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Eucalyptus obliqua tall forest
in cool, temperate Tasmania
becomes a carbon source
during a protracted warm spell
in November 2017

Timothy J. Wardlaw

Tasmania experienced a protracted warm spell in November 2017. Temperatures were lower than
those usually characterising heatwaves. Nonetheless the warm spell represented an extreme anomaly
based on the historical local climate. Eddy covariance measurements of fluxes in a Eucalyptus obliqua
tall forest at Warra, southern Tasmania during the warm spell were compared with measurements

in the same period of the previous year when temperatures were closer to average. Compared with
previous year, the warm spell resulted in 31% lower gross primary productivity (GPP), 58% higher
ecosystem respiration (ER) and the forest switching from a carbon sink to a source. Significantly
higher net radiation received during the warm spell was dissipated by increased latent heat flux, while
canopy conductance was comparable with the previous year. Stomatal regulation to limit water loss
was therefore unlikely as the reason for the lower GPP during the warm spell. Temperatures during
the warm spell were supra-optimal for GPP for 75% of the daylight hours. The decline in GPP at Warra
during the warm spell was therefore most likely due to temperatures exceeding the optimum for GPP.
All else being equal, these forests will be weaker carbon sinks if, as predicted, warming events become
more common.

The capacity for many forests to take-up carbon is diminished during heatwaves'~. In most reported cases, this
diminution in carbon uptake is the consequence of the need to regulate stomatal conductance to reduce water
loss under drought conditions or high evaporative demand?~*. However, there are differences among forest eco-
systems in their response to heatwaves®. During one heatwave event in Australia for example, van Gorsel, et al.?
found the pattern of responses in carbon and energy fluxes in eucalypt dry sclerophyll forests and woodlands
across southern Australia differed from that of a tall eucalypt forest in south-eastern Australia. In water-limited
dry sclerophyll forests and woodlands, carbon uptake declined in concert with decreased evapotranspiration, as
evidenced by latent heat flux declining relative to sensible heat flux. The reverse occurred in the energy-limited
tall eucalypt forest during the heatwave—carbon uptake increased, and evapotranspiration remained high as
evidenced by latent heat flux increasing relative to sensible heat flux.

Patterns of carbon and energy fluxes during the heatwave event reported by van Gorsel, et al.* were consist-
ent with photosynthesis and transpiration being coupled through mechanisms of stomatal controls articulated
in® that regulate water loss and maintenance of intercellular CO, concentrations. However, measurements by
Drake et al.” on young Eucalyptus paramattensis trees housed within whole-tree growth-chambers, suggested
photosynthesis and transpiration could become decoupled during extreme heatwave conditions (maximum air
temperatures of 43-44 °C over four days). De Kauwe, et al.® were unable to show conclusively that carbon and
energy fluxes decoupled in forest ecosystems experiencing extreme heatwaves (consecutive days with maximum
temperatures > 35 °C). One of the reasons the authors proposed for this was the possibility that atmospheric
demand associated with high vapour pressure deficits (VPD) during extreme heatwaves could cause the measured
increased transpiration even with decreased stomatal conductance.

The study of De Kauwe, et al.® excluded temperate forest sites in south-eastern Australia because they rarely
met or exceeded the threshold temperatures used as their heatwave definition. Perkins and Alexander® argue
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Figure 1. Daily maximum temperatures recorded at Cape Bruny Lighthouse during the 2017 warm spell
(10-30th November) and the month either side (shaded). Average daily maximum temperatures during the
period are plotted together with the average and 90th percentile values for those days calculated from long-term
(1923-2020) records.

against simply describing extreme heatwave events in terms of consecutive days above a threshold temperature
because they do not properly account for the regional differences in historical climates. Instead, they advocate
regionally adjusted metrics such as consecutive days that exceed the 90th percentile value for the calendar day.
Such regionally adjusted metrics should also better account for any local adaptation by the forest to the regional
climate.

Optimum temperature for the gross primary productivity (GPP) of a forest has been shown to vary according
to the historical climate of the forest site'°!2. When the thermal optimum for GPP is exceeded, the net carbon
balance of the forest rapidly declines because GPP decreases in concert with increasing ecosystem respiration'?.
In Australia, the most productive forest ecosystems occur in high rainfall areas at either end of a temperature
gradient'. On mesic sites in the cool, temperate regions of south-eastern Australia, high forest productivity
coincides with low temperature optimum for GPP'2. While van Gorsel, et al.> detected no decline in GPP dur-
ing a heatwave event in 2012-2013 in one temperate eucalypt forest on a mesic site, it was the only such forest
included in that study. There is a need for more observations of the GPP response to heatwaves of eucalypt forests
growing on mesic sites.

The entire state of Tasmania experienced record-breaking heatwave in November 2017'°. The Warra
Supersite!*!6, part of Australia’s Terrestrial Ecosystem Research Network, and situated near the southern extent
of the tall eucalypt forests in Australia, became operational in March 2013. Meteorological and micro-meteor-
ological instruments installed on an 80-m tower above a E. obliqua tall forest at the Warra Supersite, monitored
carbon, water and energy fluxes during the 2017 heatwave. Here I report the measured response of a E. obliqua
tall forest in southern Tasmania to the 2017 heatwave and compare it with those previously reported for heat-
waves in other temperate eucalypt forests.

Results

Analysis of historical heatwaves in southern Tasmania. Over nearly a century of measurements, 99
in-growing-season (Austral spring-summer) heatwave events have been recorded at Cape Bruny Lighthouse
(59 km southeast of Warra Supersite). Two of those events occurred in November 2017: 17th-19th and 21st-
23rd. Those two events were embedded within a protracted warm period extending from 10th to 30th November
during which all but one day exceeded the average daily maximum temperature and ten days had maximum
temperatures that matched or exceeded the 90th percentile values (Fig. 1) for their calendar days. The depar-
ture from average temperatures during the 21-day warm spell in November 2017 was the largest on record
(z-score =3.86, equating approximately to a 1 in 800 year event). Despite this, there were no days where maxi-
mum temperature exceeded 30 °C: more than half of the 99 heatwave events recorded at Cape Bruny Lighthouse
were hotter than the two November 2017 events. Hereafter, the November 2017 warm spell with embedded
heatwaves is referred to simply as the “warm spell”. Temperatures leading up to the warm spell and in the week
following the warm spell were much cooler, with many days below the long-term average (Fig. 1).

The average daily maximum temperature during the same period (10-30 November) in 2016 was a much
milder 16.6 °C. While slightly above the long-term average (1923-2020) of 15.9 °C for this period at the Cape
Bruny Lighthouse, the maximum temperatures in 2016 were not significantly different from the long-term
average (z-score=0.55). Accordingly, 10-30 November 2016 was used to represent baseline conditions and was
referred to as the “comparison period”.

