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Tropical rainforest species have larger increases in temperature
optima with warming than warm-temperate rainforest trees
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Summary

e While trees can acclimate to warming, there is concern that tropical rainforest species may
be less able to acclimate because they have adapted to a relatively stable thermal environ-
ment. Here we tested whether the physiological adjustments to warming differed among Aus-
tralian tropical, subtropical and warm-temperate rainforest trees.

¢ Photosynthesis and respiration temperature responses were quantified in six Australian rain-
forest seedlings of tropical, subtropical and warm-temperate climates grown across four
growth temperatures in a glasshouse. Temperature-response models were fitted to identify
mechanisms underpinning the response to warming.

* Tropical and subtropical species had higher temperature optima for photosynthesis (Topta)
than temperate species. There was acclimation of To,a to warmer growth temperatures. The
rate of acclimation (0.35-0.78°C °C™") was higher in tropical and subtropical than in
warm-temperate trees and attributed to differences in underlying biochemical parameters,
particularly increased temperature optima of V¢maxas and Jmaxas. The temperature sensitivity
of respiration (Qq0) was 24% lower in tropical and subtropical compared with warm-
temperate species.

e Overall, tropical and subtropical species had a similar capacity to acclimate to changes in
growth temperature as warm-temperate species, despite being grown at higher temperatures.
Quantifying the physiological acclimation in rainforests can improve accuracy of future cli-
mate predictions and assess their potential vulnerability to warming.

Introduction

The effect of climate warming on rainforest trees is uncertain and
under debate (e.g. Huntingford ez al, 2013; Mercado et al.,
2018; Smith ez al, 2020). Some modelling studies have sug-
gested that tropical Amazonian forests are seriously threatened by
climate warming (Malhi ez 4/, 2008; Cook ez al., 2012; Fu ez al.,
2013; Bastin er al., 2019) and project a large reduction in vegeta-
tion biomass by 2100 (Cox et al., 2004). Moreover, drought
stress and associated tree mortality are also predicted to increase
in tropical rainforests (Rowland ez 4/, 2015) leading to reduced
carbon stocks (Brando et 4/, 2019). Such an extensive loss of
tropical rainforest would have major feedbacks to the global cli-
mate (Lewis et al., 2009; Fu et al., 2013) and pronounced effects
on the global carbon budget (Malhi, 2012). However, these pre-
dictions depend in part on the representation of physiological
responses to warming, which is one of the major uncertainties in
current global vegetation models (Lombardozzi ez al, 2015;
Huntingford et al., 2017). Many models do not account for the
possibility that tree species can acclimate to rising temperatures.
Several studies have highlighted the need to incorporate thermal
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acclimation of photosynthetic and respiratory processes to
improve the accuracy of future climate projections (Atkin ez al.,
2008; Smith & Dukes, 2013; Mercado ez al., 2018). The poten-
tial adjustment of the photosynthetic capacity in tropical species
could reduce their predicted vulnerability to warming (e.g. Mer-
cado et al., 2018), so it is important to quantify how much rain-
forest species can adjust to warming.

Generally, plants can maintain or increase carbon gain via
increased photosynthetic capacity (Kattge & Knorr, 2007;
Sage & Kubien, 2007) and/or an increase in the temperature
optimum of photosynthesis (7,a) (Cowling & Sage, 1998;
Gunderson et al, 2010; Yamori et al, 2014; Scafaro et al.,
2017; Crous et al., 2018) in response to warmer growth tem-
peratures. Given that tropical species are adapted to stable cli-
matic conditions with high growth temperatures within a
narrow temperature range (Janzen, 1967; Wright ez al., 2009;
Perez et al, 2016), we might expect that their physiological
capacity to adjust to warming would be more limited com-
pared with temperate species. Previous studies have found that
tropical species were more susceptible to growth declines at
increased whereas species  had

temperatures, temperate
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enhanced growth with warming (Way & Oren, 2010; Drake
et al., 2015), suggesting that tropical species may have con-
strained capacity to adjust to climate warming (Perez ez al,
2016; Crous et al, 2018).

The limited studies investigating thermal acclimation of photo-
synthesis in rainforest species have generally reported reduced, not
increased, photosynthetic rates with warming (Cunningham &
Read, 2003; Slot & Winter, 2016; Scafaro et al, 2017; Dusenge
et al., 2021). Slot & Winter (2017) found that tropical seedlings
can acclimate to moderate warming via an increase in 7, but
photosynthesis declined under a high level of warming.

1T 5,pea may be related to species’ climate of origin (Slatyer, 1978;
Robakowski ez al., 2012), but other studies reported a lack of
Topea Tesponse to a species’ climate of origin (Gunderson ez al,
2000; Kumarathunge er al, 2019; Dusenge er al, 2021). A
change in growth temperatures was found to be the most common
driver of 7o (Kumarathunge ez 4/, 2019). Our study compared
the response of 7;,s using a range of growth temperatures rather
than just two levels to understand how 7,4 adjusted across tem-
peratures, whether there were limits to this adjustment (range of
warming up to 10°C) and how rainforest species from different
climates adjusted their 7,4 across this temperature range. We
also aimed to identify the mechanisms underpinning the physio-
logical responses of temperate and tropical species to warming.

Several underlying physiological processes contribute to the
temperature response of net photosynthesis (Aq), including
stomatal conductance (Lin er 4/, 2012), biochemical processes,
particularly changes in the carboxylation of ribulose-1,5-
bisphosphate (RuBP) activity (V) and regeneration of RuBP
(i.e. the maximum rate of electron transport, /.. (Farquhar
et al., 1980), each of which have their own temperature depen-
dency. The direct dependence of g on temperature has not been
consistent across studies (Sage & Sharkey, 1987; von Caemmerer
& Evans, 1991), but low g in response to increased vapour pres-
sure deficit (VPD) can reduce the temperature optimum of pho-
tosynthesis (Lin ez 4/, 2012; Slot & Winter, 2016). In addition,
changes in the biochemical component processes of the photo-
synthesis temperature response may be involved in 7,5 adjust-
ments. Some studies have found increased 7, to be associated
with an increase in the activation energy of V.., Ev, together
with a decrease in the J,. ¢ Vimay ratio with increasing growth
temperatures (Hikosaka er 4/, 2006). Other studies have found
that the adjustment of 7,z was associated with a decline in
Vimax2s O Jmaxzs (Medlyn ez al., 2002b; Yamori er al., 2005;
Sage & Kubien, 2007; Scafaro ez al., 2017). Identifying which of
these parameters changed across several growth temperatures will
give us better insights into the principal processes responsible for
photosynthetic temperature acclimation and whether any rela-
tionships underlie these processes.

Similar to photosynthesis, leaf respiration responds to short-
and long-term changes in growth temperatures. Leaf respiration
typically shows an exponential increase with short-term changes
in temperature (Atkin & Tjoelker, 2003; Heskel ez 4/, 2016),
but can adjust rapidly to warmer temperatures via thermal accli-
mation in a manner that promotes homeostasis in metabolic
function (Lee et al., 2005; Crous et al., 2011; Atkin et al., 2015;

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Research® 1221

Aspinwall ez al., 2016) via reduced rates of respiration at a stan-
dard temperature or via reduced temperature sensitivity of respi-
ration (Atkin & Tjoelker, 2003). However, at higher growth
temperatures, temperature acclimation of respiration may be con-
strained and not achieve homeostasis (Drake et 2/, 2017). A
meta-analysis including 103 species from different biomes found
a general pattern of acclimation of respiration to warming, via
reduced respiration rates at a set temperature (Slot & Kitajima,
2015). In addition, respiration rates at a set temperature can vary
geographically, with higher rates of dark respiration at a standard
temperature (25°C) in temperate species compared with tropical
species (Atkin er al, 2015). Based on these reports, we would
expect that respiration would be reduced with long-term warm-
ing in all species to minimise carbon loss.

