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Abstract

Understanding how tree growth is affected by rising temperature is a key to predicting the
fate of forests in future warmer climates. Increasing temperature has direct effects on plant
physiology but there are also indirect effects of increased water limitation because evaporative
demand increases with temperature in many systems. In this study, we experimentally resolved
the direct and indirect effects of temperature on the response of growth and photosynthesis of the
widely distributed species Eucalyptus tereticornis. We grew E. tereticornis in an array of six
growth temperatures from 18 to 35.5 °C, spanning the climatic distribution of the species, with
two watering treatments: 1) water inputs increasing with temperature to match plant demand at all
temperatures (W), isolating the direct effect of temperature; and ii) water inputs constant for all
temperatures, matching demand for coolest grown plants (W), such that water limitation
increased with growth temperature. We found that constant water inputs resulted in a reduction of
temperature optima for both photosynthesis and growth by ~3 °C compared to increasing water
inputs. Water limitation particularly reduced the total amount of leaf area displayed at T, and
intermediate growth temperatures. The reduction in photosynthesis could be attributed to lower
leaf water potential and consequent stomatal closure. The reduction in growth was a result of
decreased photosynthesis, reduced total leaf area display and a reduction in specific leaf area.
Water availability had no effect on the response of stem and root respiration to warming, but we
observed lower leaf respiration rates under constant water inputs compared to increasing water
inputs at higher growth temperatures. Overall this study demonstrates that the indirect effect of
increasing water limitation strongly modifies the potential response of tree growth to rising global

temperatures.

This article is protected by copyright. All rights reserved



Introduction

Projections of the future terrestrial carbon cycle depend strongly on how global forests are
assumed to respond to rising temperature (Mercado et al., 2018, Rogers et al., 2017). Empirical
research has reported spatially-divergent growth responses to warming, whereby trees in cold, wet
sites typically show an increase in growth, in contrast to trees in warm, dry sites where growth
typically declines (Babst ef al., 2019, Bowman et al., 2014, Buechling et al., 2017, D’Orangeville
et al., 2016, D’Orangeville et al., 2018, Lena et al., 2016, Mékinen et al., 2002, Price et al., 2013).
Identifying the underlying physiological mechanisms responsible for these observed trends is a
key to predicting the effect of global warming on tree growth (Medlyn et al., 2011, Reich et al.,
2018).

The impacts of warming on plant growth primarily depend on whether plants are above or
below their thermal optimum for growth (Drake et al., 2015, Drake et al., 2017b, Reich et al.,
2015). A number of studies comparing forest stand growth rates across diverse climates have
reported relatively low temperature optima for growth. For example, at the global scale,
aboveground biomass carbon density peaked at a mean annual temperature of 8-10 °C (Liu et al.,
2014). D’Orangeville et al (2018) reported that the growth rates of boreal tree species in Eastern
Canada peaked at an annual mean maximum temperature of 8§ — 10 °C. Similarly, low temperature
optima for growth have been reported for Australian tall wet eucalypt forests, where diameter
growth peaks at a mean annual temperature of 11 °C (Bowman ef al., 2014, Prior and Bowman,
2014). Above-ground standing biomass of eucalypt forests also shows a linear declining trend with
increasing site mean annual temperature above 11.5 °C without a clear peak (Gordon ef al., Wood
et al., 2015). It is not clear whether the observed declining trends of tree growth in response to
increasing temperature and the comparatively low temperature optima for growth at landscape
scale are due to the direct effects of temperature on tree growth (Korner, 2003, Prior & Bowman,
2014) or indirect effects of temperature such as reduced soil moisture availability for growth

(Bowman et al., 2014).

Temperature directly affects tree growth by determining the rates of many carbon balance
processes, including photosynthesis and respiration (Lambers ef al., 2008). The light-saturated
photosynthetic rate increases with temperature to a peak, followed by a decline (Berry &
Bjorkman, 1980). Decreases in carbon gain by photosynthesis at temperatures above the optimum

may be a potential cause for the decrease in tree growth with warming (Way & Sage, 2008).

This article is protected by copyright. All rights reserved



However, many studies show that warming tends to increase the temperature optimum for
photosynthesis (Hikosaka et al., 2006, Kattge & Knorr, 2007, Kumarathunge et al., 2018). Thus,
the low temperature optima for growth at the landscape scale is unlikely to be due to the direct
effects of temperature on tree photosynthesis (Drake ef al., 2015, Smith & Dukes, 2013). Prior
and Bowman (2014) suggested that increased biomass maintenance respiration costs with
increasing temperature could be a reason for diminishing growth rates at higher temperatures. A
similar hypothesis was proposed by Larjavaara and Muller-Landau (2012) who suggested
warming increases the total plant maintenance cost. However, it is unlikely that the observed
decline in biomass growth is due to an increase in respiration rates, as there is now strong evidence
for thermal acclimation of plant respiration (Atkin et al., 2008, Atkin et al., 2005, Atkin et al.,
2000, Crous et al., 2017, Crous et al., 2011, Heskel et al., 2016, Tjoelker et al., 2009, Tjoelker et
al., 1999, Tjoelker et al., 2001, Vanderwel et al., 2015), including temperature acclimation of
above-ground respiration of trees to warming in field conditions (Drake et al., 2019, Drake et al.,

2016)

A potential alternative explanation for the low temperature optimum of growth at the
landscape scale is the constraint placed on temperature responses by water availability.
Temperature and plant available water negatively co-vary at the landscape scale in a predictable
manner due to the temperature-induced decrease in the available water through increased
evapotranspiration (Williams et al., 2012, van Mantgem et al., 2009). In the future, it has been
predicted that evapotranspiration will increase more than precipitation in many regions of the
world in future warmer climates (Kao & Ganguly, 2011). For many regions, climate warming is
predicted to occur without any increase in rainfall (Kao & Ganguly, 2011). Hence, with
increasing temperature, tree growth may become more constrained by available soil moisture
(Allen et al., 2010, Barber ef al., 2000, Densmore-McCulloch et al., 2016). Thus, to predict future
forest function, it is imperative to quantify how water availability constrains the effects of
temperature on plant growth and physiology.

Relatively few studies have separated the direct and indirect effects of warming. Field-
based direct air and soil warming experiments conducted under seasonal or inter annual variation
of soil moisture provide a test of the interactive effect of warming and soil moisture (Bloor et al.,
2010, Butler et al., 2012, Melillo et al., 2011, Reich et al., 2018), but do not allow for the direct

and indirect effects of warming to be separated (Volder et al., 2010). In contrast, warming
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experiments in controlled environments are generally conducted under well-watered conditions
where water addition is increased with warming in order to ensure that plants do not become water
limited (e.g. Cheesman & Winter, 2013, Drake et al., 2015, Drake et al., 2017b, Ghannoum et al.,
2010, Gunderson et al., 2009, Jarvi & Burton, 2018, Natali et al., 2012, Reich et al., 2016, Slot &
Winter, 2018, Smith & Dukes, 2017, Tjoelker et al., 1998, Way & Sage, 2008, Xiong et al.,
2000). Although this research demonstrates the direct effects of temperature on tree physiology
and growth, it does not quantify the indirect effect of warming on tree growth via changes in plant
water demand relative to soil water availability. In experiments where temperature and water
availability are manipulated separately, the focus tends to be on how drought modifies the
response to warming (Adams et al., 2009, Ayub et al., 2011, Blackman et al., 2017, Crous et al.,
2012, Duan et al., 2013, Li et al., 2018), involving a complete cessation of watering and acute
water stress. Therefore, further studies are necessary to disentangle the effect of warming on
growth under the potentially co-limiting conditions of declining plant water availability typically
observed across climate gradients or predicted with climate warming.

In this study, we separate the direct and indirect effects of temperature on plant growth.
We experimentally resolved the potential effects of water limitation on the temperature response
of growth by growing seedlings of a common and widely distributed tree species (Eucalyptus
tereticornis) across a wide array of growth temperatures with two watering treatments: (1) water
inputs that were increased to match plant and evaporative demand with higher growth
temperatures, thus allowing us to quantify the direct effect of temperature alone and (2) constant
water inputs, matched to plant demand at the lowest growth temperature, such that warmed plants
were subjected to both direct and indirect effects of temperature as water limitation increased with
increasing growth temperature. We hypothesised that the temperature optima for photosynthesis
and growth would be decreased by the indirect effect of increasing water limitation. We measured
key physiological traits including irradiance-saturated leaf net photosynthesis and tissue specific
dark respiration rates, and quantified the temperature response of key traits of whole plant growth
under the two watering treatments. Our primary objective was to disentangle the direct effects of

temperature from the indirect effects of reduced water availability on plant growth.

This article is protected by copyright. All rights reserved



Materials and methods
Plant material

Seeds of forest red gum (Eucalyptus tereticornis sp tereticornis) were obtained from the
Australian Tree Seed Centre (CSIRO, Canberra ACT, Australia). The seed source was a forest in
Queensland, Australia (15.5S 145.14E) where the mean annual temperature and the mean
maximum temperature of the warmest month are 26°C and 32°C respectively. The location
receives a mean annual rainfall of 1800 mm with a prominent dry period from December to April.
This experiment was a contemporaneous extension of the work by Drake et al. (2017b), which
demonstrated that widely distributed E. tereticornis provenances share a common physiological
thermal niche without local adaptation to the climate of origin. Therefore, the temperature and
water dependencies discussed here are likely to be independent of the specific seed origin
selection. Furthermore, the previous study (Drake et al. 2017b) was done entirely at high water
availability. We build on this previous work by investigating the indirect effects of temperature on

growth via changes in water availability.

