tasmania after 1967 
compound event. 

• E. viminalis and E. sieberi on valley 
sides and ridges were unaffected

Tasmanian examples of 
compound events: 
1. Gully dieback

Rainfall well below 
average 6mo to Feb 1967

Maximum temperatures 
above average in Feb 1967



Intensification of crown dieback and 
mortality of E. obliqua and E. 
regnans regrowth forests in 
southern Tasmania

Tasmanian examples of 
compound events: 
1. Regrowth dieback

Rainfall well below 
average 6mo to Jun 1972

Maximum temperatures well 
above average in Feb 1972

Tim Wardlaw (1989) Management of Tasmanian forests 
affected by regrowth dieback. New Zealand Journal of 
Forestry Science, 19(2/3): 265-76.



Leaf death, kino bleeding (ginger 
tree symptom) and mortality of E. 
viminalis in NE (including within 
the “White Knights” stand at 
Evercreech Forest Reserve

Tasmanian examples of 
compound events: 
3. Ginger tree

Rainfall lowest on record 
for 6mo to Nov 2017

Maximum temperatures 
hottest on record in Nov 2017

Image from “The death of a giant”. National Eucalypt Day 
Special  video. The Tree Projects and Eucalypts Australia



Mass tree mortality from 
compound climate events, in 
the absence of disturbance 
(usually fire), causes 
permanent loss of forest cover

Long-term forest loss from 
mass mortality events

Long dead E. obliqua in valley bottoms in NE. 
Tasmania following mass mortality from the 
compound (drought + heatwave) event in 1967 



1. Climate

a. Heatwaves will occur more frequently and have a higher intensity. 

b. Droughts likely to increase in association with trend of declining Oct-Apr 
rainfall

c. Combined events will occur more frequently in line with increased frequency 
of hot and dry extremes

The current state of our understanding



2. Native forests (moist areas)

a. Slower growth rates with warming temperatures and more heatwaves. 
Evidence from: (i) macroecological gradient studies; (ii) flux measurements 
(the Tasmanian anomaly)

b. Less recruitment of large trees with warming temperatures. Evidence from 
macroecological gradient studies

c. Higher mortality rates with warming temperatures, more heatwaves and 
declining rainfall. Evidence from: (i) drought vulnerability studies; (ii) 
retrospective analysis of past mass die-off events

The current state of our understanding



3. Native forests (dry areas)

a. Slower growth rates with warming temperatures and more heatwaves. 
Evidence from: (i) macroecological gradient studies; (ii) flux measurements 
(Australian mainland sites)

b. Higher mortality rates with warming temperatures, more heatwaves and 
declining rainfall. Evidence from: (i) drought vulnerability studies; (ii) 
concurrent measurements during extreme events; (iii) retrospective analysis 
of past mass die-off events

The current state of our understanding



4. Plantations

a. Growth rate responses to warming temperatures and more heatwaves are 
uncertain. Limitations of past modelling remain - need observations. 

b. Higher mortality rates with warming temperatures, more heatwaves and 
declining rainfall, particularly in E. nitens. Evidence from: (i) hydraulic 
vulnerability studies; (ii) retrospective analysis of past events

The current state of our understanding



1. Changing risks (recurrence and severity of extreme events)

2. Productivity changes in future yield and value (wood, carbon, natural 
capital) of estates.

3. Mass die-off events

QUANTIFY

EVALUATE RESPONSE OPTIONS 

DEVELOP AND DEPLOY ADAPTATION AND MITIGATION MEASURES

Implications



Thank you

Recent synthesis
Tim Wardlaw (2021) The effect of climate change on the health and productivity 
of Australia’s temperate eucalypt forests. Australian Forestry, 84(4): 167-170

timothy.wardlaw@utas.edu.au



• Effectively communicate defensible science of climate change effects in forests to 
the public

• Underpin climate change forest policy (including carbon accounts) with locally-
relevant, and defensible, peer-reviewed science

• Incorporate update knowledge of climate vulnerability in risk assessments for 
afforestation / reforestation / regeneration decisions

• Regenerate new forests that are more resilient to warmer climate than previous 
generations

• Technical and regulatory capacity, and willingness, to restore forests in reserve 
areas that have been degraded by climate events

• Maintain ongoing supply of large trees that develop old-tree habitat features

Actions