The magnitude of physiological adjustments in rainforest tree
species and whether these physiological adjustments differed in
tropical vs temperate tree species are currently not well known.
This study aimed to determine the key components responsible
for the photosynthesis and respiration temperature responses in
Australian woody rainforest species from different climates. We
also tested whether there was a difference between tropical and
temperate species in their capacity to acclimate photosynthesis
and leaf respiration to a range of warmer growth temperatures.
As growth temperature is an important driver of thermal acclima-
tion (Kumarathunge ez al, 2019), using a range of growth tem-
peratures in our experimental design enabled us to develop
relationships across growth temperatures, while comparing how
rainforest species from different climate zones differed across this
temperature gradient. We addressed the following hypotheses:
(1) the temperature optima of photosynthesis (75,a); Vemax
(Topev) and Jinax (T5pg) will increase with increasing growth tem-
peratures; (2) physiological processes at a common temperature
including net photosynthesis at 25°C (Ane25)s Vimaxzs and Jmaxas
will be downregulated with increasing 7y oweh; (3) respiration rate
at 25°C (R,s) will be reduced with warming; and (4) adjustments
in Topeas Aope and Rys will be larger in temperate than tropical
species. Using growth temperatures experienced within the native
range, we aimed to imitate some of the growth conditions in the
field. However, disentangling these detailed mechanisms would
be hard to realise in the field. Our study in a controlled environ-
ment across similar soils focuses on the mechanistic differences in
acclimation responses of rainforest species to warming across a
large geographical scale.

Materials and Methods

Plant materials and experimental design

We grew seedlings of six Australian rainforest tree species at a
range of growth temperatures. All species’ distributions were
located along the east-coast margin of Australia between 12 and
40°S (Table 1). We selected common rainforest species with
minimally overlapping distribution ranges. The species included
two tropical species (Atractocarpus fitzalanii (F. Muell.) Puttock
and Xanthostemon chrysanthus (F. Muell.) Benth.), two subtropi-
cal species (Backhousia citriodora F. Muell. and Flindersia australis

New Phytologist (2022) 234: 1220-1236
www.newphytologist.com



New
Phytologist

Table 1 Six rainforest species from three climates including their distributional range and the corresponding average summer temperatures at the
southernmost and northernmost latitude occurrence based on WorldClim climatology data (WorldClim1.4; Hijmans et al., 2005).

Latitude range

Average summer

Rainforest group Species Family of native distribution temperature (°C) Coordinates of seed collection
Warm-temperate Cryptocarya laevigata Lauraceae 24.6-31°S 22.9-25.0°C 28°08'56"S, 153°25'05"E
(Tallabugera, QLD)
Tristaniopsis laurina Myrtaceae 24.6-40°S 17.4-25.4°C 28°31'16"S, 153°32'28"E
(Big Scrub, NSW)
Subtropical Backhousia citriodora Myrtaceae 17.1-33.9°S 22.0-23.4°C 27°28'13"S, 153°01'28"E
(Brisbane, QLD)
Flindersia australis Rutaceae 17.2-35.2°S 19.7-23.4°C 28°23'16"S, 153°33/29"E
(Pottsville, NSW)
Tropical Atractocarpus fitzalanii Rubiaceae 14.4-27.6°S 24.8-28.3°C 17°15'58"S, 145°29'09"E
(Atherthon, QLD)
Xanthostemon chrysanthus Myrtaceae 12.4-19.2°S 27.1-27.2°C 17°07'40"S, 145°25'40"E

(Walkamin, QLD)

Collection coordinates (latitude, longitude) are included in the last column.

R. Brown), and two warm-temperate species (Cryptocarya laevi-
gata Blume and Tristaniopsis laurina Sm.). All plant species are
evergreen angiosperms with similar leaf traits (i.e. size, thickness)
and none is classified as a pioneer species. Seedlings of the six
species were obtained from two commercial nurseries (Burringbar
Rainforest nursery, NSW and Yuruga nursery, QLD) with seeds
of each species locally obtained from one seed source (Table 1).
While rainforest species have a similar natural history, selecting
species with similar traits from different climates enabled us to
test whether acclimation capacity would differ depending on cli-
mate origin while also reflecting a temperature range that they
currently experience. Species distributions were obtained from
Atas of Living Australia, and WorldClim climatology data
(WorldClim 1.4; Hijmans ez al., 2005) were used to calculate the
average summer temperature (December—February) of the south-
ernmost and northernmost latitude of each species’ native occur-
rence (Table 1).

To assess the effects of warming, seedlings of each species were
grown under four growth temperatures. Six mean diel tempera-
ture treatments ranging from 17 to 34.5°C in 3.5°C increments
were implemented in six adjacent, natural sunlit glasshouse bays.
All growth temperature regimes were implemented with a diurnal
range of 10°C. Therefore, temperatures during the day were
warmer than the average diel temperatures reported above, with
the target daily maximum temperatures ranging from 23 to 40°C
in the coolest to hottest bays, respectively. The temperature treat-
ments for each rainforest group included three temperature
regimes that spanned the average summer temperatures in their
native range and one temperature regime that was ¢ 3.5°C
warmer than average summer temperatures currently experi-
enced. We included a growth temperature of 24°C for tropical
species (cooler than their average summer temperature) to obtain
four growth temperatures for all species. Warm-temperate species
were grown under mean diel temperatures of 17, 20.5, 24 or
27.5°C, while subtropical and tropical species were grown at 24,
27.5, 31 or 34.5°C. Relative humidity in the respective
glasshouse bays (17-34.5°C) were on average 81%, 84%, 88%,
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72%, 76% and 72%, respectively, over 24 h (Carel Humidisk 65
humidifier, Sydney, Australia).

The experiment ran at Western Sydney University (Richmond,
NSW, Australia) during the Austral summer of 2017-2018
(November—February). Seedlings were transplanted individually
into 7 | pots of loamy sand soil. Ten seedlings of each of the six
species were randomly assigned to each of the four temperature
treatments on 6 November 2017. While some species grew faster
than others, all seedlings within a given species started with simi-
lar heights. Seedling height at the beginning of the experiment
ranged from 10 to 32 cm across species. After transplanting and
before measurements, plants were allowed to establish for at least
4 wk to develop new leaves under the experimental conditions.
After the establishment period, most species developed two to
four new leaves every 2 wk with the exception of Backhousia citri-
odora and Tristaniopsis laurina which developed more than five
leaves per fortnight. Seedlings were generally growing well fol-
lowing an exponential growth curve. Throughout the experi-
ment, plants were kept well watered with an automated irrigation
system and were fertilised weekly with a commercial fertiliser (50
mlat 2 g 17 25% N, 5% P, 8.8% K, 0.004% Zn, 0.005% Cu,
0.001% Mo, 0.01% Mn, 0.18% Fe, 0.005% B; Thrive soluble,
Yates, Padstow, NSW, Australia).

Leaf photosynthesis and A,e+—C; curves

Three plant replicates per species were randomly selected within
each temperature treatment (6 species X 4 growth tempera-
tures X 3 replicates = 72 plants) for leaf physiological measure-
ments. Gas-exchange measurements were conducted using
several portable open gas-exchange systems using the 2 X 3 cm
leaf chamber with red and blue lamps (LI-6400XT; Li-Cor, Lin-
coln, NE, USA). One newly developed, fully expanded leaf was
marked and measured on each plant replicate across 1-3 d to
accommodate all leaf temperatures but avoid measurement ‘fa-
tigue’. Leaves were measured at one point in time for light-
saturated photosynthesis (A4,.) between 08:30 h and 16:00 h,
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local time. Initial A,., measurements were conducted at saturat-
ing light (1800 pmol m 2 s") and ambient CO, concentration
(c. 415 pmol mol™") using a flow rate of 300 pmol s, followed
by an A,.—C, response curve using a sequence of CO, concentra-
tion levels (40, 150, 235, 330, 415, 700, 1200, 1500, 1800 pmol
mol™).

To establish the temperature responses of the apparent
maximum carboxylation rate, V.., and the apparent maxi-
mum electron transport rate, /.. these A,.—C, response
curves were measured at five leaf temperatures (17, 25, 30,
35 and 40°C) on the same leaf (6 species X 4 growth tem-
peratures X 3 replicates X 5 leaf temperatures = 360 A,.—C;
curves). The temperature-response curves were started at the
respective growth temperature of each replicate, after which
the rest of the temperatures were measured from low to
high. Leaf temperature was controlled to within +1°C of
the target leaf temperature by manually adjusting the tem-
perature of the chamber block. To achieve good tempera-
ture control, plants were temporarily moved to different
bays for each of the five target measurement temperatures
and measured after at least a 1-h adjustment period. The
relative humidity in the leaf cuvette was controlled between
50% and 70%. The leaf-to-air VPD during these measure-
ments increased consistently with leaf temperature among
the target measurement temperatures (from ¢ 1 to 4 kPa;
Supporting Information Fig. S1).