Experimental design

Seeds were germinated in a shade house at Western Sydney University, Richmond, NSW,
Australia (WSU) (33.62 S, 150.74 E). Seedlings were transferred from tube stock to 7 liter PVC
pots filled with a moderately fertile sandy loam soil (with field capacity and the permanent wilting
point 0.25 and 0.05 m? m3 respectively). A detailed description of the soil used is given in Drake
et al. (2017b). Seedlings were fertilized with a liquid commercial fertilizer (Aquasol, Yates
Australia; 250 ml per seedling) fortnightly during the experiment period.

We randomly allocated 30 seedlings to each of six adjacent, naturally sun lit glasshouse
rooms (8 m long, 3 m wide and 5 m tall) located at WSU in the Austral summer of 2016 (2016-01-
08; defined as day 0). We set the daily mean air temperature of each of six glasshouse rooms
(referred to as growth temperature hereafter) to simulate the mean daily summer temperatures
across the entire native geographic range of E. fereticornis with two extreme growth temperatures
outside the range. The six mean daily temperatures were 18, 21.5, 25, 28.5, 32 and 35.5 °C which
were achieved through 10 temperature set points with an approximately 9 °C diurnal range during
the day-night cycle in all treatments. The corresponding maximum daily air temperatures in each

glasshouse room were 24, 27.5, 31, 34, 38, and 41.5 °C respectively.
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We maintained room relative humidity (RH) between 60 — 80% in all rooms, such that
midday vapour pressure deficit increased approximately from 0.5 kPa (18 °C) to 2.5 kPa (35.5 °C)
across growth temperature treatments, reflecting the increase in VPD that occurs with mean annual
temperature or warming. VPD in night was comparatively lower compared to day time, which
ranged from 0.4 kPa (18 °C) to 1.7 kPa (35.5 °C). Seedlings were watered using an automated
irrigation system and soil volumetric water content (8) was measured hourly in each growth
temperature using time domain reflectometers (Campbell Scientific, Logan, UT, USA) installed in
four pots within each growth temperature. We recorded air temperature, VPD, RH and
photosynthetic photon flux density (PPFD) at canopy height (Apogee quantum sensor, USA) in
one-minute intervals day and night and monitored conditions frequently to maintain the desired

control levels.

Water input treatment

After one week of growth under well-watered conditions, 15 seedlings within each growth
temperature were assigned to one of the two water input treatments; 1. water inputs held constant
for all temperatures, matching plant demand at the baseline growth temperature (W) or 2. water
inputs increased with temperature to match plant demand at each temperature (Wj,). We
considered the coldest room (room 1, 18 °C) as the baseline growth temperature (i.e. the mean
summer temperature of the southern range limit of E. fereticornis climate distribution envelope)
and maintained equivalent soil water content above 70% of the field capacity for both water input
treatments by adding the same quantity of water. In the other rooms (2 to 6), W, plants were
given the same quantity of water that was added to the plants in room 1. We kept Wi, plants in
other growth temperatures at soil water contents above 70% of the field capacity by adding an
adequate amount of water daily throughout the experiment; some variation in soil water content
was observed in the W, treatment over time as the irrigation was adjusted to keep up with plant
water use (Figure S1). Water treatments were applied using an automated irrigation system
coupled with monitoring of volumetric water content via time-domain reflectometry. By doing
this we simulated two unique scenarios; 1) an array of temperatures with constant water inputs,
such that plant available water decreased with temperature and 2) an array of temperatures where
water inputs increased to match plant demand, such that plants were well hydrated. Hence, our

unique design allowed us to test the direct temperature effect on plant growth and physiology in
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well-watered plants and calculate the indirect effect of temperature mediated through water

limitation.

Plant growth metrics

We measured height of the main stem and basal diameter of 15 seedlings per growth
temperature per water treatment approximately in weekly intervals. We used an allometric model
to estimate total plant dry mass using the measured height and diameter. The allometric model was
developed using additional seedlings (both W;,., and W) present in each glasshouse room
which were periodically harvested throughout this study (n=156, Drake et al., 2017b). The model

is of the form
logio (M) = —0.018 + 0.85[logy (d%h)] —0.064[(log1, (d2h))’] (1)

where, M, is the total plant mass (g), d is the basal diameter (mm), and h is the stem height (cm).
The model predicted the observed mass with high accuracy (?=0.98). A detailed description of the

allometric model development is given in Drake et al. (2017b).

We harvested five randomly selected plants in each growth temperature x watering
treatment combination at the end of the study between 41-48 days. We separated harvested plants
into leaves, stems (including branches and stem tips) and roots which were washed free of soil.
These samples were oven dried at 60 °C for 48 h and weighed. We counted the number of leaves
of each harvested seedling and measured the total leaf area using a portable leaf area meter (Li-
3100C, Licor Biosciences, Lincoln, NE, USA). We calculated mean leaf size for each plant as leaf
area cm? / leaf count and specific leaf area (SLA) as leaf area cm?/leaf dry mass g. We calculated
leaf, stem and root mass fractions as leaf dry mass/total plant dry mass, stem dry mass/total plant

dry mass and root dry mass/total plant dry mass, respectively.

Gas exchange measurements

We measured irradiance-saturated leaf net photosynthetic rate (4s,) on the most recent
fully expanded leaf of eight replicate plants in each growth temperature x watering treatment
combination, using six Licor 6400XT portable photosynthesis systems (Licor Biosciences,
Lincoln, NE, USA) with standard 2x3 cm leaf chamber and LED light source (Li-6400-02B LED).
Measurements were conducted at a photosynthetic photon flux density (PPFD) of 1500 umol m-2s-
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land a flow rate of 500 umol s'!. We maintained the relative humidity inside the leaf chamber
between 60 — 80% and the sample cell CO, concentration at 400+5 ppm. For each growth
temperature treatment, we measured A, at a leaf temperature similar to the mid-morning growth
temperature (20, 24, 28, 32, 36, and 40 °C respectively). We maintained the leaf temperature at
target leaf temperature + 1.5 °C by manipulating the chamber block temperature. Measurements
were completed between 0930 — 1430 hr of the day. Leaves were allowed at least 10 minutes to
acclimate to saturating irradiance and reach steady state before the data were logged. We used Eqn

2 (below) to characterize the temperature response of photosynthesis.

To separate effects of stomatal closure on photosynthesis from other effects of
temperature, we applied the one-point method (De Kauwe et al., 2016) to estimate the apparent
maximum rate of ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco) activity (Vemax) at a
standard temperature of 25 °C from the Ay, measurements. Note that this value is not intended to
indicate an actual rate of Rubisco activity, but rather to yield a parameter that indicates non-
stomatal effects of temperature on photosynthesis. Since the measurements were at steady state,
we avoid any issues with applying this method to non-steady-state data (Burnett ef al. 2019). We
also recognize that recent work has criticised a core assumption of all leaf gas exchange
measurements, in which the intercellular airspaces of leaves are assumed to be fully saturated with
water vapour (Vesala ef al., 2017, Cernusak et al., 2018). Given the modest leaf water potentials
measured in this experiment, we expect intercellular airspaces to be at or very nearly at full
saturation. We follow the standard methodology in the field, but recognize that our estimates of
stomatal conductance, intercellular CO2 concentration, and V., are dependent on this

assumption.

We measured leaf, stem and root respiration rates for five plants in each water treatment at
each growth temperature during the final harvest between 41-48 days. We separated harvested
plants into leaves, stems (including branches) and roots, which were washed free of soil and
excess water removed using paper towels before measurements. We measured leaf respiration
rates (Ry) using three randomly selected leaves, combined in a single cuvette for measurement, for
each of the eight replicate seedlings. We used the entire stem with branches cut in to 5 cm
segments to measure stem respiration rates (Rs). We used entire root system or subsample,
depending on root mass, to measure root respiration rates (Rg). All tissue specific respiration rates

were measured at a common temperature of 25 £+ 1.5 °C and a reference cell CO, concentration of
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400£5 ppm using Licor 6400XT portable photosynthesis systems with the Li-6400-22 conifer
chamber. We used a flow rate of 400 pmol s!, but for roots, it was increased to 700 pmol s-!
occasionally due to high moisture content in the measurement chamber. Respiration rates were
measured as quickly as possible after harvest (within 1 hour). See Drake et al. (2017b) for further
details on this measurement protocol on other plants in the same study. After measurements, all

samples were oven dried at 60 °C for 48 h, then weighed.
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Plant water potential

We measured pre-dawn (W,q) and mid-day (W'nq) leaf water potentials on five plants in
each growth temperature x watering treatment combination at the end of the study on day 48 using
a Scholander type pressure chamber with a maximum range of —10 MPa (PMS Instruments,

Corvallis, OR, USA).

Temperature response of growth and photosynthesis

We used a simple mathematical model (June et al., 2004) to characterize the temperature response
of plant mass, photosynthesis and other variables whenever it showed a peaked response to growth

temperature. The model is of the form:

T — Topt)

k(T) = k(Topt)eXp (2

where k(T) is the process rate at temperature T, k(7o) is the process rate at the optimum
temperature T, and the Q is the temperature at which k falls to 0.37 (e!) of its value at Toy
However, for SLA we fitted a simple linear regression model of the form

k(T) = o + BT where, a is the intercept and B the slope, to describe the temperature response as it
showed a linear relationship with growth temperature. For tissue specific dark respiration rates,
stomatal conductance and transpiration data, we fitted general additive models (GAM) to

characterize the temperature response.