Weather conditions at Warra Supersite during the warm spell. The forest received significantly
more incoming shortwave radiation (Fsd) during the warm spell (F, 4=8.12; MSE=13.2; P=0.007), equating to
a 32% increase in Fsd compared with comparison period (Fig. 2a). Unsurprisingly, it was significantly warmer
during the warm spell (F, 4, =46.1; MSE=5.9; P<0.001). More than 75% of the 30-min daytime temperature
records during the warm spell exceeded 15 °C, whereas only about 24% exceeded 15 °C in the comparison
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Figure 2. Climate conditions at Warra Supersite during the 2017 warm spell and the 2016 comparison period.
Plots of daily averages or sums for the period (10-30 November), are shown for: (a) average total daily incoming
shortwave radiation (with 95% least significant difference error bars); quantile plots of 30-min averages of (b) air
temperature and (c) vapour pressure deficit; and (d) box and whisker plot of average daily soil water content.

period (Fig. 2b). Despite the general warming in the warm spell, only six 30-min periods had air temperature
of 30 °C or more. In parallel with temperature, vapour pressure deficit (VPD) was significantly higher during
the warm spell than the comparison period (F, 4=6.3; MSE=0.26; P=0.017 for log-transformed data). Despite
being higher during the warm spell than the comparison period, VPDs were still relatively low—only sixteen
30-min periods during the warm spell had a VPD of 3 kPa or more (Fig. 2c). The soils at Warra were significantly
drier during the warm spell (Kruskal-Wallis statistic =30.8; P<0.001) than the comparison period (Fig. 2d) but
nonetheless did not drop below 20% water content.

Examination of the antecedent climate in the 10 weeks prior (September 1-November 9) to the warm spell
found Fsd and VPD conditions were comparable with the same period in 2016. Daytime air temperatures in
2017 were slightly, but significantly, lower (Kruskal-Wallis statistic = 5.98; P=0.014) and had significantly more
extreme values (Kolmogorov-Smirnov statistic =2.26; P<0.001) than in 2016. Soils were significantly drier
in 2017 than 2016 (Kruskal-Wallis statistic=30.8; P<0.001), but again did not drop below 20%. Subsequent
climate conditions in the month after the warm spell (1-31 December) had Fsd, daytime temperature and
VPD measurements that were comparable with the month after the comparison period. Soil moisture remained
significantly lower in the month after the warm spell than the month after comparison period (Kruskal-Wal-
lis=1362; P<0.001).

Turbulent fluxes at Warra Supersite during the warm spell.  Energy balance closure tests how well
the requirement for conservation of energy has been satisfied by energy flux measurements at the site, and by
extension turbulent fluxes overall. Closure of energy balance requires the available energy (net radiation (Fn)
less the energy absorbed by, and lost from, the ground -the ground heat flux (Fg)) is fully dissipated through
latent heat, (Fe), the energy involved in evaporating water (including by transpiration) and sensible heat, (Fh),
the energy involved in heating air. This was tested by regressing the sum of Fe and Fh against the available
energy, Fn-Fg. Full closure of the energy balance is reflected by a linear regression that has a slope of 1 and a
y-axis intercept of 0. The slopes of the regressions of Fe + Fh versus Fn-Fg (after forcing the y-axis intercept to 0)
during the warm spell and the comparison period were 0.68 (R*=0.91) and 0.66 (R?>=0.90), respectively. While
66-68% closure is less than ideal, the energy balance closure was comparable between the two periods. Energy
balance closure increased to 74% for the warm spell and 69% for the comparison period when energy storage in
aboveground biomass was accounted for according to the method of!”.
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Figure 3. Average of daily carbon fluxes at Warra Supersite during the 2017 warm spell and the 2016
comparison period. The carbon fluxes have been partitioned into gross primary productivity (GPP), ecosystem
respiration (ER) and net ecosystem exchange (NEE). 95% least significant difference (LSD) of means for each
of the three component fluxes are shown. For each variable, differences between years that were statistically
significant (P<0.05) were indicated by different letters above the LSD bars.

Relative to the comparison period, the warm spell had significantly lower average daily gross primary produc-
tivity, GPP, (F, 4=8.9; MSE =7894; P=0.005); significantly higher average daily ecosystem respiration, ER, (F, 4
=28.9; MSE =6439; P<0.001); and, significantly lower average daily net primary productivity, NPP, (F, 4,=28.9;
MSE=16,741; P<0.001) (Fig. 3). Over the duration of the warm spell, the cumulative GPP was 320 g C/m*—31%
less than the cumulative GPP for the comparison period (Fig. 4). The cumulative ER over the 21 days of the warm
spell was 582 g C/m?, an increase of 58% compared with the cumulative ER for the comparison period (Fig. 4).
The combined effect of the lower GPP and the higher ER during the warm spell was to switch the forest at Warra
from a carbon sink with an uptake of 99 g C/m? over the 21 days in the comparison period to a carbon source of
261 g C/m? during the warm spell (Fig. 4). This equated to a change in NEE of 360 g C/m?.

During the 10 weeks prior to the warm spell, GPP was significantly lower (F, ;33=>5.31; MSE =6320; P=0.023)
than the same period in 2016, which was reflected in 12% reduction in GPP (1283 vs. 1455 g/m?). ER and NPP
in the 10 weeks prior to the warm spell were not significantly different to the same period in 2016. In the month
following the warm spell, the forest returned to being a net carbon sink—NEE returned to levels that were not
significantly different from those recorded in 2016 (Kruskal-Wallis test statistic =0.42; P=0.84).

The net radiation (Fn) received during the daytime hours of the warm spell exceeded that of the comparison
period, particularly during the morning where the differences reached statistical significance (Fig. 5). Similarly,
latent heat fluxes (Fe) during the daytime of the warm spell exceeded those of the comparison period, with those
exceedances reaching statistical significance during the middle of the day and afternoon (Fig. 5). In contrast,
daytime sensible heat fluxes (Fh) during the of the warm spell were comparable with the comparison period.
Significant differences in Fh only occurred at night when Fh fluxes were minimal (Fig. 5). Ground heat flux was
significantly higher during the daytime and evening hours of the warm spell than the comparison period, how-
ever the fluxes were small in absolute terms compared with Fn, Fe and Fh (Fig. 5). In summary, the additional
net radiation received during the warm spell was dissipated through increases in latent heat rather than sensible
heat. Reflecting this, the daytime Bowen ratio (Fh/Fe) was significantly lower in the warm spell than it was dur-
ing the comparison period (t=3.41, P<0.001). In contrast, daytime canopy conductance during the warm spell
was not significantly different from that of the comparison period (t=0.72, P=0.47).