Net photosynthesis temperature responses

Based on the initial A,,., measurements at each of five leaf temper-
ature temperatures, temperature responses of photosynthesis were
fitted using the following parabolic equation (Gunderson et al,
2010):

Anee = Aope — 6(T = Tope)’ Eqn 1
where A, is the light-saturated net photosynthetic rate ({mol
m2sY)ata given leaf temperature (7in °C); 7, the tempera-
ture optimum for photosynthesis (°C). A,y is the light-saturated
net photosynthetic rate at 75, and the parameter & describes the
broadness of the curvature of the parabola.

Net photosynthesis at a common C; (A3qo)

We also examined Asp, the net photosynthesis rate at the
mean C; (300 pmol mol™), which was obtained from each
Ane—C; curve by interpolating the curve using the Farquhar
model (Farquhar er al, 1980) with parameters fitted to that
curve. When the photosynthetic rate is scaled to a common
C,, it eliminates the effect of variation in stomatal conduc-
tance on C, therefore isolating the temperature effects on
photosynthetic biochemistry (Kumarathunge ez al, 2019). The
temperature optimum for photosynthesis at the mean C;
(Topeasoo) was estimated for each species by fitting Eqn 1. By
comparing 7,a300 and Tipep, we estimated the effect of vari-
ation in stomatal conductance on the temperature optimum
for photosynthesis.

© 2022 The Authors
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Stomatal limitation

The stomatal limitation (S)) of net photosynthesis was calculated
by comparing photosynthesis from the fitted A,,.—C; curve at the
measured ambient C; (Ayeasuredc) and photosynthesis from the
fitted curves at the mean C; (439) using the following equation:

Sl = Ameasurcdci - A300 Eqﬂ 2

Stomatal limitation (§;) was compared among species at each

T groweh in relation to leaf temperature.

Temperature dependence of photosynthetic biochemistry
parameters

Each A,.~C; curve was fitted to the Farquhar ez 2/ (1980) pho-
tosynthesis model using the “fitacis’ function in the PLANTECOPHYS
package in R (Duursma, 2015). We used the standardised kinet-
ics parameters using the parameterisation given by Bernacchi ez
al. (2001). The reported rates of photosynthetic capacity are
apparent /., and apparent V., values were based on data from
intracellular CO, (C,) concentrations rather than CO, concen-
trations at the site of carboxylation. The temperature dependen-
cies of apparent V., and Jo.. were fitted using the modified

version of the Arrhenius equation to reflect a peaked function
(Medlyn et al., 2002a):

298AS—Hd)

Ea(Tk_298) 1 —I—CXP(W
2987,

£(T) = ks o Eqn 3

where: ks, value of Via OF Jnax at 25°C; R, universal gas con-
stant (8.314 ] mol™ K% T}, leaf temperature in K; E, (J molfl),
activation energy. E, describes the exponential rise of enzyme
activity with increasing temperature. Hy (J mol™), deactivation
energy and AS is the entropy term (J K™'). Hy and AS together
describe the rate of decrease in the function above the optimum.
To avoid overparameterisation, Hy was held at a constant of
200 kJ mol™" for all species (Medlyn ez al, 2002a; Kattge &
Knorr, 2007).

The optimum temperatures (75, of Vimax and Jiax were cal-
culated from the following equation (Medlyn ez 4l., 2002a):

Hy
AS — Rlog, [7(}[({5;&)}

Tope = Eqn 4

where the variable abbreviations are explained above and log, rep-
resents the natural log.

Temperature dependence of dark respiration

The short-term temperature dependence of leaf dark respiration
(Rr) was measured on three plants of each species in two of the
four growth temperatures. Different pairs of growth temperatures
were measured for temperate (17 and 20.5°C), subtropical (24
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and 27.5°C) and tropical (27.5 and 31°C) species to assess the
effect of +3.5°C warming on leaf respiration in each group.
Leaves were kept in darkness for at least 30 min before measure-
ments by covering them with aluminium foil. Measurements on
excised leaves were conducted during the day using a flow rate
of 300 pmol s™' and a reference CO, concentration of
400 pmol mol™". Dark respiration was measured over a tempera-
ture range from 14 to 60°C, using a large gas-exchange chamber
(3010-GWK1; HeinzWalz GmbH, Effeltrich, Germany) con-
nected to an infrared gas analyser (IRGA, LI-6400XT; Li-Cor).
The leaf temperature was raised at a rate of 1°C min~" to obtain
high-resolution temperature-response curves of dark respiration
(O’Sullivan et al., 2017). The following equation was fitted to
the data between 15 and 45°C:
Ry = Rys - Q\I2)/10 Eqn 5
where: Ry, respiration rate measured at a given temperature; 7,
leaf temperature, and the parameters Rys and Q¢ characterise the
respiration rate at 25°C and the proportional increase in respira-
tion with a 10°C increase in temperature, respectively.

Data analysis

All graphs and statistical analysis were conducted in R v.3.3.2 (R
Development Core Team, 2018). Data were checked for homo-
geneity and normality. Temperature-response curves (Eqns 1, 4)
were fitted to the data using the ‘nls’ function within the NL-
sTOOLS package (Baty et al., 2015). We used ANCOVA to distin-
guish effects of growth temperatures vs rainforest groups,
including an interaction term. Regressions against T groweh Were
compared across rainforest groups using ANCOVA; the slopes
and intercepts of the groups were obtained using LSTRENDS within
LSMEANS package. As Rys and Q; were only measured at two
growth temperatures, an ANOVA was used with growth temper-
ature and rainforest group as categorical variables.

Results

Temperature responses of net photosynthesis

The optimum temperature for leaf net photosynthesis (75300
and 7;,a) was higher in tropical and subtropical species than in
warm-temperate species (Figs 1, 2). The optimum temperature of
net photosynthesis at mean C;, 7,300 in tropical and subtropical
species ranged from 30.1 to 38.9°C, whereas in warm-temperate
species Topeaz00 ranged from 25.9 to 28.3°C (Table 2). Similar
differences among rainforest groups were observed for both 7;,,a
and 74,300, indicating a minor role of stomatal conductance in
causing the difference in optimum temperature.

We observed acclimation of both 7(,4 and T5pca300 to growth
temperature (Table 3). 7, increased with growth temperature
and the rate of increase was similar across groups (Fig. 2a). When
normalised for differences in stomatal conductance, 7300 dis-
played relationships with 7w that differed among rainforest
groups P = 0.02; Table 3; Fig. 2b). The sensitivity (i.e. slope) of
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Topea300 10 Tyrowen Was higher in the subtropical (0.78 + 0.20°C
°C! increase in T o) and tropical species (0.35 £ 0.17°C oC!
increase in 7gowep) than in warm-temperate species that showed
little increase in 74,a300 (2 = 0.020; ANCOVA; Table 3; Fig. 2).

Consistent with the higher 70, the photosynthetic rate at
the temperature optimum (A4,,,) was significantly higher in tropi-
cal and subtropical species than in temperate species (P = 0.03;
Table 3; Fig. S2). However, there was no evidence that either
Agpe or Agpezoo acclimated to growth temperature (P> 0.64;
Table 3). Net photosynthesis at 25°C (A,c05) also showed no
difference with growth temperatures but tended to be decreased
more in tropical and subtropical species compared with temper-
ate species (P = 0.08; Table 3), especially at higher growth tem-
peratures (Table 2; Fig. S2).

Stomatal component of the photosynthetic response to
temperature

Temperature responses of photosynthesis can potentially be
affected by stomatal closure at high VPD associated with
high leaf temperatures (Fig. S3), which was the case for
warm-temperate 1. laurina and subtropical B. citriodora
(Fig. S3) while only B. citriodora significantly decreased its
conductance at higher leaf temperatures (Fig. 3). However,
the g responses to 7, did not differ at different 7iqueh in
any species (Fig. S4), indicating that changes in 7,pa with
Torower Were not caused by changes in stomatal response
(Fig. 3). Moreover, stomatal limitation was not significantly
related to leaf temperature (P> 0.05) for most species at
any growth temperature, except in three out of 24 instances
for C. laevigata grown at 17°C, B. citriodora grown at 31°C

and F. australis grown at 27.5°C (Fig. S5).

Biochemical component of the photosynthetic response to
temperature

The observed acclimation of 7,z was mainly driven by adjust-
ments of photosynthetic biochemistry, which showed significant
differences in response to growth temperatures in most parame-
ters (Table 3). Temperature responses of Vip. and Jn., are
shown for each species and growth temperature in Figs S6 and
S7, while the parameters extracted by fitting Eqn 3 to these
curves are shown in Fig. 4 and Table 4.