Data analysis

We estimated the parameters of Eqn 2 in a non-linear regression framework using nls
function within the n/me package in R version 3.5.1 (R Development Core Team, 2018). However,
for SLA, we used simple linear regression (/m function in base R) to describe the temperature
response as it showed a clear deviation from the peaked response. We used 95% confidence
intervals of the parameter estimates (confint2 function within the nistools R package) to test the
null hypothesis of no significant differences in the temperature response between well-watered
(Winer) and water-limited (W) treatments. We identified a given parameter as significantly
different between two treatments if the parameter values had non-overlapping 95% Cls. However,
we further tested the 95% Cl-based inferences by using non-linear mixed effect models (n/me

function within n/me R package). Here we compared two models fitted with and without a fixed
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parameter effect for water treatment, using the likelihood ratio test, followed by post-hoc pairwise
comparisons (g/ht function within multcomp R package). For tissue specific dark respiration rates
and leaf, stem and root mass fraction data, we fitted general additive models (GAM) (Rigby &
Stasinopoulos, 2005) to visualize the patterns with growth temperature. We tested for significant
differences in the growth temperature response between watering treatments of these variables by
comparing the fitted 95% CI between water treatments. We used standardized major axis
regression (SMA; sma function within smatr R package) to test for significant differences between
watering treatments in biomass allocation to different components. SMA is a procedure for
assessing heterogeneity of regression slopes which characterizes the best fit bivariate line between
two variables (Warton et al., 2012, Zhang et al., 2016). The dataset used for this study is publicly
available (Drake et al., 2016b) and the analysis code to reproduce all the results, including the
figures and tables, is available at (https://bitbucket.org/Kumarathunge/great-drought).
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Results
Soil and plant water status

The mean soil volumetric water content (8) throughout the experiment in plants where
water inputs matched plant demand (W,,;) was similar across growth temperatures with a mean of
0.20+0.002 m*m3 (Figure 1, Figure S1). Thus, while there was some variation in 6 over time, this
treatment successfully kept plants well-watered across a wide range of growth temperatures. The
mean 0 of plants grown with constant water inputs (W) decreased with increasing growth
temperature (Zgrown), from 0.17 £0.01 m3m= at 18 °C to 0.09 £0.01 m?m at 35.5 °C (Figure 1,
Figure S1). As expected given the experimental design, 0 differed between W, and Wi, plants
at all Tgrowm treatments except for 18 °C, (Figure S1).

Leaf pre-dawn water potential (‘V,,q) gradually decreased with increasing Tgrow in both
water treatments, but the rate of decline was larger in W, plants (Figure 2a, major axis
regression slopes differ, P < 0.05; Table 1). The decreasing trend in Wpq with Ty, €ven in the
well-watered conditions, may reflect night-time transpiration (Ogle ef al., 2012). Similar to 0, W4
at the coldest Tyrown Was not significantly different between Wiy and Won treatments (95% CI
overlapped). However, W4 was significantly lower in W, plants compared to the Wiy, at other
growth temperature treatments (Figure 2b). Mid-day leaf water potential also decreased with
increasing Tgrowih (Pma; Figure 2b), Similar to Wy, the rate of decline was larger in Wong
compared to Wiy (Table 1). Wpg of Weons plants was lower than the W g of Wiy plants at all Tyrowin
except 18°C. These results indicate that water limitation increased with temperature in the W

treatment group.

Plant growth

We observed strikingly different temperature response curves for final total mass between
the two watering treatments. The temperature optimum for the final mass in W, (25.4+0.46 °C)
was ~3 °C lower than that in W, (28.3+0.36 °C; Figure 3a, Table 2). Also, the peak final mass at
Topt Of Weons (6.54+0.33 g) was significantly lower than that in the Wiy, treatment (11.75+0.61 g;
Figure 3, Table 2). Plant height, diameter and the estimated total dry mass diverged between the
two watering treatments approximately 2 weeks after the implementation of the watering
treatments (Figure S2, S3, S4). Plant mass diverged between the two watering temperatures at
growth temperatures above 21.5 °C where W ., showed significantly lower final mass compared

to the Wi, treatment (Figure 3a). The Q parameter of final mass, indicating the breadth of
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response relative to the peak at the temperature optimum, was not significantly different between
the two watering treatments (Table 2).

Similar to final total plant mass, we observed peaked temperature response curves for
three biomass components; leaves, stem and roots (Figure 3b, c, d respectively). The temperature
optima of all three components were significantly lower for W, compared to the Wi, (Table 2).
For both watering treatments, the temperature optima of leaf and stem mass were similar to the
temperature optimum of final total plant mass. However, for root mass, the temperature optimum
was approximately 2 °C lower compared to the leaf, stem and total mass for in both watering
treatments (see Table 2). Collectively, these results indicate that constrained water inputs with
increased growth temperature reduced the temperature optimum of growth to a lower temperature

relative to well-watered conditions.

Plant biomass ratios

We observed similar slopes for two watering treatments (~0.6; P > 0.05; Table 1) for the
regression between leaf mass and total plant biomass (Figure 4a). Hence, the fraction of total
biomass found in leaves (leaf mass ratio) did not differ between the two watering treatments after
accounting for variation in seedling biomass across treatments. The slope for stem mass vs total
plant biomass was significantly lower in Wy, plants (0.21+0.04) compared to the Wiy,
(0.31£0.05; Figure 4b, Table 1), indicating a reduced fractional allocation to stem biomass in the
water-constrained vs well-watered treatment. In addition, the analysis showed an increased
biomass allocation to roots under constrained water inputs, where the slope was higher in W,
seedlings (0.26+0.05) compared to the Wi, (0.18+0.04; Figure 4c, Table 1). We infer that the
indirect effect of warming on water availability led to an increased allocation to root biomass at
the expense of stem.

The total plant leaf area at final harvest showed a peaked response to growth temperature
(Figure 5a). W onst showed an approximately 3 °C lower optimum temperature for total leaf area
compared to Wiy (25.6+0.4 vs 28.4+0.4 °C). Also, the peak leaf area at the temperature optima
was significantly lower in W, than W, (Table 2). Mean leaf size also showed a similar peaked
pattern with a peak at ~26 °C, but the values were not significantly different between the two
watering treatments at either lower (<22 °C) or higher (>30 °C) growth temperatures (Figure 5b).
However, leaf size at the temperature optimum was significantly smaller for W, treatment

compared to W, treatment (Table 2). We observed a clear difference in the total number of
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leaves per plant, whereby W, plants had significantly fewer leaves per plant compared to Wi,
at growth temperatures above 25 °C (Figure 5c). Specific leaf area (SLA) showed relatively stable
values across the range of Tyrowm (Figure 5d). SLA was similar between two watering treatments at
both lowest (18 °C) and highest (35.5 °C) growth temperatures, but showed significantly lower
SLA values in W o, plants than the well-watered treatment at other growth temperatures (Figure
5d). Collectively, these results indicate that the indirect effect of warming on water availability did
not alter the proportion of plant biomass allocated to leaves, but reduced the total leaf area

displayed per plant through a reduction in number of leaves, reduced leaf size and lower SLA.
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Leaf net photosynthesis

The leaf net photosynthesis rates measured at mid-day in-situ 7w and saturating PPFD
(A;a) showed a peaked response with the measurement leaf temperature across growth
temperatures (Figure 6a). The temperature optimum for photosynthesis (Topa) Of Weons treatment
(27.7+0.60 °C) was ~1.5 °C lower than the Wi, (29.1+0.38 °C), but with overlapping 95% CI
(Table 2). Net photosynthesis values at Tya (Aope) and the curvature parameter (€2) were slightly
lower in W, plants, but the 95 % ClIs overlapped. Nonlinear mixed model analysis suggested
that the three temperature response parameters (7opia, Aopt and Q) were significantly different
between watering treatments, although the differences were small (Table 2). We observed a clear
divergence in temperature response curves at leaf temperatures above T4 Where the leaf net
photosynthesis (Ag,) of the W, treatment was significantly lower than the well-watered Wiy,
treatment (Figure 6a). In well-watered plants, leaf net photosynthesis increased by 46% between
the 18 °C and 21.5 °C growth temperatures and maintained relatively similar assimilation rates up
to 28.5 °C, then declined with further increases in growth temperature. The sensitivity was found
to be similar for the water-limited plants under constant water inputs at growth temperatures below
21.5 °C, but the photosynthesis rate started to decline at a lower Tyoum (~25 °C) compared to Wi
treatment. In general, the photosynthetic rates were similar across the watering treatments with the
exception of the warmest growth temperature, in which Ag, of Weons plants was reduced by 31%
compared to the Wy, plants. We observed a decreasing trend for the apparent maximum
carboxylation capacity at 25 °C (V.max2s) With increasing growth temperature (Figure S5).
However, V.naxos values were similar across the watering treatments at any growth temperature
treatment as 95% ClIs of the means were overlapping (Figure S5).

Stomatal conductance (g;) did not differ between watering treatments at leaf temperatures
below 30 °C (Figure 6b). Overall, g, was remarkably high in these young and rapidly growing
plants. Plants in both watering treatments exhibited a marked increase in g; from leaf temperatures
of 18 °C to 25 °C, then gradually decreased in response to further increases in leaf temperature. At
high leaf temperatures (>35 °C), g, of W o plants was significantly lower than the Wi, plants
(Figure 6b). Well-watered plants exhibited increased transpiration rates with higher growth
temperatures above 30 °C, and therefore transpiration rates of Wy, plants were significantly
higher than W, at higher growth temperatures (Figure 6¢). As a result, the difference between
leaf temperature and air temperature (inside the Licor 6400XT leaf cuvette) at growth

temperatures above 25 °C was always higher for the W, plants compared to the W, plants
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(Figure S6). Also, there was a clear divergence in the C;:C, ratio between the two watering
treatments in that the C;:C, ratio was significantly lower in W, plants compared to Wi, at leaf

temperatures above 30 °C (Figure 6d).

Leaf, stem and root respiration

With increasing growth temperature, we observed an asymptotically decreasing response
of mass-based leaf respiration rates (Ry,s) measured at a standard temperature of 25 °C for the two
watering treatments (Figure 7a). This reduction in Ry ,s with increasing Tgrown reflects respiratory
acclimation to temperature, as assessed here using the set-temperature method (Atkin et al. 2005;
Drake et al. 2016). There was no significant difference in Ry ,s between watering treatments at
Torowin below 25 °C (overlapping 95% Cls and pooled t-test P value > 0.05). However, at Tyrowin
above 25 °C, W ons plants showed significantly lower Ry ,s values (pooled t-test P value < 0.01)

compared to well-watered plants (Figure 7a).