For both the warm spell and comparison period, the diurnal pattern of both GPP and canopy conductance
tracked incoming shortwave radiation, while ecosystem respiration tracked air temperature (Fig. 6a,b). Signifi-
cantly, the diurnal pattern of canopy conductance did not correspond well with that of vapour pressure deficit,
with the latter showing strong afternoon divergence between the warm spell and comparison periods that was
not apparent in canopy conductance. Canopy conductance, for both the warm spell and comparison period,
quickly increased during the morning, peaking mid-morning, and then slowly declined through the middle of
the day and afternoon (Fig. 6b). GPP for both the warm spell and comparison period increased quickly for the
first two 2-h periods in the morning. By late morning though, GPP during the warm spell dropped sharply from
that of the comparison period, and that drop in GPP persisted through the afternoon (Fig. 6b). The late-morning
and afternoon drop in GPP during the warm spell corresponded with average air temperatures reaching 19.8 °C
or more (Fig. 6a,b).
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Figure 4. Cumulative fluxes of carbon measured at the Warra Supersite between 1 September and 31 December
in 2016 and 2017. The carbon fluxes have been partitioned into gross primary productivity (GPP), ecosystem
respiration (ER) and net ecosystem exchange (NEE). The 10-30 November period corresponding to the 2017

warm spell is unshaded.

2016 2017

Energy flux (W m2)

-200 A

-300 -
1:00 3:00 5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00 21:00 23:00

Hour of day (hh:mm)

Figure 5. Diurnal plot of 2-hourly averages of component energy fluxes during the November 2017 warm spell
and 2016 comparison period. Component fluxes that are significantly different (P<0.05) between years at a time

period are indicated with enlarged and filled point symbols.

Discussion
Compared with same period in the preceding year, the November 2017 warm spell at Warra resulted in a reduc-

tion in GPP of 31%; an increase in ER of 58%; the forest switching from a sink to a source; a decrease in the
Bowen ratio, and the maintenance of high canopy conductance. This combination of responses during such mild
heatwave conditions have not been reported previously. Temperatures during the warm spell and embedded
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Figure 6. Diurnal plots of 2-hourly averages during the November 2017 warm spell (solid lines) and the 2016
comparison period (dotted lines) for: (a) the climatic variables of incoming shortwave radiation (black lines
and circle symbols), air temperature (orange lines and triangle symbols) and vapour pressure deficit (blue lines
and square symbols); and (b) the physiological variables of GPP (black lines and circle symbols), ER (orange
lines and triangle symbols) and canopy conductance (blue lines and square symbols). Filled symbols indicate
variables that are significantly different (P <0.05) between years for the 2-h period shown.

heatwaves in southern Tasmania were mild relative to those recently documented for other heatwaves affecting
forest ecosystems in the southern Australian mainland®®'®. This reflected the method used to determine heat-
waves in this study—three consecutive days with temperatures above the 90th percentile value for that calendar
period—as proposed by Perkins and Alexander’—rather than continuous days above an absolute temperature
threshold. In this context, the warm spell was of exceptional severity, locally, and eclipsed previous records for
the state by a large margin'®. So, even using a less stringent definition of a heat-wave, the changes in carbon
fluxes were large.

Eucalypt-dominated ecosystems can change from a carbon sink to carbon source during heatwaves as the
result of increased ER alone, or the combination of increased ER and reduced GPP. Increased ER was the sole
driver of the forest ecosystem switching from a carbon sink to a source during a heatwave in the case of Euca-
lyptus spp. at Wombat Forest during the January 2014 heatwave'® and E. delegatensis at Tumbarumba during
the 2012-2013 heatwave’. The combined effect of increased ER and decreased GPP in causing a switch from a
carbon sink to a source during heatwaves has been reported in eucalypt dry sclerophyll forests and Mediterranean
woodlands in during the 2012-2013 heatwave across southern Australia’; in young E. parramattensis during an
induced heatwave’; E. moluccana/E. fibrosa at Cumberland Plains during summer months'.

Declines in GPP during heatwave events in Australian eucalypt forests are believed to involve regulation of
stomatal conductance to limit water loss when soils are dry*'® and/or when VPDs are very high®”%. The decline
in GPP during the warm spell at Warra was different. The E. obliqua tall forests at Warra are among the most
mesic of Australia’s forests?® and as a result have sacrificed hydraulic safety*! to maintain high rates of photosyn-
thesis across the range of leaf water potentials typically encountered. Soil moisture was not limiting at Warra
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during the warm spell; VPDs did not reach high values and canopy conductance remained comparable with the
much milder conditions during the comparison period. These moisture conditions during the warm spell when
considered in the context of our knowledge of the response of photosynthesis to water potential in E. obliqgua
suggests it was unlikely stomatal regulation to limit water loss was activated during the warm spell.

GPP declines in eucalypt ecosystems that coincide with reduced latent heat flux, and attributed to low soil
moisture, typically report soil water contents of less than 10%'%. Soil water content at Warra did not drop below
20%. This was comparable with, or higher than, soil water content reported for heatwave events at Tumbarumba
in 2012-2013% and Wombat Forest in 20148, High latent heat fluxes were sustained during those heatwaves
at Tumbarumba and Wombat Forest as they were at Warra, but in contrast with Warra the forests showed no
declines in GPP.

Declines in GPP during heatwaves in eucalypt ecosystems that are attributed to VPD-mediated reductions in
stomatal conductance report VPD values that approach, or exceed, 6 kPa, typically when temperatures exceed
40 °C*7. In contrast to these extreme heatwaves, conditions were much less severe during the warm spell—VPD
rarely exceeded 3 kPa and the maximum VPD was only 3.3 kPa. This was also well below the average VPD
(4.5 kPa) reported by Griebel et al.'® during the heatwave and the hottest days of summer months between 2013
and 15 at Wombat Forest where both sapflow and latent heat fluxes increased relative to baseline. Finally, the
strong afternoon decline in GPP during the warm spell, which was not accompanied by reductions in canopy
conductance (relative to the comparison period), is compelling evidence that VPD-driven stomatal regulation
was not responsible for the reductions in GPP during the warm spell at Warra.

Estimation of canopy conductance is based on transpiration, not evapotranspiration as was done in this study.
It was not possible to partition evapotranspiration into evaporation and transpiration components, although
soil evaporation was likely to be small relative to transpiration based on measurements in a similar forest in
Victoria®. Soil moisture was the main factor differing between the warm spell and the comparison period that
would affect soil evaporation. The soils were drier during the warm spell compared with comparison period. Drier
soils translate to a drier litter layer, based on?*, which is the major factor in reducing soil evaporation beneath
forest?. Accordingly, evaporation as a component of evapotranspiration, is expected to be lower during the
warm spell than the comparison period. This would translate to a divergence in daytime canopy conductance,
with that estimated for the comparison period declining relative to the warm spell.