In general, /.25 declined with increasing growth temperature
(P = 0.009; Table 3) with an interaction between growth tem-
perature and rainforest group (P = 0.015). The interaction indi-
cated significantly higher reduction of J,.0s in pooled
subtropical and tropical species (—6.13 £ 1.33 for each °C
increase in Tgrowe) than warm-temperate species (—=0.12 + 1.33
for each °C increase in Tyowh) (Fig. 4b). Several species exhib-
ited large J.05 reductions (Table 4): tropical A. fitzalanii dis-
played more than 75% reduction of Ji.x25 at the highest T queh
compared with 27.5°C, while subtropical B. citriodora reduced
Jmaxas by ¢ 39% at 34.5°C compared with 24°C. By contrast,
Viomax measured at 25°C (V_.05) showed no difference in
response to growth temperatures (P = 0.77; Fig. 4a; Table 3)
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Fig. 1 Temperature response of
photosynthesis of six rainforest tree species
at an intercellular CO, concentration of

300 pmol mol™ (Asoo) at four different
growth temperatures (means + 1 SE): (a, b)
warm-temperate species, (c, d) subtropical
species (Flindersia australis could not be fit
at 34.5°C, data not shown) and (e, f) tropical
species. Symbols representing growth
temperatures are maintained in relevant
subsequent graphs. The temperature
response fits at each growth temperature is
represented by different line types and
colours: dashed blue lines, 17°C; dashed
cyan lines 20.5°C; : solid black lines, 24°C;
solid grey lines, 27.5°C; : long-dashed yellow
lines, 31°C; dashed red lines, 34.5°C.

Fig. 2 Means and =+ SE of the temperature
optimum for (a) leaf net photosynthesis
(Topta) and (b) net photosynthesis at an
intercellular CO, concentration of

300 pmol mol™ (Toptazoo) at different
growth temperatures (Tgowth) for each
rainforest group: warm-temperate species in
blue, subtropical species in orange and
tropical species in red.
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Table 2 Mean coefficients (+ 1 SE) from the photosynthesis temperature response fits at mean C; (300 umol mol™") and net photosynthesis at 25°C
(Anetas) for six rainforest tree species at four different growth temperatures.

Rainforest group Species Growth temperature Aoptzoo (umol m2s™ Toptasoo (°C) b (broadness) Anet2s (umol m2s™
Warm Cryptocarya 17.0°C 6.62 + 0.65 283 + 1.8 0.020 + 0.008 5.71 £ 0.81
temperate laevigata 20.5°C 6.12 £ 0.66 275+ 1.8 0.018 £+ 0.007 5.48 £ 0.50
24.0°C 6.24 + 0.69 271 +£15 0.023 + 0.008 419 £ 1.21
27.5°C 5.37 £ 0.60 270+24 0.013 + 0.006 3.59 +£ 0.75
Tristaniopsis laurina 17.0°C 11.01 + 0.44 274 £ 05 0.040 + 0.005 11.23 + 0.33
20.5°C 9.17 £ 0.66 263 + 0.8 0.04 + 0.007 10.00 + 0.35
24.0°C 13.10 + 0.55 259 +£ 0.9 0.038 + 0.007 11.34 + 0.63
27.5°C 12.24 + 0.94 279 +1.6 0.043 + 0.015 10.58 + 1.46
Subtropical Backhousia 24.0°C 13.33 + 0.59 313 £ 0.6 0.044 + 0.007 12.01 + 0.77
citriodora 27.5°C 13.71 + 0.61 37.7 + 43 0.016 + 0.008 14.50 + 0.76
31.0°C 10.84 + 0.61 389 £ 6.0 0.011 £ 0.006 9.93 £+ 0.17
34.5°C 10.32 + 1.12 38.6 + 10.6 0.011 £ 0.011 8.34 + 1.21
Flindersia 24.0°C 9.58 + 0.67 314 £ 1.2 0.027 + 0.008 6.68 + 1.24
australis 27.5°C 12.19 + 0.80 332+ 241 0.026 + 0.009 10.89 + 0.58
31.0°C 10.58 + 0.85 38.3 £ 10.7 0.009 + 0.009 5.66 + 0.43
34.5°C - - - 2.78 +£0.30
Tropical Atractocarpus 24.0°C 8.54 £+ 1.01 30.1 £ 2.0 0.022 £ 0.012 7.00 +£ 0.39
fitzalanii 27.5°C 11.38 + 0.93 311+ 1.6 0.028 + 0.011 8.94 + 0.63
31.0°C 825 + 1.24 334 +54 0.014 £ 0.014 8.24 + 2.092
34.5°C 2.36 + 0.48 30.3 + 69 0.003 + 0.005 1.76 +£ 0.70
Xanthostemon 24.0°C 14.54 + 1.22 30.0 £ 1.1 0.055 + 0.016 10.73 + 0.99
chrysanthus 27.5°C 13.62 + 1.00 33.3 £33 0.022 + 0.014 9.37 £ 2.06
31.0°C 10.58 + 0.77 374 + 84 0.009 + 0.008 9.72 £ 1.73
34.5°C 9.25 £ 0.47 3568+ 29 0.016 £ 0.006 7.98 + 0.88

A parabolic function was used to fit according to Eqn 1 in the Materials and Methods section. Flindersia australis fits at 34.5°C had Topta300 OUtside the

measurement range.

Table 3 Analysis of covariance F-statistic and P-values of the regressions of photosynthetic parameters against T4 owtn across rainforest groups (Group).

Tgrowth df =1 Group df = 2 Tgrowth X Group df = 2
Parameter F-statistic P-value F-statistic P-value F-statistic P-value Resid df
Topta 25.10 0.00016 19.52 < 0.0001 1.54 0.25 15
Toptasoo 55.58 < 0.0001 15.44 0.00015 5.00 0.020 17
Aopt 0.23 0.64 4.27 0.034 0.82 0.46 15
Aoptzoo 0.07 0.79 3.00 0.077 1.60 0.23 17
Anetas 1.67 0.21 2.69 0.081 0.74 0.54 16
Vemax2s 0.09 0.77 1.37 0.28 0.52 0.60 17
Jmax25 8.77 0.0088 1.48 0.25 5.47 0.015 17
Jmax25 : Vemaxes 2.33 0.14 0.74 0.49 1.48 0.25 18
Toptv 15.48 0.0012 1.69 0.22 1.34 0.29 16
Toth 22.18 0.0002 5.95 0.012 0.78 0.47 16
E.v 0.46 0.50 1.79 0.20 1.73 0.21 17
Ey 0.15 0.70 1.40 0.27 1.98 0.17 17
ASy 8.28 0.011 0.38 0.69 0.19 0.82 16
AS, 15.05 0.0013 3.94 0.040 0.32 0.73 16

Parameters are: the temperature optima of net photosynthesis (Topta) and of photosynthesis at [CO,] = 300 pmol mol™ (Toptasoo), and the maximum
photosynthesis rates at the temperature optima (Aqp: and Agpizoo), the maximum carboxylation rate at 25°C (Vcmaxzs) and its activation energy (Eay), the
maximum electron transport rate at 25°C (Jmax2s) and its associated activation energy (E,y), while its deactivation energy (Hq4) was kept constant at

200 kJ mol™. Topry and Topy represent the temperature optima of Vemax and Jmax fits, respectively. AS represents the entropy factor in the model (ASy and
AS; for Vemax and Jmay fits, respectively). df stands for degrees of freedom, including the residual df in the last column. Bold values are the significant

relationships at P < 0.05; italic values are significant at P < 0.1.

and there were also no differences among rainforest groups (P =
0.28). While the ratio of /.05 t0 Vimaxos (Jmax2s @ Vemaxzs) did
not decline with higher growth temperatures (P = 0.14) and
was similar among rainforest groups (P = 0.49; Fig. S8a),

New Phytologist (2022) 234: 1220-1236
www.newphytologist.com

Jmax ¢ Vemax did reduce significantly across all growth tempera-
tures (P = 0.003).

Similar to 7i,a, the optimum temperatures of both V.
(Topev) and Jax (Topyg) increased significantly with increasing

© 2022 The Authors
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growth temperatures across species (P < 0.0012; Fig. 4c,d; Table
3). The slopes of linear regressions of 75,y and 7, with growth
temperature were 0.49 & 0.13°C °C™" and 0.56 + 0.14°C °C ",
respectively (Fig. 4c,d) and slopes were not different among
groups, indicating a similar degree of acclimation for all rainforest
groups (P> 0.05; Table 4). The change in 7,a was not associ-
ated with a change in activation energy (E,) of either V. OF Jimaxs
both E,j and E,y were independent of growth temperature (P >
0.5; Fig. 4e,f; Table 3). Across growth temperatures, the increases
in 75,ev and 75,5 were associated with a significant decline in ASy
and A (P < 0.011; Fig. 4g,h; Table 3). Therefore, several bio-
chemical parameters (Joazs: Topevs Topygs ASys AS) responded to
higher growth temperatures across species, suggesting a strong
influence of growth temperatures on the underlying biochemical
components of the temperature response of photosynthesis. Simi-
larly t0 Jiaxzs, the associated parameters 7,pg and AS) varied
among rainforest groups (P < 0.041; Table 3) resulting in higher
15,5y and lower A in subtropical and tropical species compared
with warm-temperate species (different intercepts in Fig. 4d,h).