We observed similar asymptotically declining trends for mass-based stem and root dark
respiration rates at 25 °C (Rs;s and Rg,s respectively) with increasing growth temperature (Figure
7b, ¢). In both watering treatments, respiration rates at 25 °C, steeply decreased from the coldest;
18 °C Tgrowtn to 25 °C and remained approximately invariant with increasing Tyrowm above 25 °C.
Hence, the data showed acclimation of respiration to growth temperatures below 25 °C and
constrained acclimation at growth temperatures above 25 °C. Both stem and root respiration rates
did not differ between the water treatments, exhibiting overlapping 95% Cls. These results provide
evidence that constrained water inputs reduced whole plant respiration at higher growth
temperatures mainly due to decreased leaf respiration rates. However, the lack of acclimation
evident at temperatures exceeding 25 °C indicates that whole-plant respiration rates increased as

growth temperatures continued to increase.
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Discussion

In this study, we experimentally separated the direct effect of temperature per se from the
indirect effect of temperature on water availability on the temperature response of tree growth and
physiology. The direct effect of temperature on growth was substantial, but showed a peaked
response: growth increased up to 28.3 °C and decreased thereafter. The indirect effect of
temperature via water limitation was also large. We found that water limitation resulted in lower
temperature optima for both photosynthesis and growth compared to well-watered conditions.
Thus, direct effects and indirect effects were both important. Remarkably, the effect of
constraining water inputs was much stronger on growth than on photosynthesis, with growth rates
being approximately halved at higher temperatures. Detailed physiological measurements enabled

us to investigate the mechanisms underlying these responses.

Photosynthesis

Our results suggested that, at higher growth temperatures, photosynthesis rates were low
when plants are grown under constant water inputs instead of water inputs that increased to match
plant demand. The apparent V.25 values were remarkably similar between the two watering
treatments, but the ratio of CO, concentration inside the leaf air spaces relative to the atmosphere
(Ci:C,) was significantly lower under constant water inputs. This analysis indicates a strong
stomatal limitation of photosynthesis with increasing growth temperature under constant water
input conditions (Drake et al., 2017a, Reich et al., 2018). Our results contrast with several studies
that provided evidence for a decrease in photosynthetic capacities under constrained soil moisture
conditions (Reich et al., 2018, Xu & Baldocchi, 2003). In well-watered soils, plants show
increases in net photosynthetic rate within a broader growth temperature domain because of
increasing carboxylation capacity with temperature (Drake ef al., 2017b, Gunderson et al., 2009).
An increased demand for carbon due to higher growth rates may also play a role in increased
photosynthesis (Korner, 2003). However, under low soil moisture conditions, increased stomatal
limitation eliminated most of the potential beneficial effects of increasing temperature on
photosynthesis. Additionally, plant growth rate is lower under constrained soil moisture, therefore
the demand for carbon is less.

Collectively, we suggest, from several lines of evidence, that stomatal conductance drove
the observed lower photosynthetic rates and the lower temperature optima for photosynthesis (Lin

et al., 2012) when plants are grown under constant water inputs with increasing growth
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temperature. A number of studies report reduced photosynthesis in response to warming under
constrained water inputs (Duan ef al., 2013, Duan et al., 2014, Wertin et al., 2012). However, the
responses observed in these studies cannot be directly compared with our results as the direction
of the warming effects depends on the reference growth temperature used in the study, as well as
the nature of water limitation. In our unique design, the magnitude of water limitation increased
with increasing temperature, since the amount of water added was held constant across growth
temperatures. In many of the previous studies, the interactive effects of warming and soil water
availability on plant growth has been studied in factorial experiments by inducing acute water
stress, either by withholding water until plant death (Adams et al., 2009, Duan et al., 2013, Duan
et al., 2014) or by adding a pre-determined and reduced amount of water (Gauthier et al., 2014).
Nevertheless, the observed photosynthetic responses in this study are strongly supported by the
results of a recent field-based direct air and soil warming experiment (Reich et al., 2018) which
demonstrated that the magnitude of photosynthetic enhancement that results from experimental
warming depends on soil moisture status. Several other studies provided evidence for negative
growth responses to temperature due to low soil moisture status (Lazarus ef al., 2018, Moyes et
al., 2013, Walker & Johnstone, 2014, Wertin et al., 2012, Wertin. et al., 2010). However, it is rare
for the direct and indirect effects of warming to be separated in field-based experiments.

Our data showed a larger impact of water limitation on growth than on leaf net
photosynthesis at higher temperatures. At growth temperatures above the optimum, photosynthesis
decreased approximately by 30%, but the final dry mass decreased by nearly 50%. Further, the
temperature optimum for growth decreased by 3 °C under constant water inputs, but the optimum
temperature for photosynthesis decreased only by 1.5 °C. Several studies provide evidence for the
maintenance of photosynthesis under water deficit (Bogeat-Triboulot et al., 2007, Quick et al.,
1992). Collectively, these results suggested that growth is more sensitive to water limitation than
photosynthesis (Miiller ef al., 2011) and leaf net photosynthesis alone is insufficient to explain the
reduction in growth (Campany et al., 2017) in response to warming under constrained water

inputs.

Respiration
We found that leaf respiration rates (at a set temperature 25 °C; Ry ,s) diverged with plant
water availability at higher growth temperatures. The observed decrease in Ry ,s due to water

limitation was consistent with findings for other plant species including eucalypts (Ayub et al.,
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2011, Callister & Adams, 2006, Crous et al., 2012, Crous et al., 2011, Galmés et al., 2007, Huang
& Fu, 2000) which reported a decrease in leaf respiration during water stress. At growth
temperatures below 28 °C, Ry ,s was not significantly different between the two watering
treatments, likely because the indirect effect of temperature on water availability is smaller at
these temperatures. The decrease in leaf respiration rates under drought conditions could be due to
decreased substrate availability, or decreased demand for ATP and other respiratory products such
as NADH, TCA cycle intermediates (Atkin & Macherel, 2009, Crous et al., 2011). Previous
studies with tree species suggest that decreases in leaf respiration rates with water limitation in dry
soils are more likely to be due to decreases in the demand for respiratory products, rather than a
decrease in substrate supply for respiration (Ayub et al., 2011, Crous et al., 2011). Duan et al.
(2014) also showed relatively stable whole-plant non-structural carbohydrate concentration (TNC)
in response to warming under drought conditions. Hence, we suggest that the observed decline in
leaf respiration rates due to constant water inputs in this study could potentially be explained by
the reduced demand for respiratory products through decreased leaf growth rates.

Remarkably, stem and root respiration rates did not differ between the two watering
treatments. Studies on how stem and root respiration are affected by warming under differential
water regimes are uncommon in the literature. Several studies report decreased root respiration
rates in response to decreased soil moisture (Bryla et al., 2001, Burton et al., 1998, Huang & Fu,
2000, Jarvi & Burton, 2018), but others suggest that root respiration is not significantly affected
by combined effect of warming and reduced water availability (Bryla et al., 1997). However, such
comparisons are rare for stem respiration. The lack of change in stem and root respiration rates
under constrained water inputs could potentially be explained by the level of stem and root activity
during the seedling growth. In reduced soil moisture conditions, the activity of plant roots is
perhaps increased in order to extract water and nutrients; therefore, the root energy requirement
would increase under water limited conditions, which could be achieved through maintaining root
respiration rates. Similarly, maintenance of water transport from roots to canopy would be
expected to compensate for the increasing transpiration demand; therefore, the energy demand for
stem activity would continue to be high, maintaining relatively stable stem tissue respiration rates
(Lambers et al, 2008).

Our results suggest a nearly homeostatic acclimation of leaf, stem and root respiration in
response to warming from low to mid temperatures (18-25 °C). However, at growth temperatures

above 25 °C, tissue-specific respiration rates markedly increased, indicating a lack of homeostasis.
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Our results were comparable with previous studies which reported similar acclimation responses
of leaf respiration rates to experimental warming under well-watered conditions (Aspinwall et al.,
2016, Drake et al., 2016). The lack of temperature acclimation of respiration at growth
temperatures exceeding 25 °C indicates increased whole plant respiration above 25 °C, indicating
increased maintenance costs at higher temperatures, owing to reduced growth rates at higher
temperatures. Remarkably, these temperature acclimation responses were similar between the two
watering treatments. The lack of homeostasis in whole plant respiration (Drake et al., 2017) partly
explains the reduction in growth above the optimum. However, it does not explain why growth is
so strongly impacted by the water treatment, as our data showed a decrease in whole plant

respiration above the optimum under both water treatments.

Allocation patterns and growth

Why is growth so substantially affected under constrained water inputs when
photosynthesis is less affected and whole plant respiration decreases? Our results indicate that
incremental warming of growth temperatures under constant water inputs and thus decreasing
plant water availability does not alter the proportion of plant biomass allocation to leaves
compared to well-watered controls. However, water limitation reduces the total leaf area display
of trees by decreasing the total number of leaves produced and reducing their average size. Also,
SLA was significantly lower under constant water inputs compared to the well-watered treatment,
indicating a reduced amount of photosynthesizing surface area per unit leaf dry mass. Ghannoum
et al. (2010) reported decreased leaf size due to a direct effect of increasing temperature, but under
well-watered conditions. Cunningham and Read (2003) suggested that growth largely depends on
the dry matter allocation to plant’s productive and supportive tissues; hence, maximum growth is
achieved when the allocation to photosynthetic tissues is maximized. Supporting this hypothesis,
Xiong et al., (2000) reported improved growth responses to temperature in two Antarctic vascular
plant species where, greater growth rates were achieved through greater dry mass allocation to
leaves. Decreases in SLA in response to water limitation have previously been observed (Marron
et al., 2003, Nautiyal et al., 2002). Evidence from other studies suggests that the accumulation of
soluble sugars and phenolic compounds in leaves increases under water stress, which may
facilitate maintenance of high turgor pressure in leaves (Marron et al., 2002, Marron et al., 2003).
Also, water stress promotes production of thicker cell walls as a strategy to improve cell resistance

to collapse and elicit changes in tissue elasticity (Laureano et al., 2008, Niinemets, 2001). Such
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modifications in leaf structure ultimately decrease the amount of leaf area display for
photosynthesis per unit leaf dry mass. We found that temperature optimum for final harvest plant
mass in both the W, and W, treatments mirrored the temperature optima of total plant leaf
area, total leaf count and mean leaf size. Taken together, this pattern supports the hypothesis that
plants maximize their growth rate and biomass accumulation when C allocation to leaf area
display is maximized. Hence, we suggest that the growth is largely affected under constrained
water inputs due to the decrease in daily total carbon gain via the cumulative effect of lower
photosynthetic rates and decreased SLA and greater proportional respiratory losses at the whole

plant level.