Temperatures that are supra-optimal for GPP provide a simple explanation for the reduction in GPP measured
at Warra during the warm spell. Bennett et al.'? recently documented the GPP versus temperature relationship
for 17 eucalypt-dominated forest ecosystems in Australia. For each ecosystem, the GPP versus temperature
relationship was a convex parabola with the vertex corresponding to the optimum temperature (T,,) for GPP.
The T, of each ecosystem was linearly related to the historical daytime mean temperature of the ecosystem.
This matched the finding of Tan et al.!! for tropical rainforests. Bennett, et al.!* found the temperature optimum
for GPP at Warra was 16 °C—one of the lowest for the sites they examined. This reflected the relatively cool
climate in southern Tasmania. Nearly 75% of the 30-min average temperature records during daylight hours of
the warm spell were in the supra-optimal range. Bennett et al.'? also found that for Warra, together with tropical
rainforest sites, GPP showed a high temperature sensitivity (rate of decline in GPP as temperature departs from
the optimum) compared with other eucalypt forests in Australia. The causes of this higher temperature sensi-
tivity at Warra have not yet been determined. Many of the other temperate eucalypt sites examined by Bennett
et al. were water-limited, particularly during heatwave events as reported by® so that declines in GPP at higher
temperatures are likely mediated through diminished canopy conductance (inferred from very low latent heat
fluxes) rather than temperature, directly.

Based on the evidence presented, the E. obliqua tall forest at Warra switched from a strong carbon sink to a
source during the 2017 warm spell because daytime temperatures exceeded the site optimum temperature for
GPP for most of the three-week period. The reduction in GPP and the increase in ER during the warm spell indi-
cate their decoupling as described by Duffy et al."*. The antecedent conditions in 2017 resulting in reduced GPP
(compared with the same period in 2016) but not ER, is also consistent with'? and can be explained by a higher
frequency of daytime temperature extremes in 2017. Both extremes of temperature would cause reductions in
GPP but the reduced ER at low temperatures would cancel the increased ER at the high temperatures. The forest
was resilient to the warm spell and quickly recovered to being a carbon sink once temperatures moderated in
the subsequent month. Such resilience to transient heatwave events has been seen in other forests?®, but whether
such recovery confers longer-term advantages for coping with warmer temperatures, through acclimation, is
difficult to predict. Evidence is conflicting with some studies showing acclimation to warmer temperatures® -,
others do not>"*2. Recent studies have shown the forests at Warra showed an atypical lack of seasonal temperature
plasticity for photosynthesis®® and respiration® suggesting acclimation to warmer temperatures may be limited.
Further, there is some evidence that acclimation to warmer temperatures does not confer greater tolerance to
future heatwaves®.

Heatwave events will become more regular as temperatures increase, which may lead to the some existing
ecosystems becoming long-lasting carbon sources'. Persistent stagnation of growth as forests cross tipping points
of heatwave recurrence are starting to be reported?®. It is possible the tall eucalypt forests of southern Tasmania
have reached tipping points from warming temperatures in the past. A syndrome called “regrowth dieback”
expressed as stagnating growth and progressive dieback and eventual mortality of mid-aged and mature eucalypt
forest in Tasmania during the 1960-1980s was attributed to drought events. However, key events such as com-
mencement of declining growth rates linked to developing dieback symptoms in 1959*7 and an intensification
of regrowth dieback in 1972-1973 were also warm years embedded within a longer period of much warmer
growing season temperatures shown in temperature records from the Bureau of Meteorology’s Cape Bruny
Lighthouse station. It may be worthwhile revisiting forest inventory data that was collected from tall eucalypt
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forests in southern Tasmania during the 1950-1980 s and examining the development and intensification of
regrowth dieback through the lens of higher temperatures.

Based on the historical climate of southern Tasmania the 2017 warm spell was an exceedingly rare event. Such
events, however, will become more common as temperatures continue to increase and may result in Tasmania’s
existing tall eucalypt forests transitioning to become carbon sources in the future. The tall eucalypt forests in
Tasmania are among the most productive natural forest ecosystems globally and can store large amounts of
carbon*-*2. There would be many adverse consequences if these forests were to transition to long-lasting carbon
sources with warming temperatures, particularly if understorey species such as Nothofagus cunninghamii supplant
eucalypts to become the canopy-species. This has occurred previously in some eucalypt-dominated ecosystems in
Tasmania*** with the resultant forests having substantially lower carbon-carrying capacity*. While adaptation
options to reduce the risks of adverse effects of climate change have been evaluated for tall eucalypt forests*,
the direct effect of higher temperatures were not considered. Our understanding of the direct effect of warmer
temperatures on the productivity and ecological processes in tall eucalypt forests is currently rudimentary. This
will need to change, and quickly.

Methods

Site description. Warra Supersite, (Lat: 43° 5' 42” S; Long: 146° 39’ 16” E) is located on a floodplain of
the Huon River within the Warra Long Term Ecological Research site (https://warra.com/) 60 km southwest of
Hobart, Tasmania. The forest at the Supersite is a Eucalyptus obliqua tall forest with a canopy height of 50-55 m,
overtopping a 15-40 m tall secondary layer of rainforest and wet sclerophyll tree species. Ferns dominate the
ground layer. The forest is very productive with an aboveground biomass of 790 tonnes/ha'® and a leaf area index
of 5.7 m*/m?".

The Supersite is within the Tasmanian Wilderness World Heritage Area (TWWHA). That part of the TWWHA
experiences infrequent, but sometimes intense, wildfire. Except for a small proportion of mature (>250 years-old)
E. obliqua trees, the current forest resulted from seedling regeneration following the last major wildfire in that
part of the landscape in 1898. No timber harvesting has ever been done in the forest at the Supersite.

The climate at Warra is classified as temperate, with no dry season and a mild summer*. Mean annual rainfall
measured at the nearby Warra Climate Station (Bureau of Meteorology Station 097024) is 1736 mm and the
mean daily temperature is 14 °C and 5.6 °C in January and July, respectively. The soil at the site is a Kurosolic
Redoxic Hydrosol'®.

Analysis of historical heatwaves in southern Tasmania. Daily maximum temperature records from
the Bureau of Meteorology station at Cape Bruny Lighthouse (station number 94010) were extracted from the
Bureau of Meteorology’s online climate data portal (http://www.bom.gov.au/climate/data). Cape Bruny Light-
house is one of the 112 stations in the ACORN-SAT network of Australia’s reference sites for monitoring climate
change®. The station provides a record of daily maximum temperature measurements commencing in 1923 and
spanning almost a century. It is the southern-most station in the ACORN-SAT network; is 59 km south-east of
the Warra Flux Site; and bounds the south-eastern extent of E. obliqua tall forest in Tasmania.

Missing temperature measurements represented less than 0.6% of the 35,795 records collected at Cape Bruny
Lighthouse between January 1st 1923 and December 31st 2020. The missing measurements were gap-filled using
predicted values calculated from linear regression models constructed from measurements made at nearby
Bureau of Meteorology stations (listed in order of proximity to Cape Bruny Lighthouse and priority for gap-
filling)—Cape Bruny Automatic Weather Station (1997-present), Hastings Chalet (1947-1987) and Hobart-
Ellerslie Road (1892-present).