© 2022 The Authors
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Tleaf (OC) Tleaf (OC)

There were strong relationships between several biochemical
parameters and the temperature optimum of photosynthesis,
Topeazoo (Fig. 5). We found a positive relationship between
Topeazoo and the optimum temperatures of Vimay (Zopev) and of
Jimax (Topyg) (Fig. 5a,b), indicating that higher 75, in Vipax and
Jmax were correlated with a higher temperature optimum of pho-
tosynthesis. A low /.05 @ Vemaxes ratio was also related to high
temperature optima of photosynthesis (Fig. 5¢). While there was
no significant relationship between 7;,300 and the activation
energy (either £,y or E,j, data not shown), a strong negative rela-
tionship was found between AS; and 7,a300 (R = 0.43; Fig.
5d) and between ASy and T;,ca300 (R* = 0.17, data not shown),
in line with the reduction of ASy and ASj with increasing growth
temperature across species (Fig. 4g,h; Table 3).

Temperature response of respiration

The response of dark respiration to leaf temperature accli-

mated differently to warming in warm-temperate vs

New Phytologist (2022) 234: 1220-1236
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subtropical and tropical species (Figs 6, S9), reflected b . .
P prea sp (Fig 9 Y Discussion

adjustments in both respiration rates at a common tempera-
ture, Rys and the temperature sensitivity of respiration, Qj.
While R,s rates tended to increase with warming in temperate
species, and decrease in tropical species (Fig. 6a), there were
no differences in response to 3.5°C warming (P = 0.88).
There were differences among rainforest groups in Rys (P =
0.045) with subtropical species having the highest Rs (Fig.
6a) while tropical and warm-temperate species exhibited simi-
lar rates.

Similarly, the decrease in the temperature sensitivity of res-
piration (Q;q between 15 to 45°C) was significantly different
among rainforest groups (P = 0.027) but not different with
categorical growth temperatures (P = 0.90). On average, Qo
was reduced by 24% in subtropical and tropical species, com-
pared with the average Qo of warm-temperate species (P <
0.025). These adjustments resulted in homeostasis in the res-
piration rate at Tgyiouih (Rrgrowsn) among subtropical and
tropical species, while warm-temperate species had lower

RTgrowth (Flg 6¢; P = 0.003).

New Phytologist (2022) 234: 1220-1236
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We found that Australian rainforest species adjusted both photo-
synthesis and respiration to warming. Tropical and subtropical
species showed as much, if not more, capacity to acclimate as did
warm-temperate species, despite being grown at a higher range of
temperatures. The optimum temperature for photosynthesis
increased with growth temperature and the rate of increase was
higher in tropical and subtropical species than in warm-
temperate species. We showed that adjustments of biochemical
processes, particularly changes in /.25, ASand the optimal tem-
peratures for RuBP regeneration and Rubisco carboxylation, were
the principal mechanisms underlying the shift in temperature
optimum of photosynthesis in response to increased growth
temperatures. Tropical species showed greater acclimation of
respiration rates via both a reduction in Rs and Q¢ whereas
warm-temperate species did not reduce Rys at higher growth
temperatures. These adjustments resulted in similar respiration
rates at higher growth temperatures in tropical species, rather
than enhanced Rrgoweh by warming in temperate species.

© 2022 The Authors
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Fig. 6 Means and + SE of (a) dark respiration rate at 25°C (R,s5) across six rainforest tree species, (b) Q¢ of respiration (calculated across 15-45°C), and
(c) dark respiration each at two Tgrowth (Rrgrowtn). Warm-temperate species are indicated in blue, subtropical species are orange and tropical species are red.

The photosynthetic response to growth temperature

The rate of increase in 75,300 Was 0.35-0.78°C °C™! increase
in Tirowehs @ shift similar in magnitude to that observed in earlier
studies (e.g. Berry & Bjoérkman, 1980; Kumarathunge ez al,
2019). Tropical and subtropical species showed a higher increase
of Topeasoo (¢. 8°C increase) with warming than warm-temperate
species (c. 3°C increase), similar to Cunningham & Read (2002).
The larger shift in 7,300 in our study in tropical species

New Phytologist (2022) 234: 1220-1236
www.newphytologist.com

compared with temperate species could, in part, be related to the
fact the tropical species were exposed to higher growth tempera-
tures compared with temperate species.

The increase in 75,a300 with higher growth temperatures was
underpinned by an increase in 7(,; of Viimaxas and T of Jinaxas
(Fig. 4) supporting our hypothesis that the temperature optima
of PhOtOS}’thSiS (T;)ptA): V;max (T;)ptV): and ]max (]—;)ptj) would
increase with increasing growth temperatures. The magnitude of
acclimation of 75, (0.49°C °C™1) was similar to Dreyer et al.

© 2022 The Authors
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(2001), in a study of seven European tree species, and Kattge &
Knorr (2007) (0.44°C °C™"), in a meta-analysis of 36 species.
There was a strong relationship between 75,300 and 75,y and
between 7i,pa300 and 7oy (Fig. 5a,b) suggesting that biochemi-
cal components strongly influenced the temperature optimum of
photosynthesis.

A strong negative correlation between AS; and 7,300 (Fig.
5d) indicated that the reduction in AS also contributed to an
increased temperature optimum of photosynthesis in response
to warming. Using a peaked Arrhenius function, the change in
Topev and T,y is generally explained by the sensitivity of AS
to temperature (Kattge & Knorr, 2007; Kumarathunge ez 4/,
2019). We observed a decline of ASy and AS§; in response
to growth temperature, and the magnitude of this decline
(=1.00 & 0.32 and —1.10 & 0.31 J mol™ K' °C™", for ASy
and AS), respectively) was very similar to Kattge & Knorr
(2007) and to Kumarathunge ez /. (2019). There was no posi-
tive relationship observed between either activation energy (£,
or Ey) and Tyoweh. While some studies have found a positive
relationship between activation energy and growth temperature
(Hikosaka er al., 1999, 2006; Onoda et al., 2005), these stud-
ies typically did not use a peaked temperature-response func-
tion in which the AS parameter is quantified. Kattge & Knorr
(2007) also found lack of E,y and Ejj responses to Tyroweh in
36 rainforest species. Overall, the selected rainforest species
clearly adjusted the underlying biochemical components of
photosynthesis to warmer growth temperatures, mainly via
reduced /.05, teduced AS and increased temperature optima
(T;)ptv and T;ptj)-

The reduction in /.5 with increased growth temperatures
supported our hypothesis of downregulation of photosynthetic
capacity at warmer Tgowh via the decline of /s, but not
Vimax2s (Fig. 4). By contrast, Scafaro ez al. (2017) associated the
decline in net photosynthetic rate with a decline in V.05 as

T,

8
species. However, other studies have reported increased V_.405
with warming (Hikosaka ez /., 1999; Onoda ez al., 2005; Ghan-
noum et al, 2010; Smith & Dukes, 2017; Lamba ez 4/, 2018).

While photosynthetic capacity can be adjusted by either a change

rowth increased across six temperate and four tropical rainforest

in Vinaas Oof Jmaxas or both, many studies have reported a
reduced Jiax2s @ Vemaxzs ratio with increasing growth tempera-
tures across many species (Atkin et al, 2006; Hikosaka ez /.,
2006; Kattge & Knorr, 2007; Sage & Kubien, 2007; Lin ez al.,
2012; Crous et al., 2013; Dusenge et al., 2020). The reduction
Of Jinax! Vimax is likely to be related to the greater dependence of
Jmax upon membrane stability than V., at higher temperatures
(Hikosaka er al, 2006; Sage & Kubien, 2007). Moreover, a
lower Jinax2s : Vemaxes ratio was related to a higher 75,300 (Fig.
5; Kumarathunge ez al., 2019; Dusenge ez al., 2020). As /., and
Vmax have different temperature optima, the optimum tempera-
ture of photosynthesis is determined by the most limiting com-
ponent process of photosynthesis. At lower /.05 @ Vemaxas, there
is less Rubisco limitation compared with a higher /.05 :
Vemaxzss an adjustment that leads to a higher 7,z at higher
growth temperatures (Hikosaka ez al., 2006).