Implications

In summary, our results strongly supported our hypothesis that the temperature optima for
photosynthesis and growth would be significantly decreased by the indirect effect of increasing
water limitation. We demonstrate that a decrease in leaf net photosynthesis, changes in biomass
allocation patterns, reduced total leaf area display and lower specific leaf area are the key
underlying mechanisms by which this reduction in temperature optima of growth occurs. Our
work highlights that there is an important indirect effect of warming on water supply to trees,
increasing water limitation to growth even where rainfall is unchanged. Our study species, E.
tereticornis, is distributed along the east coast of Australia where, for the most part, annual
potential evapotranspiration exceeds mean annual rainfall. Current projections for future climate in
this region under RCP8.5 indicate a warming of mean annual temperature above the climate of
1986-2005 by 2.8 to 5.1 °C by 2090. However, rainfall projections remain unclear, with a large
degree of uncertainty (CSIRO & BOM, 2019). Our work indicates that even if mean annual
precipitation does not change, water limitation of growth will increase with the projected climate
warming. Experiments that do not consider this effect will clearly overestimate the positive
impacts of warming on growth. We emphasise the need to consider this indirect effect in
experiments, and in terrestrial biosphere models attempting to predict how forests will fare under

climate warming in the future.

This article is protected by copyright. All rights reserved



Acknowledgement

This research was supported by an Australian Research Council Discovery Project
(DP140103415) with additional support from the Hawkesbury Institute for the Environment and
Western Sydney University. DK was supported by a Western Sydney University international PhD
scholarship. We thank Gavin Mckenzie, Goran Lopaticki and Burhan Amiji for technical

assistance.
Author contribution statement

Project conceived by BEM. Data collection and analyses designed and carried out by DPK with
guidance from BEM and JED. Manuscript writing led by DK, BEM and JED. MGT contributed to
data collection and made a substantial contribution to the experimental design, data interpretation,

and writing. All co-authors contributed data, ideas, and edited the manuscript.

Data Sharing and Data Accessibility
The dataset used for this study is publicly available (Drake et al., 2016b) and the analysis code to
reproduce all the results, including the figures and tables, is available as a gif repository

(https://bitbucket.org/Kumarathunge/great-drought).

This article is protected by copyright. All rights reserved



Reference

Adams HD, Guardiola-Claramonte M, Barron-Gafford GA et al. (2009). Temperature sensitivity
of drought-induced tree mortality portends increased regional die-off under global-change-
type drought. Proceedings of the National Academy of Sciences, 106, 7063-7066.
https://doi.org/10.1073/pnas.0901438106

Allen CD, Macalady AK, Chenchouni H et al. (2010). A global overview of drought and heat-
induced tree mortality reveals emerging climate change risks for forests. Forest Ecology
and Management, 259, 660-684. https://doi.org/10.1016/j.foreco.2009.09.001

Aspinwall MJ, Drake JE, Campany C ef al. (2016). Convergent acclimation of leaf photosynthesis
and respiration to prevailing ambient temperatures under current and warmer climates in
Eucalyptus tereticornis. New Phytologist, 212, 354-367. https://doi-org
/10.1111/nph.14035

Atkin OK, Atkinson LJ, Fisher RA et al. (2008). Using temperature-dependent changes in leaf
scaling relationships to quantitatively account for thermal acclimation of respiration in a
coupled global climatevegetation model. Global Change Biology, 14: 2709-2726.
https://doi.org/10.1111/j.1365-2486.2008.01664.x

Atkin OK, Bruhn D, Tjoelker MG. (2005). Response of Plant Respiration to Changes in
Temperature: Mechanisms and Consequences of Variations in Q10 Values and
Acclimation. In: Plant Respiration: From Cell to Ecosystem. (eds Lambers H, Ribas-Carbo
M) pp Page. Dordrecht, Springer Netherlands.

Atkin OK, Holly C, Ball MC. (2000). Acclimation of snow gum (Eucalyptus pauciflora) leaf
respiration to seasonal and diurnal variations in temperature: the importance of changes in
the capacity and temperature sensitivity of respiration. Plant, Cell & Environment, 23, 15-
26. https://doi.org/10.1046/j.1365-3040.2000.00511.x

Atkin OK, Macherel D. (2009). The crucial role of plant mitochondria in orchestrating drought
tolerance. Annals of Botany, 103, 581-597. https://doi.org/10.1093/aob/mcn094

Atkin OK, Tjoelker MG. (2003). Thermal acclimation and the dynamic response of plant
respiration to temperature. Trends in Plant Science, 8 (7), 343-351.
https://doi.org/10.1016/S1360-1385(03)00136-5

Ayub G, Smith RA, Tissue DT, Atkin OK. (2011). Impacts of drought on leaf respiration in

darkness and light in Eucalyptus saligna exposed to industrial-age atmospheric CO2 and

This article is protected by copyright. All rights reserved



growth temperature. New Phytologist, 190, 1003-1018. https://doi.org/10.1111/7.1469-
8137.2011.03673.x.

Babst F, Bouriaud O, Poulter B, Trouet V, Girardin MP, Frank DC. (2019). Twentieth century
redistribution in climatic drivers of global tree growth. Science Advances, 5, eaat4313.
https://doi.org/10.1126/sciadv.aat4313.

Barber VA, Juday GP, Finney BP. (2000). Reduced growth of Alaskan white spruce in the
twentieth century from temperature-induced drought stress. Nature, 405, 668.
https://doi.org/10.1038/35015049.

Berry JA, Bjorkman O. (1980). Photosynthetic Response and Adaptation to Temperature in
Higher Plants. Annual Review of Plant Physiology, 31, 491-543.

Blackman CJ, Aspinwall MJ, Tissue DT, Rymer PD. (2017). Genetic adaptation and phenotypic
plasticity contribute to greater leaf hydraulic tolerance in response to drought in warmer
climates. Tree Physiology, 37, 583-592. https://doi.org/10.1093/treephys/tpx005.

Bloor JMG, Pichon P, Falcimagne R, Leadley P, Soussana JF. (2010). Effects of Warming,
Summer Drought, and CO, Enrichment on Aboveground Biomass Production, Flowering
Phenology, and Community Structure in an Upland Grassland Ecosystem. Ecosystems, 13,
888-900. https://doi.org/10.1007/s10021-010-9363-0.

Bogeat-Triboulot M-B, Brosché M, Renaut J et al. (2007). Gradual Soil Water Depletion Results
in Reversible Changes of Gene Expression, Protein Profiles, Ecophysiology, and Growth
Performance in Populus euphratica, a Poplar Growing in Arid Regions. Plant Physiology,
143, 876-892. https://doi.org/10.1104/pp.106.088708.

Bowman DMIJS, Williamson GJ, Keenan RJ, Prior LD. (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, 925-934.
https://doi.org/10.1111/geb.12171.

Bryla DR, Bouma TJ, Eissenstat DM. (1997). Root respiration in citrus acclimates to temperature
and slows during drought. Plant, Cell & Environment, 20, 1411-1420.
https://doi.org/10.1046/j.1365-3040.1997.d01-36.x.

Bryla DR, Bouma TJ, Hartmond U, Eissenstat DM. (2001). Influence of temperature and soil
drying on respiration of individual roots in citrus: integrating greenhouse observations into
a predictive model for the field. Plant, Cell & Environment, 24, 781-790.
https://doi.org/10.1046/j.1365-3040.2001.00723.x

This article is protected by copyright. All rights reserved



Buechling A, Martin PH, Canham CD. (2017). Climate and competition effects on tree growth in
Rocky Mountain forests. Journal of Ecology, 105, 1636-1647.
https://doi.org/10.1111/1365-2745.12782

Burnett, AC, Davidson, KJ, Serbin, SP, Rogers, A. (2019). The “one-point method” for estimating
maximum carboxylation capacity of photosynthesis: A cautionary tale. Plant Cell &
Environment, 42, 2472— 2481. https://doi.org/10.1111/pce.13574

Burton AJ, Pregitzer KS, Zogg GP, Zak DR. (1998). Drought reduces root respiration in sugar
maple forests. Ecological Applications, 8, 771-778. https://doi.org/10.1890/1051-
0761(1998)008[0771:DRRRIS]2.0.CO;2

Butler SM, Melillo JM, Johnson JE ef al. (2012). Soil warming alters nitrogen cycling in a New
England forest: implications for ecosystem function and structure. Oecologia, 168, 819-
828. https://doi.org/10.1007/s00442-011-2133-7

Callister AN, Adams MA. (2006). Water stress impacts on respiratory rate, efficiency and
substrates, in growing and mature foliage of Eucalyptus spp. Planta, 224, 680-691.
https://doi.org/10.1007/s00425-006-0247-7