Average, standard deviation and 90th percentiles of daily maximum temperature were calculated for each
calendar day of the year. Further analysis of heatwaves was restricted to the period between the beginning of
August and the end of February. This period bounds the growing season of the forest at the Warra Supersite
when there is normally a net carbon gain by the forest (Wardlaw unpublished data). Heatwaves were identified
as three or more consecutive days with maximum temperatures that met or exceeded the 90th percentile value
sensu Perkins and Alexander®. For each heatwave event that was identified, the following three statistics were
calculated: (1) average daily maximum temperature during the heatwave; (2) summed departures (as standard
deviations) from average daily maximum temperature during the heatwave; (3) summed departures (as stand-
ard deviations) from average daily maximum temperature of the 21 day period centred on the middle day of
the heatwave. The November 2017 heatwave, as described by these three statistics, was ranked against all the
other heatwave events identified between 1923 and 2020 at Cape Bruny Lighthouse. In addition, the z-score was
calculated to measure the magnitude of the departure of the average daily maximum temperatures during the
November 2017 heatwave from the long-term average of this 21-day period. Those statistics were also calculated
for the same period in 2016.

Weather conditions at Warra Supersite during the 2017 warm spell.  Four attributes of weather
were used to describe the November 2017 warm spell—air temperature, vapor pressure deficit (calculated from
temperature and relative humidity), incoming shortwave radiation and soil moisture. Air temperature and rela-
tive humidity were measured using an HMP155A probe (Vaisala, Finland) and incoming shortwave radiation
was measured using a CNR4 radiometer (Kipp and Zonen, The Netherlands). Both instruments were mounted
80-m above ground level at the top of the Warra Flux tower. Data was processed to 30-min averages and logged
onto a CR3000 datalogger (Campbell Scientific, Logan, USA).

Soil moisture was measured by time-domain reflectometry using two CS616 soil moisture probes (Campbell
Scientific, Logan, USA) each installed at a depth of 20 cm. These probes were installed in two pits approximately
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40 m west of the tower. Soil moisture data were processed to 30-min averages and logged onto a CR1000 datalog-
ger (Campbell Scientific, Logan USA).

Turbulent fluxes at Warra Supersite during the November 2017 warm spell. Measurement of
turbulent fluxes (carbon, water and energy) were done by eddy covariance (EC) using a closed-path infra-red gas
analyser (Model EC155, Campbell Scientific Inc., Logan, USA) to measure CO, and H,O concentrations and a
3-D sonic anemometer (Model CSAT3A, Campbell Scientific Inc, Logan, USA) to measure turbulent wind vec-
tors and virtual air temperature. The sonic anemometer and infra-red gas analyser were mounted at 80-m above
the ground at the top of the Warra Flux tower. Storage of CO, and H,O beneath the forest canopy was measured
by a profile system (Model AP200, Campbell Scientific Inc, Logan, USA ), with sampling heights of 2, 4, 8, 16,
30, 42, 54, 70 m. Temperature sensors in aspirated shields (Model 110-ST, Apogee Instruments, Logan, USA)
were co-located with the CO,/H,O sample inlets of the profile system. High frequency (10 Hz) measurements
of turbulent fluxes were processed to 30-min averages in a datalogger (Model CR3000, Campbell Scientific,
Logan USA). High frequency (2 Hz) of CO, and water concentration measurements were processed to 15-s
averages sequentially for each profile sample height in a datalogger (Model CR1000, Campbell Scientific, Logan,
USA). Thus, each inlet was sampled for a 15 s interval every 2 min. The rate at which sub-canopy storage of CO,
changed was calculated from changes in the quasi-instantaneous (2-min) vertical profile concentrations beneath
the tower at the beginning and end of each 30-min flux averaging period using the method of McHugh™.

Soil heat flux (SHF) was measured to enable calculation of energy balance that was needed to partition energy
fluxes into latent and sensible heat. SHF was measured using five SHF plates (Model HFP01SC, Hukseflux, Delft,
The Netherlands) inserted in the soil at depth 8 cm adjacent to the two pits in which the soil moisture probes
were installed. Each of the five SHF plates were allocated to one of the two soil pits in a 2-3 split. Changes in
soil temperature was measured by an averaging thermocouple (Model TCAV, Campbell Scientific Inc, Logan,
USA) inserted into the soil above each SHF plate at depths of 2 and 6 cm. Soil moisture measurements at 20 cm
depth were as described previously. Heat flux, soil temperature and soil moisture data were processed to 30-min
averages on a datalogger (Model CR1000, Campbell Scientific Inc, Logan, USA).

Raw 30-min flux, CO, storage and climate data were processed by the standard OzFlux QA/QC processing
stream®' using PyFluxPro Version 1.0.2 software. Fluxes (carbon and energy) adjusted for storage were computed
at the mid-stage (level 3). At the final stage of data processing (level 6), gap-filled net ecosystem exchange (NEE)
data were partitioned into gross primary productivity (GPP) and ecosystem respiration (ER) using the u*-filtered
night-time CO, flux records to calculate ER with the SOLO artificial neural network algorithm as described
in®!. The standard conventions of the global flux network were adopted in partitioning NEE as described in®.

The full period between 10 and 30th November 2017 was defined as the November 2017 warm spell. The
climate and fluxes measured during this period were compared with measurements of those made during the
same calendar days of the preceding year, 2016. The carbon fluxes measured in the 10 weeks before (1 Septem-
ber-9 November) and the month after (1-31 December) the 2017 warm spell period were also compared with
the same periods in 2016. This was done to ascertain whether changes in carbon fluxes during the 2017 warm
spell we not due to differences in antecedent weather conditions and, whether or not differences in carbon fluxes
arising from the warm spell persisted after the warm spell.

Data analysis. For each day of the 10-30 November period, daily sums were calculated for measurements of
carbon fluxes and incoming shortwave radiation (Fsd), while daily averages were calculated for air temperature,
VPD and soil moisture. Quantile plots, done for Ta and VPD, used 30-min data during daytime hours (when
Fsd>0). The significance of differences in measurements during the 10-30 November period among the two
years of each variable were tested by analysis of variance. Tests were first done to confirm the data for each vari-
able were normally distributed and between-group variances were homoscedastic. Log-transformation was used
to correct skewness in the VPD data. Soil moisture data were strongly skewed, and transformation was unable to
correct. For this variable, the Kruskal-Wallis method was used to test the significance of differences in medians
among the two years. These analyses were repeated for the 10 weeks (1st September-9th November) leading up
to the warm spell and the 4 weeks (1st-31st December) following the warm spell to examine antecedent condi-
tions and subsequent recovery from the warm spell, respectively.