© 2022 The Authors
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Our study was designed to distinguish the acclimation capacity
among rainforest species from different climates in a controlled
environment. Most biochemical parameters describing the tem-
perature response of photosynthesis responded to a change in
growth temperatures without a difference among rainforest
groups (Table 3), suggesting similar acclimation capacity among
rainforest groups. Similar acclimation to experimental warming
has also been reported in Slot & Kitajima (2015), Slot & Winter
(2017) and Crous et 2l (2022). One novel result here was that
Jmax2s not only reduced with increased growth temperatures but
the reduction was stronger in tropical and subtropical species
compared with warm-temperate rainforest species. The reduction
in /ihax2s was underpinned by lower AS§; in tropical and subtropi-
cal species. While a reduction in /.05 could lead to impaired
photosynthesis rates with warming, this reduction was counter-
acted by increased temperature optima with warming, resulting
in similar photosynthesis rates (Ape2s and Agpez00) across rain-
forest groups (P = 0.08; Table 3). Similar photosynthesis rates
across a range of growth temperatures were also reported for a
tropical montane species, Syzygium guineense (Dusenge et al.,
2021), although rates did decrease above 30°C. Other studies
have found reduced rates of photosynthesis in tropical species
with warming especially at growth temperatures above 30°C
(Cunningham & Read, 2003; Slot & Winter, 2016; Scafaro ez
al., 2017; Crous et al., 2018; Dusenge ez al., 2021). While not
statistically significant, photosynthesis tended to decline at the
highest growth temperatures in our study (Table 2) suggesting
that some species may decline photosynthesis at high growth
temperatures despite thermal acclimation. There is clearly a need
to understand how acclimation capacity differs among species
from different latitudes or biogeographic regions, which our
study addressed in Australian rainforest species. Recently, Crous
et al. (2022) reviewed the acclimation responses in evergreen
species from boreal to tropical latitudes and found more negative
responses of photosynthesis to warming in species experiencing
higher growth temperatures.

Another factor potendally contributing to reduced photosyn-
thesis at higher growth temperatures could be reduced stomatal
conductance. In contrast to most biochemical components, the
stomatal conductance response to growth temperatures remained
mostly unchanged and stomatal limitation was generally not
related to leaf temperature in our study. This implies that g was
not a major component driving a shift in the temperature
response of photosynthesis in these rainforest species, which is
likely due to the well watered conditions in this experiment.
Gunderson ez al. (2010), Crous et al. (2018) and Kumarathunge
et al. (2019) also demonstrated that stomatal conductance was
not a major component driving the adjustments of the photosyn-
thesis temperature response. However, water limitations can
reduce the temperature optima for photosynthesis in trees (Lin ez
al., 2012; Kumarathunge et al., 2020). A recent study found that
the stomatal response to high VPD could be a major driver of the
decline of photosynthesis at higher temperatures in tropical
forests (Smith er al, 2020), especially when VPD is not
manipulated, which is in contrast with most controlled
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environments in which VPD is minimised via high humidity.
The decrease of g with increasing temperatures is not uncom-
mon and has been observed in several studies (e.g. Slot ez al,
2016; Carter ez al., 2021) suggesting that photosynthesis rates
could additionally be constrained by stomatal conductance at
higher growth temperatures.

Response of leaf dark respiration to growth temperature

Since photosynthesis and respiration are coupled (Reich ez 4/,
1998; Whitehead ez al., 2004; Dusenge et al., 2019), plants with
strong photosynthetic acclimation might also show strong ther-
mal respiratory acclimation. Rrgows tended to increase with
warming in temperate rainforest species (Fig. 6¢) while tropical
and subtropical species displayed similar respiration rates regard-
less of growth temperature. This homeostatic response of Rrgrowch
can be explained via the adjustments of both a reduced tempera-
ture sensitivity (Qyo) and reduced rates of Rs in tropical com-
pared with temperate rainforest species (Fig. 6).

Subtropical and tropical species showed 24% lower tempera-
ture sensitivity (Q;o) compared with warm-temperate species.
Changes in Qo enabled respiration to adjust dynamically to
changes in growth temperature (Atkin & Tjoelker, 2003), proba-
bly via changes in substrate and/or adenylate control (Armstrong
et al., 2008). This reduction in Q)¢ in subtropical and tropical
species was likely related to the higher growth temperatures they
experienced compared with temperate species, and enabled tropi-
cal and subtropical species to reduce carbon loss via reduced res-
piration. Therefore tropical species had similar R5 as found for
temperate species, regardless of warming combined with a lower
Q1o- While we could not attribute this response to warming,
reduced respiration rates in response to long-term warming are
commonly observed in many species (Atkin ez /., 2005; Crous er
al., 2011; Aspinwall er al, 2016; Drake et al, 2015, 2017),
including in tropical species (Slot & Kitajima, 2015). Adjust-
ments in Rs and Q) resulted in homeostasis in the respiration
rate at Tgroweh (Rrgroweh) among subtropical and tropical species,
regardless of warming, while warm-temperate species had lower
Rrgrowen (Fig. 6¢).

Because tropical species reduced both Rys and Qyo, respiration
rates in tropical species adjusted more than respiration rates in
temperate species, refuting our fourth hypothesis. Therefore tropi-
cal and subtropical species have a large capacity to acclimate respi-
ration in response to moderate warming (Slot & Kitajima, 2015).
The adjustment of leaf dark respiration in tropical and subtropical
species partly offsets the decrease of photosynthetic capacity
(Jmaxas)» although acclimation of stem or root respiration to warm-
ing may be more limited (Drake ez af, 2017; Noh et al., 2020).
In terms of leaf-level responses, tropical species may adjust to
warming via a combined effect of an increased 7,ca and reduced
respiration, but it is unclear whether these responses are enough to
prevent reduced photosynthesis with future warming.

Mercado ez 2l (2018) showed that thermal acclimation of
photosynthetic capacity reduced the vulnerability of temperate
and tropical species to warming in an Earth system model,
although acclimation of respiration was not accounted for.

New Phytologist (2022) 234: 1220-1236
www.newphytologist.com

New
Phytologist

Moreover, recent field studies on tropical tree species have
observed limited thermal acclimation (Carter et al, 2021;
Dusenge et al., 2021). Our findings extends this work by investi-
gating the mechanisms controlling the photosynthesis tempera-
ture response across a range of growth temperatures to determine
differences in acclimation capacity in rainforest trees from differ-
ent climates. While acclimation capacity of photosynthesis may
be more limited with higher growth temperatures, including in
the tropics (Carter et al., 2021; Crous et al., 2022), there is a
need to investigate the limits of thermal acclimation across lati-
tudes, including at extreme temperatures (Zhu ez al, 2018).
Understanding how thermal acclimation varies geographically
and what factors are controlling this response would contribute
to reduce uncertainties regarding physiological responses to
warming and improve projections of future carbon uptake in
models.

Contrasting responses between tropical and warm-
temperate rainforest trees

According to our hypothesis, the shift in the optimum temper-
ature of photosynthesis (7,pa) would be larger in warm-
temperate than subtropical and tropical species due to the
larger seasonal temperature variation temperate species experi-
ence. In contrast with this hypothesis, we found larger adjust-
ments of 7,pa300 in tropical and subtropical species compared
with warm-temperate species related to an increase in Tjpy
and 7;,y. While other studies have generally found a higher
T4 of photosynthesis in tropical species compared with tem-
perate species (Cunningham & Read, 2003; Scafaro ez al,
2017; Mau ez al, 2018; Crous et al., 2022), our study also
found that the adjustment in 7, was larger in tropical
species (8°C range) compared with warm-temperate species
(4.5°C range).