Campany CE, Medlyn BE, Duursma RA. (2017). Reduced growth due to belowground sink
limitation is not fully explained by reduced photosynthesis. Tree Physiology, 37, 1042-
1054. https://doi.org/10.1093/treephys/tpx038

Cheesman AW, Winter K. (2013). Growth response and acclimation of CO, exchange
characteristics to elevated temperatures in tropical tree seedlings. Journal of Experimental
Botany, 64, 3817-3828. https://doi.org/10.1093/jxb/ert211

CSIRO & BOM 2019, Climate Change in Australia. Tech. Report, CSIRO & Bureau of
Meteorology, Australia

Crous KY, Wallin G, Atkin OK, Uddling J, Af Ekenstam A. (2017). Acclimation of light and dark
respiration to experimental and seasonal warming are mediated by changes in leaf nitrogen
in Eucalyptus globulus. Tree Physiology, 37, 1069-1083.
https://doi.org/10.1093/treephys/tpx052

Crous KY, Zaragoza-Castells J, Ellsworth DS, Duursma RA, Léw M, Tissue DT, Atkin OK
(2012). Light inhibition of leaf respiration in field-grown Eucalyptus saligna in whole-tree
chambers under elevated atmospheric CO, and summer drought. Plant, Cell &

Environment, 35, 966-981. https://doi.org/10.1111/5.1365-3040.2011.02465.x

This article is protected by copyright. All rights reserved



Crous KY, Zaragoza-Castells J, Low M et al. (2011). Seasonal acclimation of leaf respiration in
Eucalyptus saligna trees: impacts of elevated atmospheric CO, and summer drought.
Global Change Biology, 17, 1560-1576. https://doi.org/10.1111/j.1365-2486.2010.02325.x

D’orangeville L, Duchesne L, Houle D, Kneeshaw D, Co6té B, Pederson N. (2016). Northeastern
North America as a potential refugium for boreal forests in a warming climate. Science,
352, 1452-1455. https://doi.org/10.1126/science.aaf4951

D’orangeville L, Houle D, Duchesne L, Phillips RP, Bergeron Y, Kneeshaw D. (2018). Beneficial
effects of climate warming on boreal tree growth may be transitory. Nature
Communications, 9, 3213. https://doi.org/10.1038/s41467-018-05705-4

De Kauwe, M. G., Lin, Y., Wright, L. J., Medlyn, B. E., Crous, K. Y., Ellsworth, D. S., Maire, V.,
Prentice, I. C., Atkin, O. K., Rogers, A. , Niinemets, U. , Serbin, S. P., Meir, P. , Uddling,
J., Togashi, H. F., Tarvainen, L. , Weerasinghe, L. K., Evans, B. J., Ishida, F. Y. and
Domingues, T. F. (2016). A test of the ‘one-point method’ for estimating maximum
carboxylation capacity from field-measured, light-saturated photosynthesis. New
Phytologist, 210: 1130-1144. https://doi.org/10.1111/nph.13815

Densmore-Mcculloch JA, Thompson DL, Fraser LH. (2016). Short-Term Effects of Changing
Precipitation Patterns on Shrub-Steppe Grasslands: Seasonal Watering Is More Important
than Frequency of Watering Events. PLOS ONE, 11, e0168663.
https://doi.org/10.1371/journal.pone.0168663

Drake JE, Aspinwall MJ, Pfautsch S et al. (2015) The capacity to cope with climate warming
declines from temperate to tropical latitudes in two widely distributed Eucalyptus species.
Glob Change Biology, 21, 459-472. https://doi.org/10.1111/gcb.12729

Drake JE, Furze ME, Tjoelker MG, Carrillo Y, Barton CVM, Pendall E. (2019). Climate warming
and tree carbon use efficiency in a whole-tree *CO, tracer study. New Phytologist, 222,
1313-1324. https://doi.org/10.1111/nph.15721

Drake JE, Power SA, Duursma RA et al. (2017a). Stomatal and non-stomatal limitations of
photosynthesis for four tree species under drought: A comparison of model formulations.
Agricultural and Forest Meteorology, 247, 454-466.
https://doi.org/10.1016/j.agrformet.2017.08.026

Drake JE, Tjoelker MG, Aspinwall MJ, Reich PB, Barton CVM, Medlyn BE, Duursma RA.

(2016) Does physiological acclimation to climate warming stabilize the ratio of canopy

This article is protected by copyright. All rights reserved



respiration to photosynthesis? New Phytologist, 211: 850-863. https://doi-org
/10.1111/nph.13978

Drake JE, Varhammar A, Kumarathunge D ef al. (2017b). A common thermal niche among
geographically diverse populations of the widely distributed tree species Eucalyptus
tereticornis: No evidence for adaptation to climate-of-origin. Global Change Biology, 23,
5069-5082. https://doi.org/10.1111/gcb.13771

Duan H, Amthor JS, Duursma RA, O'grady AP, Choat B, Tissue DT. (2013). Carbon dynamics of
eucalypt seedlings exposed to progressive drought in elevated [CO,] and elevated
temperature. Tree Physiology, 33, 779-792. https://doi.org/10.1093/treephys/tpt061

Duan H, Duursma RA, Huang G, Smith RA, Choat B, O'grady AP, Tissue DT. (2014). Elevated
[CO,] does not ameliorate the negative effects of elevated temperature on drought-induced
mortality in Eucalyptus radiata seedlings. Plant Cell & Environment, 37, 1598-1613.
https://doi.org/10.1111/pce.12260

Galmés J, Ribas-Carbo M, Medrano H, Flexas J. (2007). Response of leaf respiration to water
stress in Mediterranean species with different growth forms. Journal of Arid Environments,
68, 206-222. https://doi.org/10.1016/j.jaridenv.2006.05.005

Gauthier PPG, Crous KY, Ayub G et al. (2014). Drought increases heat tolerance of leaf
respiration in Eucalyptus globulus saplings grown under both ambient and elevated
atmospheric [CO,] and temperature. Journal of Experimental Botany, 65, 6471-6485.
https://doi.org/10.1093/jxb/eru367

Ghannoum O, Phillips NG, Conroy JP et al. (2010). Exposure to preindustrial, current and future
atmospheric CO2 and temperature differentially affects growth and photosynthesis in
Eucalyptus. Global Change Biology, 16, 303-319. https://doi.org/10.1111/j.1365-
2486.2009.02003.x

Gordon CE, Bendall ER, Stares MG, Collins L, Bradstock RA. (2018). Aboveground carbon
sequestration in dry temperate forests varies with climate not fire regime. Global Change
Biology, 24, 4280:4292. https://doi.org/10.1111/gcb.14308

Gunderson CA, O'hara KH, Campion CM, Walker AV, Edwards NT. (2009). Thermal plasticity of
photosynthesis: the role of acclimation in forest responses to a warming climate. Global

Change Biology, 16, 2272-2286. https://doi.org/10.1111/.1365-2486.2009.02090.x

This article is protected by copyright. All rights reserved



Heskel MA, O’sullivan OS, Reich PB et al. (2016). Convergence in the temperature response of
leaf respiration across biomes and plant functional types. Proceedings of the National
Academy of Sciences, 113, 3832-3837. https://doi.org/10.1073/pnas.1520282113

Hikosaka K, Ishikawa K, Borjigidai A, Muller O, Onoda Y. (2006). Temperature acclimation of
photosynthesis: mechanisms involved in the changes in temperature dependence of
photosynthetic rate. Journal of Experimental Botany, 57, 291-302.
https://doi.org/10.1093/jxb/erj049

Huang B, Fu J. (2000). Photosynthesis, respiration, and carbon allocation of two cool-season
perennial grasses in response to surface soil drying. Plant and Soil, 227, 17-26.
https://doi.org/10.1023/A:1026512212113

Hughes L. (2003). Climate change and Australia: Trends, projections and impacts. Austral
Ecology, 28, 423-443. https://doi.org/10.1046/j.1442-9993.2003.01300.x

Jarvi MP, Burton AJ. (2018). Adenylate control contributes to thermal acclimation of sugar maple
fine-root respiration in experimentally warmed soil. Plant, Cell & Environment, 41, 504-
516. https://doi.org/10.1111/pce.13098

June T, Evans JR, Farquhar GD. (2004). A simple new equation for the reversible temperature
dependence of photosynthetic electron transport: a study on soybean leaf. Functional Plant
Biology, 31, 275-283. https://doi.org/10.1071/FP03250

Kao S-C, Ganguly AR. (2011). Intensity, duration, and frequency of precipitation extremes under
21st-century warming scenarios. Journal of Geophysical Research: Atmospheres, 116.
https://doi.org/10.1029/2010JD015529

Kattge J, Knorr W. (2007). Temperature acclimation in a biochemical model of photosynthesis: a
reanalysis of data from 36 species. Plant, Cell & Environment, 30, 1176-1190.
https://doi.org/10.1111/j.1365-3040.2007.01690.x

Korner C. (2003). Carbon limitation in trees. Journal of Ecology, 91, 4-17.
https://doi.org/10.1046/j.1365-2745.2003.00742.x

Kumarathunge DP, Medlyn BE, Drake JE ef al. (2019) Acclimation and adaptation components of
the temperature dependence of plant photosynthesis at the global scale. New Phytologist,
222, 768-784. https://doi.org/10.1111/nph.15668

Lambers H, Chapin FS, Pons TL. (2008). Plant physiological ecology. New York,

NY, USA: Springer.