The energy fluxes were examined for evidence of coupling between GPP, transpiration and canopy conduct-
ance. Closure of the energy balance was first determined for the two periods to ensure comparability of the energy
fluxes for the 2017 warm spell period and the corresponding period in 2016. This was done by firstly resampling
the 30-min data and calculating 2-hourly averages of latent heat flux (Fe), sensible heat flux (Fh), net radiation
(Fn) and ground heat flux (Fg), then fitting linear regressions of Fe + Fh against Fn-Fg for dates encompassing
the warm spell in each of two years. Peak energy storage of the biomass, Fb, in the forest at Warra was estimated
as 40 W m™2 using the method described in'. That estimate used the value of LAI of 5.72 based on the average
of periodic measurements of LAI at Warra reported in*” and the value of 22.0 for the quadratic mean radius at
breast height (1.3 m) calculated from tree measurements in a 1-ha plot adjacent to the Warra Flux tower (detailed
in?). The ratio of energy storage in the biomass and ground heat flux at their respective daily maxima was cal-
culated, assuming their respective diurnal peaks coincided. This ratio was then applied to each 2-h average of
ground heat flux measured in the warm spell period in 2017 and the corresponding period in 2016. Available
energy was recalculated using the formula Fn-(Fg+ Fb). Analysis of variance was used to test the significance of
differences between the 2017 warm spell and the corresponding period in 2016 of each component energy fluxes
(Fn, Fe, Fh and Fg) for each of the twelve, 2-h periods, in the day. Kruskal-Wallis rank test was used if a variable
had a non-normal distribution or exhibited heteroscedasticity. The Bowen ratio, which is the ratio between Fh
and Fe, was calculated for each 2-h period during daytime hours. The 2-h average data were non-normal and
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heteroscedastic so testing the significance of differences in daytime Bowen ratio between the warm spell and
comparison period was done using 2-sample t-test with unequal variance.

Latent heat flux was converted to evapotranspiration by dividing the measured latent heat flux by the latent
heat of vaporisation of water. Evapotranspiration was used as a proxy of transpiration on the assumption that
evaporation was a minor component of evapotranspiration in the tall E. obliqua forest at Warra based on meas-
urements of soil and litter evaporation in similar forests by*’. An estimate of total canopy conductance of sunlit
leaves, G, was calculated from transpiration (E) and vapor pressure deficit, VPD, using the Skelton et al.>* adap-
tation of the method developed by Hogg and Hurdle**, whereby:

Gt = (o/1000)E/VPD

The atmospheric pressure of water vapor, a, is equivalent to p,,G, T\, where p,, is the density of water (c
1000 kg m~3), G, is the universal gas constant for water vapor (0.462 m® kPa kg™ K™!) and T, is air temperature
(in K=Ta+273.15). G, (in mmol m~*s™') was calculated for each 2-h period during the 2017 warm spell and the
same calendar days in 2016 using each period’s corresponding values of E, VPD and Ta. Records were excluded if
rain fell during the 2-h period. The significance of differences in daytime canopy conductance between the 2017
warm spell and the 2016 comparison period was tested using a two-sample t-test as the data were strongly skewed.

The diurnal patterns of GPP, ER and canopy conductance were compared with incoming shortwave radiation,
air temperature and vapour pressure deficit. Each 30-min record of the six variables was recoded to its corre-
sponding 2-h time interval. Analysis of variance was used to test for significance of differences between the warm
spell and comparison period for each of the twelve 2-h diurnal periods of the six variables. Kruskal-Wallis rank
test was used in the data were non-normal or heteroscedastic. Time series plots of diurnal 2-hourly averages for
each of the six variables were plotted and visually compared.

Data availability

Climate data were accessed from the online repository of the Bureau of Meteorology (http://www.bom.gov.au/
climate/data/?ref=ftr) for the stations referenced: Cape Bruny Lighthouse (094010), Cape Bruny Automatic
Weather Station (094198), Hastings Chalet (094027), Hobart—Elderslie Road (094029). Weather data, turbulent
fluxes and partitioned carbon fluxes for Warra Supersite for the 10-30 November period in 2015, 2016 and 2017
are available on the OzFlux Data Portal (http://data.ozflux.org.au/portal/home.jspx).

Received: 3 August 2021; Accepted: 3 February 2022
Published online: 17 February 2022

References
1. Ciais, P. et al. Europe-wide reduction in primary productivity caused by the heat and drought in 2003. Nature 437, 529-533. https://
doi.org/10.1038/nature03972 (2005).
2. Yuan, W. et al. Severe summer heatwave and drought strongly reduced carbon uptake in Southern China. Sci. Rep. 6, 18813. https://
doi.org/10.1038/srep18813 (2016).
3. van Gorsel, E. et al. 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, 5947-5964. https://doi.org/10.5194/bg-13-5947-2016 (2016).
4. Teuling, A.]. et al. Contrasting response of European forest and grassland energy exchange to heatwaves. Nat. Geosci. 3, 722-727.
https://doi.org/10.1038/nge0950 (2010).
5. Xu, B. et al. Seasonal variability of forest sensitivity to heat and drought stresses: A synthesis based on carbon fluxes from North
American forest ecosystems. Glob. Change Biol. 26,901-918 (2019).
6. Tuzet, A, Perrier, A. & Leuning, R. A coupled model of stomatal conductance, photosynthesis and transpiration. Plant Cell Environ.
26, 1097-1116 (2003).
7. Drake, J. E. et al. Trees tolerate an extreme heatwave via sustained transpirational cooling and increased leaf thermal tolerance.
Glob. Change Biol. 24, 2390-2402. https://doi.org/10.1111/gcb.14037 (2018).
8. De Kauwe, M. G. et al. Examining the evidence for decoupling between photosynthesis and transpiration during heat extremes.
Biogeosciences 16, 903-916. https://doi.org/10.5194/bg-16-903-2019 (2019).
9. Perkins, S. E. & Alexander, L. V. On the measurement of heat waves. J. Clim. 26, 4500-4517. https://doi.org/10.1175/jcli-d-12-
00383.1 (2013).
10. Baldocchi, D. et al. FLUXNET: A new tool to study the temporal and spatial variability of ecosystem-scale carbon dioxide, water
vapor, and energy flux densities. Bull. Am. Meteor. Soc. 82, 2415-2434 (2001).
11. Tan, Z.-H. et al. Optimum air temperature for tropical forest photosynthesis: mechanisms involved and implications for climate
warming. Environ. Res. Lett. 12, 054022 (2017).
12. Bennett, A. C. et al. Thermal optima of gross primary productivity closely align with mean air temperature across Australian
wooded ecosystems. Glob. Change Biol. 27, 4727-4744 (2021).
13. Duffy, K. A. et al. How close are we to the temperature tipping point of the terrestrial biosphere?. Sci. Adv. 7, eaay1052 (2021).
14. Beringer, J. et al. An introduction to the Australian and New Zealand flux tower network-OzFlux. Biogeosciences 13, 5895-5916.
https://doi.org/10.5194/bg-13-5895-2016 (2016).
15. Bureau of Meteorology. Special Climate Statement 63: A Prolonged Warm Spell in Tasmania and Victoria (Bureau of Meteorology,
2017).
16. Karan, M. et al. The Australian SuperSite Network: A continental, long-term terrestrial ecosystem observatory. Sci. Total Environ.
568, 1263-1274. https://doi.org/10.1016/j.scitotenv.2016.05.170 (2016).
17. Haverd, V., Cuntz, M., Leuning, R. & Keith, H. Air and biomass heat storage fluxes in a forest canopy: Calculation within a soil
vegetation atmosphere transfer model. Agric. For. Meteorol. 147, 125-139. https://doi.org/10.1016/j.agrformet.2007.07.006 (2007).
18. Griebel, A. et al. Trading water for carbon: Maintaining photosynthesis at the cost of increased water loss during high temperatures
in a temperate forest. J. Geophys. Res. Biogeosci. https://doi.org/10.1029/2019jg005239 (2020).
19. Renchon, A. A. et al. Upside-down fluxes down under: CO, net sink in winter and net source in summer in a temperate evergreen
broadleaf forest. Biogeosciences 15, 3703-3716. https://doi.org/10.5194/bg-15-3703-2018 (2018).
20. Bloomfield, K. J. et al. The validity of optimal leaf traits modelled on environmental conditions. New Phytol. 221, 1409-1423.
https://doi.org/10.1111/nph.15495 (2019).