Tropical species also exhibited stronger reductions in Ji.05
compared with temperate species in response to warmer growth
temperatures. Other studies also reported reduced rates of J..05
in response to warming in several broadleaf evergreen species
(Aspinwall et al., 2016; Scafaro et al, 2017; Smith & Dukes,
2017; Crous et al., 2018; Carter ez al., 2020) especially in species
exposed to higher growth temperatures. Reduced /., rates are
likely to be related to reduced photosystem II (PSII) electron flow
at moderately high temperatures (Havaux, 1996; Pastenes &
Horton, 1996; Sharkey, 2005). The shift away from a linear elec-
tron flow by PSII towards increased cyclic electron flow can help
to maintain a pH gradient (and proton motive force) across the
thylakoid membrane in response to high temperatures and coun-
teracts increased membrane leakiness of the thylakoid membrane
(Bukhov et al., 1999; Schrader et al., 2004; Sharkey & Zhang,
2010). This mechanism, together with other structural changes
in the thylakoid membrane, can help to avoid thermal damage
and support thermostability in response to higher growth tem-
peratures. Other adjustments to cope with high temperatures can
be increased content of saturated fatty acids (Zhu et al., 2018),
induction of heat-shock proteins (Vierling, 1991) and changes in
osmotic potential (Hiive ez al., 2006).
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While warming may have negative effects on carbon storage,
tropical species have some thermal resilience with moderate
warming. Tropical and subtropical species have a large capacity
to adjust to warmer temperatures via increases in the temperature
optimum of photosynthesis and reduced respiration rates. Sulli-
van et al. (2020) reported that high daytime temperatures (>
32°C) contributed most to reduced growth rates in the tropics.
Therefore, it remains important to further investigate the
responses to warming in tropical forests (Cavaleri er al, 2015)
both in the short term and over longer time periods (Sullivan
et al., 2020) and evaluate how resilient tropical species are to
future warming. This is especially true for mature trees rather
than seedlings. Mature individuals may not exhibit the same
responses as seedlings and much fewer studies have involved large
trees (Doughty & Goulden, 2008; Crous e al., 2013; Slot ez al.,
2014; Aspinwall ez al., 2016). Based on these and other studies
conducted on large trees in the field, our evidence of thermal
acclimation of photosynthesis and respiration is similar in magni-
tude and direction. Moreover, other evidence points to conver-
gent acclimation of photosynthesis and respiration to both
seasonal and experimental warming (Vanderwel ez al, 2015;
Reich et al., 2016). While this is the case for the processes of car-
bon uptake and loss, other processes such as growth and water
transport regulation are likely to be different between seedlings
and mature trees.

Opverall, this study provided insights into the mechanisms con-
trolling the photosynthesis temperature response in rainforest tree
species and their capacity to adjust to warming. Subtropical and
tropical species showed greater adjustments of 75,300, and leaf
respiration compared with warm-temperate species. Photosyn-
thetic capacity was reduced via a stronger reduction in /.05 in
tropical compared with warm-temperate species. Therefore, our
study found that tropical and subtropical rainforest tree species
substantially acclimated to higher temperatures while exhibiting
reductions in photosynthetic capacity at higher growth tempera-
tures (> 32°C), indicating that tropical species are likely to
reduce carbon uptake at higher growth temperatures. Photosyn-
thetic biochemistry, but not stomatal limitation, was the main
driver of the shift in the temperature response of photosynthesis
and the increase of the temperature optimum of photosynthesis.

Both the temperature-driven shifts in photosynthesis and res-
piration should be considered together when forecasting future
warming impacts at larger scales (Smith & Dukes, 2013; Mer-
cado et al., 2018). In addition, there is a need to understand how
the responses to experimental warming are different from
responses to extreme temperatures. Our findings indicated that
the magnitude of acclimation can differ depending on climate
zone, and that warming responses at 3.5°C warming may not be
the same compared with larger temperature changes. These dif-
ferences in acclimation capacity can be modified in combination
with other climate change factors, for example limited water
availability, a common co-limitation with warming in the field
(Kumarathunge ez al, 2020). These are important questions to
be addressed in future research to reflect more realistic climate
change scenarios when predicting carbon exchange in land sur-
face models.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Acknowledgements

The Australian Research Council is gratefully acknowledged for a
Discovery  Early Career Research Award to KYC
(DE160101484). Gavin McKenzie and Andrew Gherlanda are
acknowledged for their help in setting up the glasshouse experi-
ment, together with Scott Bevins, Norbert Klause and Tamara
Weyman for potting up the plants. We are grateful for the help
of Renee Marchin, Elise Dando, Jinyan Yang and Dushan
Kumarathunge with the many gas exchange measurements. Push-
pinder Matta is acknowledged for the total leaf nitrogen analysis.
Conflict of interest: none declared.

Author contributions

KYC designed the study with input of ZC and MGT. ZC led the
data collection with help of AW-K, AB and NPB. ZC performed
the data analyses with the guidance of KYC, BEM and MGT.
Manuscript writing was led by ZC and KYC with input from all

co-authors.

ORCID

Zineb Choury
Kristine Y. Crous
Belinda E. Medlyn
Mark G. Tjoelker
Agnieszka Wujeska-Klause
0315-8981

hetps://orcid.org/0000-0003-2659-0128
https://orcid.org/0000-0001-9478-7593
hteps://orcid.org/0000-0001-5728-9827
hteps://orcid.org/0000-0003-4607-5238
hteps://orcid.org/0000-0003-

Data availability

The data used in this manuscript are publicly available at hetps://
figshare.com/s/173c66190ae77ccc6dd6.

References

Armstrong AF, Badger MR, Day DA, Barthet MM, Smith PMC, Millar AH,
Whelan J, Atkin OK. 2008. Dynamic changes in the mitochondrial electron
transport chain underpinning cold acclimation of leaf respiration. Plant, Cell &
Environment31: 1156-1169.

Aspinwall M]J, Drake JE, Campany C, Varhammar A, Ghannoum O, Tissue DT,
Reich PB, Tjoelker MG. 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 .

Atkin OK, Atkinson L], Fisher RA, Campbell CD, Zaragoza-Castells J,
Pitchford J, Woodward FI, Hurry V. 2008. Using temperature-dependent
changes in leaf scaling relationships to quantitatively account for thermal
acclimation of respiration in a coupled global climate-vegetation model. Global
Change Biology 14: 2709-2726.

Atkin OK, Bloomfield KJ, Reich PB, Tjoelker MG, Asner GP, Bonal D,
Bé6nisch G, Bradford MG, Cernusak LA, Cosio EG ez al. 2015. Global
variability in leaf respiration in relation to climate, plant functional types and
leaf traits. New Phytologist 206: 614—636.

Atkin OK, Bruhn D, Hurry VM, Tjoelker MG. 2005. The hot and the cold:
unravelling the variable response of plant respiration to temperature. Functional
Plant Biology 32: 87-105.

Atkin OK, Scheurwater I, Pons TL. 2006. High thermal acclimation potential of
both photosynthesis and respiration in two lowland Plantago species in contrast
to an alpine congeneric. Global Change Biology 12: 500-515.

New Phytologist (2022) 234: 1220-1236
www.newphytologist.com


https://orcid.org/0000-0003-2659-0128
https://orcid.org/0000-0003-2659-0128
https://orcid.org/0000-0003-2659-0128
https://orcid.org/0000-0001-9478-7593
https://orcid.org/0000-0001-9478-7593
https://orcid.org/0000-0001-9478-7593
https://orcid.org/0000-0001-5728-9827
https://orcid.org/0000-0001-5728-9827
https://orcid.org/0000-0001-5728-9827
https://orcid.org/0000-0003-4607-5238
https://orcid.org/0000-0003-4607-5238
https://orcid.org/0000-0003-4607-5238
https://orcid.org/0000-0003-0315-8981
https://orcid.org/0000-0003-0315-8981
https://orcid.org/0000-0003-0315-8981
https://figshare.com/s/173c66190ae77ccc6dd6
https://figshare.com/s/173c66190ae77ccc6dd6

Atkin OK, Tjoelker MG. 2003. Thermal acclimation and the dynamic response
of plant respiration to temperature. Trends Plant Science 8: 343-351.

Bastin J-F, Finegold Y, Garcia C, Mollicone D. 2019. The global tree restoration
potential. Science 365: 76-79.

Baty F, Ritz C, Charles S, Brutsche M, Flandrois JP, Delignette-Muller ML.
2015. A toolbox for nonlinear regression in R: the package NLsTOOLS. Journal of
Statistical Software 66: 1-21.

Bernacchi CJ, Singsaas EL, Pimentel C, Portis AR, Long SP. 2001. Improved
temperature response functions for models of Rubisco-limited photosynthesis.
Plant, Cell & Environment 24: 253-259.

Berry J, Bjorkman O. 1980. Photosynthetic response and adaptation to
temperature in higher plants. Annual Review of Plant Physiology 31: 491-543.

Brando PM, Silvério D, Maracahipes-Santos L, Oliveira-Santos C, Levick SR,
Coe MT, Migliavacca M, Balch JK, Macedo MN, Nepstad DC ez al. 2019.
Prolonged tropical forest degradation due to compounding disturbances:
implications for CO; and H,O fluxes. Global Change Biology 25: 2855-2868.