This article is protected by copyright. All rights reserved



Laureano RG, Lazo YO, Linares JC, Luque A, Martinez F, Seco JI, Merino J. (2008). The cost of
stress resistance: construction and maintenance costs of leaves and roots in two populations
of Quercus ilex. Tree Physiology, 28, 1721-1728.
https://doi.org/10.1093/treephys/28.11.1721

Lazarus, BE, Castanha C, Germino MJ, Kueppers LM, Moyes AB. (2018). Growth strategies and
threshold responses to water deficit modulate effects of warming on tree seedlings from
forest to alpine. Journal of Ecology, 106, 571-585. https://doi.org/10.1111/1365-
2745.12837

Hellmann, L, Leonid A, Fredrik Charpentier L ef al. (2016). Diverse growth trends and climate
responses across Eurasia’s boreal forest. Environmental Research Letters, 11, 074021.
https://doi.org/10.1088/1748-9326/11/7/074021

Li X, Blackman CJ, Choat B ef al. (2018) Tree hydraulic traits are coordinated and strongly linked
to climate-of-origin across a rainfall gradient. Plant, Cell & Environment, 41, 646-660.
https://doi.org/10.1111/pce.13129

Lin Y-S, Medlyn BE, Ellsworth DS. (2012). Temperature responses of leaf net photosynthesis: the
role of component processes. Tree Physiology, 32, 219-231.
https://doi.org/10.1093/treephys/tpr141

LiuY, Yu G, Wang Q, Zhang Y. (2014). How temperature, precipitation and stand age control the
biomass carbon density of global mature forests. Global Ecology and Biogeography, 23,
323-333. https://doi.org/10.1111/geb.12113

Maikinen H, N6jd P, Kahle H-P et al. (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. https://doi.org/10.1016/S0378-
1127(01)00786-1

Marron N, Delay D, Petit J-M, Dreyer E, Kahlem G, Delmotte FM, Brignolas F. (2002).
Physiological traits of two Populus x euramericana clones, Luisa Avanzo and Dorskamp,
during a water stress and re-watering cycle. Tree Physiology, 22, 849-858.
https://doi.org/10.1093/treephys/22.12.849

Marron N, Dreyer E, Boudouresque E, Delay D, Petit J-M, Delmotte FM, Brignolas F. (2003).
Impact of successive drought and re-watering cycles on growth and specific leaf area of
two Populus x canadensis (Moench) clones, ‘Dorskamp’ and ‘Luisa_Avanzo’. Tree

Physiology, 23, 1225-1235. https://doi.org/10.1093/treephys/23.18.1225

This article is protected by copyright. All rights reserved



Medlyn BE, Duursma RA, Zeppel MJB. (2011). Forest productivity under climate change: a
checklist for evaluating model studies. Wiley Interdisciplinary Reviews: Climate Change,
2, 332-355. https://doi.org/10.1002/wcc.108

Melillo JM, Butler S, Johnson J et al. (2011). Soil warming, carbon—nitrogen interactions, and
forest carbon budgets. Proceedings of the National Academy of Sciences, 108, 9508-9512.
https://doi.org/10.1073/pnas.1018189108

Mercado LM, Medlyn BE, Huntingford C et al. (2018). Large sensitivity in land carbon storage
due to geographical and temporal variation in the thermal response of photosynthetic
capacity. New Phytologist, 218, 1462-1477. https://doi.org/10.1111/nph.15100

Moyes AB, Castanha C, Germino MJ, Kueppers LM. (2013). Warming and the dependence of
limber pine (Pinus flexilis) establishment on summer soil moisture within and above its
current elevation range. Oecologia, 171, 271-282. https://doi.org/10.1007/s00442-012-
2410-0

Miiller C, Cramer W, Hare WL, Lotze-Campen H. (2011). Climate change risks for African
agriculture. Proceedings of the National Academy of Sciences, 108, 4313-4315.
https://doi.org/10.1073/pnas. 1015078108

Natali SM, Schuur EaG, Rubin RL. (2012). Increased plant productivity in Alaskan tundra as a
result of experimental warming of soil and permafrost. Journal of Ecology, 100, 488-498.
https://doi.org/10.1111/j.1365-2745.2011.01925.x

Nautiyal PC, Rachaputi NR, Joshi YC. (2002). Moisture-deficit-induced changes in leaf-water
content, leaf carbon exchange rate and biomass production in groundnut cultivars differing
in specific leaf area. Field Crops Research, 74, 67-79. https://doi.org/10.1016/S0378-
4290(01)00199-X

Niinemets U (2001). Global-scale climatic controls of leaf dry mass per area, density, and
thickness in trees and shrubs. Ecology, 82, 453-469. https://doi.org/10.1890/0012-
9658(2001)082[0453:GSCCOL]2.0.CO;2

Ogle K, W. LR, Patrick BL et al. (2012). Differential daytime and night-time stomatal behavior in
plants from North American deserts. New Phytologist, 194, 464-476.
https://doi.org/10.1111/j.1469-8137.2012.04068.x

Park Williams A, Allen CD, Macalady AK et al. (2012). Temperature as a potent driver of
regional forest drought stress and tree mortality. Nature Climate Change, 3, 292-297.
https://doi.org/10.1038/nclimate1693

This article is protected by copyright. All rights reserved



Price DT, Alfaro RI, Brown Kl et al. (2013). Anticipating the consequences of climate change for
Canada’s boreal forest ecosystems. Environmental Reviews, 21, 322-365.
https://doi.org/10.1139/er-2013-0042

Prior LD, Bowman DM. (2014). Big eucalypts grow more slowly in a warm climate: evidence of
an interaction between tree size and temperature. Glob Chang Biol, 20, 2793-2799.
https://doi.org/10.1111/gcb.12540

Quick WP, Chaves MM, Wendler R et al. (1992). The effect of water stress on photosynthetic
carbon metabolism in four species grown under field conditions. Plant, Cell &
Environment, 15, 25-35. https://doi.org/10.1111/5.1365-3040.1992.tb01455.x

R Development Core Team. (2018). R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing.

Reich PB, Sendall KM, Rice K, Rich RL, Stefanski A, Hobbie SE, Montgomery RA. (2015).
Geographic range predicts photosynthetic and growth response to warming in co-occurring
tree species. Nature Climate Change, 5, 148. https://doi.org/10.1038/nclimate2497

Reich PB, Sendall KM, Stefanski A, Rich RL, Hobbie SE, Montgomery RA. (2018). Effects of
climate warming on photosynthesis in boreal tree species depend on soil moisture. Nature,
562, 263-267. https://doi.org/10.1038/s41586-018-0582-4

Reich PB, Sendall KM, Stefanski A, Wei X, Rich RL, Montgomery RA. (2016). Boreal and
temperate trees show strong acclimation of respiration to warming. Nature, 531, 633.
https://doi.org/10.1038/nature17142

Rigby RA, Stasinopoulos DM. (2005). Generalized additive models for location, scale and shape.
Journal of the Royal Statistical Society: Series C (Applied Statistics), 54, 507-554.
https://doi.org/10.1111/j.1467-9876.2005.00510.x

Rogers A, Medlyn BE, Dukes JS et al. (2017). A roadmap for improving the representation of
photosynthesis in Earth system models. New Phytologist, 213, 22-42.
https://doi.org/10.1111/nph.14283

Slot M, Winter K. (2018). High tolerance of tropical sapling growth and gas exchange to moderate
warming. Functional Ecology, 32, 599-611. https://doi.org/10.1111/1365-2435.13001

Smith NG, Dukes JS. (2013). Plant respiration and photosynthesis in global-scale models:
incorporating acclimation to temperature and CO,. Global Change Biology, 19, 45-63.
https://doi.org/10.1111/5.1365-2486.2012.02797.x

This article is protected by copyright. All rights reserved



Smith NG, Dukes JS. (2017). Short-term acclimation to warmer temperatures accelerates leaf
carbon exchange processes across plant types. Global Change Biology, 23, 4840-4853.
https://doi.org/10.1111/gcb.13735

Tjoelker MG, Oleksyn J, Lorenc-Plucinska G, Reich PB. (2009). Acclimation of respiratory
temperature responses in northern and southern populations of Pinus banksiana. New
Phytologist, 181, 218-229. https://doi.org/10.1111/j.1469-8137.2008.02624.x

Tjoelker MG, Oleksyn J, Reich PB. (1998). Temperature and ontogeny mediate growth response
to elevated CO?2 in seedlings of five boreal tree species. New Phytologist, 140, 197-210.
https://doi.org/10.1046/j.1469-8137.1998.00272.x

Tjoelker MG, Oleksyn J, Reich PB. (1999). Acclimation of respiration to temperature and CO2 in
seedlings of boreal tree species in relation to plant size and relative growth rate. Global
Change Biology, 5, 679-691. https://doi.org/10.1046/j.1365-2486.1999.00257.x

Tjoelker MG, Oleksyn J, Reich PB. (2001). Modelling respiration of vegetation: evidence for a
general temperature-dependent Q10. Global Change Biology, 7, 223-230.
https://doi.org/10.1046/j.1365-2486.2001.00397.x

Van Mantgem PJ, Stephenson NL, Byrne JC ef al. (2009). Widespread Increase of Tree Mortality
Rates in the Western United States. Science, 323, 521-524.
https://doi.org/10.1126/science.1165000

Vanderwel MC, Slot M, Lichstein JW et al. (2015). Global convergence in leaf respiration from
estimates of thermal acclimation across time and space. New Phytologist, 207, 1026-1037.
https://doi.org/10.1111/nph.13417

Volder A, Tjoelker MG, Briske DD. (2010). Contrasting physiological responsiveness of
establishing trees and a C4 grass to rainfall events, intensified summer drought, and
warming in oak savanna. Global Change Biology, 16, 3349-3362.
https://doi.org/10.1111/j.1365-2486.2009.02152.x

Walker X, Johnstone JF. (2014). Widespread negative correlations between black spruce growth
and temperature across topographic moisture gradients in the boreal forest. Environmental
Research Letters, 9, 064016. https://doi.org/10.1088/1748-9326/9/6/064016

Warton DI, Duursma RA, Falster DS, Taskinen S. (2012). smatr 3— an R package for estimation
and inference about allometric lines. Methods in Ecology and Evolution, 3, 257-259.