Scientific Reports |

(2022) 12:2661 | https://doi.org/10.1038/s41598-022-06674-x nature portfolio


http://www.bom.gov.au/climate/data/?ref=ftr
http://www.bom.gov.au/climate/data/?ref=ftr
http://data.ozflux.org.au/portal/home.jspx
https://doi.org/10.1038/nature03972
https://doi.org/10.1038/nature03972
https://doi.org/10.1038/srep18813
https://doi.org/10.1038/srep18813
https://doi.org/10.5194/bg-13-5947-2016
https://doi.org/10.1038/ngeo950
https://doi.org/10.1111/gcb.14037
https://doi.org/10.5194/bg-16-903-2019
https://doi.org/10.1175/jcli-d-12-00383.1
https://doi.org/10.1175/jcli-d-12-00383.1
https://doi.org/10.5194/bg-13-5895-2016
https://doi.org/10.1016/j.scitotenv.2016.05.170
https://doi.org/10.1016/j.agrformet.2007.07.006
https://doi.org/10.1029/2019jg005239
https://doi.org/10.5194/bg-15-3703-2018
https://doi.org/10.1111/nph.15495

www.nature.com/scientificreports/

21. Peters, J. M. R. et al. Living on the edge: A continental scale assessment of forest vulnerability to drought. Glob. Change Biol. 27,
3620-3364. https://doi.org/10.1111/gcb.15641 (2021).

22. Salvi, A. M., Smith, D. D., Adams, M. A., McCulloh, K. A. & Givnish, T. ]. Mesophyll photosynthetic sensitivity to leaf water
potential in Eucalyptus: A new dimension of plant adaptation to native moisture supply. New Phytol. 230, 1844-1855. https://doi.
org/10.1111/nph.17304 (2021).

23. McJannet, D. L. et al. Soil and Litter Evaporation Beneath Re-growth and Old-Growth Mountain Ash. Report No. 96/1 (Co-operative
Research Centre for Catchment Hydrology, 1996).

24. Hatton, T. ., Viney, N. R,, Catchpole, E. A. & de Mestre, N. J. The influence of soil moisture on Eucalyptus leaf litter moisture. For.
Sci. 34, 292-301 (1988).

25. Wilson, K. B., Hanson, P. J. & Baldocchi, D. D. Factors controlling evaporation and energy partitioning beneath a deciduous forest
over an annual cycle. Agric. For. Meteorol. 102, 83-103 (2000).

26. Tatarinov, E. et al. Resilience to seasonal heat wave episodes in a Mediterranean pine forest. New Phytol. 210, 485-496. https://doi.
org/10.1111/nph.13791 (2016).

27. Battaglia, M., Beadle, C. & Loughead, S. Photosynthetic temperature responses of Eucalyptus globulus and Eucalyptus nitens. Tree
Physiol. 16, 81-89 (1996).

28. Aspinwall, M. J. et al. Convergent acclimation of leaf photosynthesis and respiration to prevailing ambient temperatures under
current and warmer climates in Eucalyptus tereticornis. New Phytol. 212, 354-367. https://doi.org/10.1111/nph.14035 (2016).

29. Sendall, K. M. et al. Acclimation of photosynthetic temperature optima of temperate and boreal tree species in response to experi-
mental forest warming. Glob. Change Biol. 21, 1342-1357. https://doi.org/10.1111/gcb.12781 (2015).

30. Slatyer, R. O. & Morrow, P. A. Altitudinal variation in the photosynthetic characteristics of snow gum, Eucalyptus paucflora Sieb.
ex Spreng. L. Seasonal changes under field conditions in the Snowy Mountains area of South-eastern Australia. Aust. J. Bot. 25,
1-20 (1977).

31. Kumarathunge, D. P. et al. Acclimation and adaptation components of the temperature dependence of plant photosynthesis at the
global scale. New Phytol. 222, 768-784. https://doi.org/10.1111/nph.15668 (2019).

32. Robakowski, P, Li, Y. & Reich, P. B. Local ecotypic and species-range related adaptation influence photosynthestic temperature
optima in decidious broadleaved trees. Plant Ecol. 213, 113-125 (2012).

33. Zhu, L. et al. Plasticity of photosynthetic heat tolerance in plants adapted to thermally contrasting biomes. Plant Cell Environ. 41,
1251-1262. https://doi.org/10.1111/pce.13133 (2018).

34. Zhu, L. et al. Acclimation of leaf respiration temperature responses across thermally contrasting biomes. New Phytol. 229, 1312
1325. https://doi.org/10.1111/nph.16929 (2021).

35. Notarnicola, R. E, Nicotra, A. B., Kruuk, L. E. B. & Arnold, P. A. Tolerance of warmer temperatures does not confer resilience to
heatwaves in an alpine herb. Front. Ecol. Evol. https://doi.org/10.3389/fevo.2021.615119 (2021).

36. Shi, L. et al. Decoupled heatwave-tree growth in large forest patches of Larix sibirica in northern Mongolian Plateau. Agric. For.
Meteorol. https://doi.org/10.1016/j.agrformet.2021.108667 (2021).

37. West, P. W. Date of onset of regrowth dieback and its relation to summer drought in eucalypt forest of southern Tasmania. Ann.
Appl. Biol. 93,337-350 (1979).