https://doi.org/10.1111/5.2041-210X.2011.00153.x

This article is protected by copyright. All rights reserved



Way DA, Sage RF. (2008). Elevated growth temperatures reduce the carbon gain of black spruce
[Picea mariana (Mill.) B.S.P.]. Global Change Biology, 14, 624-636.
https://doi.org/10.1111/j.1365-2486.2007.01513.x

Wertin TM, Mcguire MA, Teskey RO. (2012) Effects of predicted future and current atmospheric
temperature and [CO,] and high and low soil moisture on gas exchange and growth of
Pinus taeda seedlings at cool and warm sites in the species range. Tree Physiology, 32,
847-858. https://doi.org/10.1093/treephys/tps051

Wertin, TM., McGuire, MA. Teskey, RO. (2010). The influence of elevated temperature, elevated
atmospheric CO2 concentration and water stress on net photosynthesis of loblolly pine
(Pinus taeda L.) at northern, central and southern sites in its native range. Global Change
Biology, 16, 2089-2103. https://doi.org/10.1111/5.1365-2486.2009.02053.x

Wood SW, Prior LD, Stephens HC, Bowman DMIJS. (2015). 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

Xiong FS, Mueller EC, Day TA. (2000). Photosynthetic and respiratory acclimation and growth
response of Antarctic vascular plants to contrasting temperature regimes. American Journal
of Botany, 87, 700-710. https://doi.org/10.2307/2656856

Xu L, Baldocchi DD. (2003). Seasonal trends in photosynthetic parameters and stomatal
conductance of blue oak (Quercus douglasii) under prolonged summer drought and

high temperature. Tree Physiology, 23, 865-877. https://doi.org/10.1093/treephys/23.13.865

Zhang X, Yao J, Fan C et al. (2016) Stoichiometry patterns in the androdioecious Acer
tegmentosum. Scientific Reports, 6, 35022. https://doi.org/10.1038/srep35022

This article is protected by copyright. All rights reserved



Tables

Table 1. Results of the standardized major axis regression of the predawn and mid-day water

potentials and allometric relationships of leaf, stem and root mass fractions by watering treatments

(data shown Figure 2 and 4 in the main text). Treatments; warming with water inputs increased to

match plant demand (W) and warming with constant water inputs (W...s). P-values < 0.05 depict

significantly different slopes between treatments for a given regression. Values in parentheses are

95% confidence intervals of estimates.

Regression Treatment Intercept Slope r P-value
VVincr
0.24 (-0.1-0.5) -0.02 (-0.04 - -0.02) 0.90
Lde (MPa) Vs Tgrowth W
const 0.45 (0.1 - 0.8) -0.04 (-0.05--0.03) | 0.94 0.0468
VVincr
-0.05 (-0.8 - 0.7) -0.05 (-0.09 - -0.03) 0.85
\'Pmd (MPa) VS Tgrowth W
cont 0.08 (-0.9 - 1.1) 0.07 (-0.12--0.04) |  0.87 0.3170
VVincr
Leaf mass (g) vs total -0.31(-0.7-0.1) 0.6 (0.55 - 0.65) 0.95
mass (g) Wconst
-0.35 (-0.6 - -0.1) 0.65 (0.59 - 0.71) 0.96 0.1479
VVincr
Stem mass (g) vs total -0.21 (-0.7-0.2) 0.31 (0.26 - 0.36) 0.55
mass (g) W const
0.10(-0.2-0.4) 0.21 (0.16 - 0.28) 0.80 0.0195
VVincr
Root mass (g) vs total -0.03 (-0.4-0.3) 0.18 (0.14 - 0.22) 0.62
mass (g) Wconst
-0.37 (-0.7 - -0.1) 0.27 (0.21 - 0.34) 0.68 0.0131
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Table 2. Parameters of the temperature response of growth and photosynthesis (Eqn 2). Treatments;
warming with water inputs increased to match plant demand (W) and warming with constant water inputs
(Weonsr)- Statistically significant differences in parameters between treatments are indicated by different

letters. Values in parentheses are 95% confidence intervals of estimates.

Variable Treatment Tope (°C) K(Top) 2 ()

W, 283(27.5-29.00" | 11.7(10.5-13.0)° 8.3 (7.1-9.5y
Final total mass (g)

Weons 254245264 | 6.5(5.9-72) 10.4 (8.6-12.2)°

. Wine 284 (275293 | 6.6(5.7-7.4y 82797

Final leaf mass (g)

Weoms 25.6(24.8-26.5) | 3.9 (3.5-4.4) 94 (7.9-10.95

Winer 29.5(283-30.7) | 3.21 (2.7-3.7) 20 (7.0-109y
Final stem mass (g)

W 2742552920 | 14(1.2-1.5P 13.5 89-18.1F

Wi 263 (25.7-269¢ | 2.1(1.923) 7364827
Final root mass (g)

Weons. 233 (21625000 | 1.3 (L1-15) 103 (@.7-13.10

W 29.1 (283298 | 25.5 (24.3-26.8)° 153 A3.7-17.65
Agat (pmol m2s7)

W 277263288 | 23.9 (22.1-25.6)° 14.1(12.1-17.13

W 28.0 (27.38-28.68) | 1310 (1180-1440)" 786888y
Leaf area (cm?)

W 25.0 (23.83-26.08)° | 584 (515-654)° 10.3 (82-12.47

Winer 26.1 (24.83-27.33)* | 31.0(25.8-36.2) 9.0 (6.8-11.1)
Mean leaf size (cm?)

Woonst 25.6 (24.0-27.1)° 21.9 (19.4-24.4)° 14.2 (10.0-18.4)*

Winer 31.1(28.1-34.2 53.8 (45.2-62.3)" 12.3 (7.8-17.3)"
Leaf count (#)

W 25.0 (22.627.4) | 273 (23.6:31.0) 152(9.1-21.9y
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Figure legends

Figure 1. Daily mean soil volumetric water content (0) of plants at six growth temperatures; (a)
18°C — (f) 35.5°C. The ticks along the x-axis denote the date that leaf-level gas exchange was
measured (left) and the final harvest was completed (right). The shaded horizontal line in each
panel depicts the 0 value at 70% of the field capacity. Legend in panel (a) depicts two treatments;
water inputs increasing with temperature to match plant demand at all temperatures (W) and
water inputs constant for all temperatures, matching demand for coolest grown plants in the 18 °C

treatment (Weonst)-

Figure 2. Mean pre-dawn (a) and mid-day (b) leaf water potential at different growth temperatures
(n=5) at the end of the study. Error bars depict 95% CI of the mean. Legend in panel (a) depicts
two treatments; water inputs increasing with temperature to match plant demand at all
temperatures (Wj,.;) and water inputs constant for all temperatures, matching demand for coolest

grown plants in the 18 °C treatment (W ops).

Figure 3. Temperature response of final total plant mass (45-day period) (a) and its components
leaf mass (b), stem mass (c) and root mass (d). Growth T, is the daily mean air temperature
across the experiment. Lines depict the fitted temperature response function (Eqn2) and the shaded
areas depict the 95% CI of the predictions. Filled circles are the measured data and the error bars
depict £1SE (n=5). Legend in panel (a) depicts two treatments; water inputs increasing with
temperature to match plant demand at all temperatures (W,,;) and water inputs constant for all

temperatures, matching demand for coolest grown plants in the 18 °C treatment (W ons)-

Figure 4. Fraction of total plant biomass allocated to (a) leaves, (b) stem and (c) roots. Lines
represent standardized major axis fitting of the allometric relationships of mass fraction

by water treatment. Filled circles are the measured data at the final harvest across all growth
temperatures. Note the slopes in panel (a) are not significantly different and in panels (b) and (c)
are significantly different between water treatments (Table 1). Legend in panel (¢) depicts two
treatments; water inputs increasing with temperature to match plant demand at all temperatures
(Winer) and water inputs constant for all temperatures, matching demand for coolest grown plants

in the 18 °C treatment (W o).
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Figure 5. Temperature response of mean total leaf area (a) mean individual leaf size (b) total
number of leaves per plant (c) and specific leaf area (d; SLA) measured at final harvest after 45
days. Lines depict the fitted temperature response function (Eqn 2) in panels a-d and simple linear
regression fits in panel e. Shaded areas depict the 95% CI of the predictions. Error bars depict
+1SE (n =15). Legend in panel (a) depicts two treatments; water inputs increasing with temperature
to match plant demand at all temperatures (W) and water inputs constant for all temperatures,

matching demand for coolest grown plants in the 18 °C treatment (W oust)-

Figure 6. Temperature response of leaf net photosynthesis (4g,) (), stomatal conductance (g;) (b),
leaf transpiration (£) (c) and [CO;] ratio of intercellular: ambient air (Ci:C,) (d) of two treatments.
Data measured at a PPFD of 1500 umol m2s-! and at the mid-day in-situ growth temperatures.
Lines depict the fitted temperature response function (Eqnl) in panel (a) and fitted general
additive models in panel (b-d). The shaded areas depict the 95% CI of the predictions. Filled
circles are the measured data and the error bars depict +1SE (n = 8). Legend in panel (d) depicts
two treatments; water inputs increasing with temperature to match plant demand at all
temperatures (W,.;) and water inputs constant for all temperatures, matching demand for coolest

grown plants in the 18 °C treatment (W ons).

Figure 7. Temperature response of mass based respiration rates of leaf (a), stem (b) and root (c)
measured at a standard temperature of 25°C. Lines depict the fitted general additive models and
the shaded areas depict the 95% CI of the predictions. Filled circles are the measured data. Error
bars depict £1SE (n = 5). In panel (a), symbol * depicts significant differences (¢=0.05) between
watering treatments at a given Growth T,;.. Legend in panel (a) depicts two treatments; water
inputs increasing with temperature to match plant demand at all temperatures (Wi,;) and water
inputs constant for all temperatures, matching demand for coolest grown plants in the 18 °C

treatment (Weongt)-
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