38. Wardlaw, T. Management of Tasmanian forests affected by regrowth dieback. N. Z. J. For. Sci. 19, 265-276 (1989).

39. Wood, S. W, Prior, L. D., Stephens, H. C. & Bowman, D. M. Macroecology of Australian tall eucalypt forests: Baseline data from
a continental-scale permanent plot network. PLoS ONE 10, e0137811. https://doi.org/10.1371/journal.pone.0137811 (2015).

40. Mclntosh, P. D., Hardcastle, J. L., Kloffel, T., Moroni, M. & Santini, T. C. Can carbon sequestration in Tasmanian “wet” eucalypt
forests be used to mitigate climate change? Forest succession, the buffering effects of soils, and landscape processes must be taken
into account. Int. J. For. Res. 2020, 1-16. https://doi.org/10.1155/2020/6509659 (2020).

41. Roxburgh, S. H. et al. A revised above-ground maximum biomass layer for the Australian continent. For. Ecol. Manag. 432, 264-275.
https://doi.org/10.1016/j.foreco.2018.09.011 (2019).

42. Sillett, S. C., Van Pelt, R., Kramer, R. D., Carroll, A. L. & Koch, G. W. Biomass and growth potential of Eucalyptus regnans up to
100m tall. For. Ecol. Manag. 348, 78-91. https://doi.org/10.1016/j.foreco.2015.03.046 (2015).

43. Ellis, R. C. The relationships among eucalypt forest, grassland and rainforest in a highland area in north-eastern Tasmania. Aust.
J. Ecol. 10, 297-314 (1985).

44. Close, D. C. et al. Premature decline of Eucalyptus and altered ecosystem processes in the absence of fire in some Australian forests.
Bot. Rev. 75, 191-202. https://doi.org/10.1007/s12229-009-9027-y (2009).

45. Moroni, M. T., Musk, R. & Wardlaw, T. J. Forest succession where trees become smaller and wood carbon stocks reduce. For. Ecol.
Manag. 393, 74-80. https://doi.org/10.1016/j.foreco.2017.02.051 (2017).

46. Keenan, R. J. & Nitschke, C. Forest management options for adaptation to climate change: A case study of tall, wet eucalypt forests
in Victoria’s Central Highlands region. Aust. For. 79, 96-107. https://doi.org/10.1080/00049158.2015.1130095 (2016).

47. Wardlaw, T. Measuring a fire. The story of the January 2019 fire told from measurements at the Warra Supersite, Tasmania. Fire 4,
1-19. https://doi.org/10.3390/fire4020015 (2021).

48. Commonwealth of Australia. Climate of Australia (Bureau of Meteorology, 2008).

49. Trewin, B. A daily homogenized temperature data set for Australia. Int. J. Climatol. 33, 1510-1529. https://doi.org/10.1002/joc.
3530 (2013).

50. McHugh, L. D. et al. Interactions between nocturnal turbulent flux, storage and advection at an “ideal” eucalypt woodland site.
Biogeosciences 14, 1-24. https://doi.org/10.5194/bg-14-1-2017 (2017).

51. Isaac, P. et al. OzFlux data: Network integration from collection to curation. Biogeosciences 14, 2903-2928. https://doi.org/10.5194/
bg-14-2903-2017 (2017).

52. Cleverly, J. et al. Dynamics of component carbon fluxes in a semi-arid Acacia woodland, central Australia. J. Geophys. Res. Biogeosci.
118, 1168-1185. https://doi.org/10.1002/jgrg.20101 (2013).

53. Skelton, R. P,, Brodribb, T. J., McAdam, S. A. M. & Mitchell, P. J. Gas exchange recovery following natural drought is rapid unless
limited by loss of leaf hydraulic conductance: Evidence from an evergreen woodland. New Phytol. 215, 1399-1412. https://doi.
org/10.1111/nph.14652 (2017).

54. Hogg, E. H. & Hurdle, P. A. Sap flow in trembling aspen: implications for stomatal responses to vapor pressure deficit. Tree Physiol.
17, 501-509 (1997).

Acknowledgements

The data used in this paper was provided using research infrastructure of the Terrestrial Ecosystem Research
Network. Alison Phillips (Sustainable Timber Tasmania) has provided ongoing technical support for the opera-
tion of the infrastructure and resultant datasets at the Warra Supersite. Prof. Mark Hovenden (University of
Tasmania) and an anonymous reviewer provided valuable feedback on earlier drafts of this paper.

Author contributions
T.W. conceived the study, did the data analysis and wrote the paper.

Scientific Reports |

(2022) 12:2661 | https://doi.org/10.1038/s41598-022-06674-x nature portfolio


https://doi.org/10.1111/gcb.15641
https://doi.org/10.1111/nph.17304
https://doi.org/10.1111/nph.17304
https://doi.org/10.1111/nph.13791
https://doi.org/10.1111/nph.13791
https://doi.org/10.1111/nph.14035
https://doi.org/10.1111/gcb.12781
https://doi.org/10.1111/nph.15668
https://doi.org/10.1111/pce.13133
https://doi.org/10.1111/nph.16929
https://doi.org/10.3389/fevo.2021.615119
https://doi.org/10.1016/j.agrformet.2021.108667
https://doi.org/10.1371/journal.pone.0137811
https://doi.org/10.1155/2020/6509659
https://doi.org/10.1016/j.foreco.2018.09.011
https://doi.org/10.1016/j.foreco.2015.03.046
https://doi.org/10.1007/s12229-009-9027-y
https://doi.org/10.1016/j.foreco.2017.02.051
https://doi.org/10.1080/00049158.2015.1130095
https://doi.org/10.3390/fire4020015
https://doi.org/10.1002/joc.3530
https://doi.org/10.1002/joc.3530
https://doi.org/10.5194/bg-14-1-2017
https://doi.org/10.5194/bg-14-2903-2017
https://doi.org/10.5194/bg-14-2903-2017
https://doi.org/10.1002/jgrg.20101
https://doi.org/10.1111/nph.14652
https://doi.org/10.1111/nph.14652

www.nature.com/scientificreports/

Competing interests
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.J.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:2661 | https://doi.org/10.1038/s41598-022-06674-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Eucalyptus obliqua tall forest in cool, temperate Tasmania becomes a carbon source during a protracted warm spell in November 2017
	Results
	Analysis of historical heatwaves in southern Tasmania. 
	Weather conditions at Warra Supersite during the warm spell. 
	Turbulent fluxes at Warra Supersite during the warm spell. 

	Discussion
	Methods
	Site description. 
	Analysis of historical heatwaves in southern Tasmania. 
	Weather conditions at Warra Supersite during the 2017 warm spell. 
	Turbulent fluxes at Warra Supersite during the November 2017 warm spell. 
	Data analysis. 

	References
	Acknowledgements