Bukhov NG, Wiese C, Neimanis S, Heber U. 1999. Heat sensitivity of
chloroplasts and leaves: leakage of protons from thylakoids and reversible
activation of cyclic electron transport. Photosynthesis Research 59: 81-93.

Carter KR, Wood TE, Reed SC, Butts KM, Cavaleri MA. 2021. Experimental
warming across a tropical forest canopy height gradient reveals minimal
photosynthetic and respiratory acclimation. Plant, Cell & Environment 44:
2879-2897.

Carter KR, Wood TE, Reed SC, Schwartz EC, Reinsel MB, Yang X, Cavaleri
MA. 2020. Photosynthetic and respiratory acclimation of understory shrubs in
response to i situ experimental warming of a wet tropical forest. Frontiers in
Forests and Global Change 3: 1-20.

Cavaleri MA, Reed SC, Smith WK, Wood TE. 2015. Urgent need for warming
experiments in tropical forests. Global Change Biology21: 2111-2121.

Cook B, Zeng N, Yoon JH. 2012. Will Amazonia dry out? Magnitude and causes
of change from IPCC climate model projections. Earth Interactions 16: 1-27.

Cowling SA, Sage RF. 1998. Interactive effects of low atmospheric CO, and
elevated temperature on growth, photosynthesis and respiration in Phaseolus
vulgaris. Plant, Cell & Environment 21: 427-435.

Cox PM, Betts RA, Collins M, Harris PP, Huntingford C, Jones CD. 2004.
Amazonian forest dieback under climate-carbon cycle projections for the 21*
century. Theoretical and Applied Climatology 78: 137-156.

Crous KY, Drake JE, Aspinwall M], Sharwood RE, Tjoelker MG, Ghannoum
0. 2018. Photosynthetic capacity and leaf nitrogen decline along a controlled
climate gradient in provenances of two widely distributed Eucalyptus species.
Global Change Biology 24: 4626—4644.

Crous KY, Quentin AG, Lin YS, Medlyn BE, Williams DG, Barton CVM,
Ellsworth DS. 2013. Photosynthesis of temperate Eucalyptus globulus trees
outside their native range has limited adjustment to elevated CO, and climate
warming. Global Change Biology 19: 3790-3807.

Crous KY, Uddling J, De Kauwe M. 2022. Temperature responses of
photosynthesis and respiration in evergreen trees from boreal to tropical
latitudes. New Phytologist 234: 353-374.

Crous KY, Zaragoza-Castells ], Low M, Ellsworth DS, Tissue DT, Tjoelker
MG, Atkin OK. 2011. Seasonal acclimation of leaf respiration in Eucalyptus
saligna trees: impacts of elevated atmospheric CO, and summer drought.
Global Change Biology 17: 1560-1576.

Cunningham SC, Read J. 2002. Comparison of temperate and tropical rainforest
tree species: photosynthetic responses to growth temperature. Oecologia 133:
112-119.

Cunningham SC, Read J. 2003. Do temperate rainforest trees have a greater
ability to acclimate to changing temperatures than tropical rainforest trees? New
Phytologist 157: 55—64.

Doughty CE, Goulden ML. 2008. Are tropical forests near a high temperature
threshold? Journal of Geophysical Research— Biogeosciences 113: 1-12.

Drake JE, Aspinwall M], Pfautsch S, Rymer PD, Reich PB, Smith RA, Crous
KY, Tissue DT, Ghannoum O, Tjoelker MG. 2015. The capacity to cope
with climate warming declines from temperate to tropical latitudes in two
widely distributed Eucalyptus species. Global Change Biology 21: 459—-472.

Drake JE, Varhammar A, Kumarathunge D, Medlyn BE, Pfautsch S, Reich PB,
Tissue DT, Ghannoum O, Tjoelker MG. 2017. A common thermal niche

New Phytologist (2022) 234: 1220-1236
www.newphytologist.com

New
Phytologist

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.

Dreyer E, Le Roux X, Montpied P, Daudet FA, Masson F. 2001. Temperature
response of leaf photosynthetic capacity in seedlings from seven temperate tree
species. Tree Physiology 21: 223-232.

Dusenge ME, Duarte AG, Way DA. 2019. Plant carbon metabolism and climate
change: elevated CO, and temperature impacts on photosynthesis,
photorespiration and respiration. New Phytologist 221: 32—49.

Dusenge ME, Madhavji S, Way DA. 2020. Contrasting acclimation responses to
elevated CO, and warming between an evergreen and a deciduous boreal
conifer. Global Change Biology 26: 3639-3657.

Dusenge ME, Wittemann M, Mujawamariya M, Ntawu.higanayo EB, Zibera E,
Ntirugulirwa B, Way DA, Nsabimana D, Uddling J, Wallin G. 2021.
Limited thermal acclimation of photosynthesis in tropical montane tree species.
Global Change Biology 27: 4860—4878.

Duursma RA. 2015. PLANTECOPHYS — an R package for analysing and modelling
leaf gas exchange data. PLoS ONE 10: e0143346.

Farquhar GD, von Caemmerer S, Berry JA. 1980. A biochemical model of
photosynthetic CO, assimilation in leaves of Cj species. Planta 149: 78-90.

FuR, Yin L, Li W, Arias PA, Dickinson RE, Huang L, Chakraborty S,
Fernandes K, Liebmann B, Fisher R ez al. 2013. Increased dry-season length
over southern Amazonia in recent decades and its implication for future climate
projection. Proceedings of the National Academy of Sciences, USA110: 18110—
18115.

Ghannoum O, Phillips NG, Sears MA, Logan BA, Lewis JD, Conroy JP, Tissue
DT. 2010. Photosynthetic responses of two eucalypts to industrial-age changes
in atmospheric CO, and temperature. Plant, Cell & Environment33: 1671—
1681.

Gunderson CA, Keiran HO, Christina MC, Walker AV, Edwards NT. 2010.
Thermal plasticity of photosynthesis: the role of acclimation in forest responses
to a warming climate. Global Change Biology 16: 2272-2286.

Gunderson CA, Norby R]J, Wullschleger SD. 2000. Acclimation of
photosynthesis and respiration to simulated climatic warming in northern and
southern populations of Acer saccharum: laboratory and field evidence. Tree
Physiology 20: 87-96.

Havaux M. 1996. Short-term responses of photosystem I to heat stress —
induction of a PS Il-independent electron transport through PS I fed by
stromal components. Photosynthesis Research 47: 85-97.

Heskel MA, O’Sullivan OS, Reich PB ez al. 2016. Convergence in the
temperature response of leaf respiration across biomes and plant functional
types. Proceedings of the National Academy of Sciences, USA 113: 3832-3837.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005. Very high
resolution interpolated climate surfaces for global land areas. International
Journal of Climatology 25: 1965-1978.

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.

Hikosaka K, Murakami A, Hirose T. 1999. Balancing carboxylation and
regeneration of ribulose-1,5-bisphosphate in leaf photosynthesis: temperature
acclimation of an evergreen tree, Quercus myrsinifolia. Plant, Cell &
Environment 22: 841-849.

Huntingford C, Atkin OK, Martinez-de la Torre A, Mercado LM, Heskel MA,
Harper AB, Bloomfield KJ, O’Sullivan OS, Reich PB, Wythers KR ez al.
2017. Implications of improved representations of plant respiration in a
changing climate. Nature Communications 8: 1602-1613.

Huntingford C, Zelazowski P, Galbraith D, Mercado LM, Sitch S, Fisher R,
Lomas M, Walker AP, Jones CD, Booth BBB. 2013. Simulated resilience of
tropical rainforests to CO,-induced climate change. Nasure Geoscience 6: 268—
273.

Hiive K, Bichele I, Tobias M, Niinemets U. 2006. Heat sensitivity of
photosynthetic electron transport varies during the day due to changes in sugars
and osmotic potential. Plant, Cell & Environment29: 212-228.

Janzen DH. 1967. Why mountain passes are higher in the tropics. American
Naturalist 101: 233-249.

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation



New
Phytologist

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.

Kumarathunge DP, Drake JE, Tjoelker MG, Lépez R, Pfautsch S, Virhammar
A, Medlyn BE. 2020. The temperature optima for tree seedling photosynthesis
and growth depend on water inputs. Global Change Biology 26: 2544-2560.

Kumarathunge DP, Medlyn BE, Drake JE, Tjoelker MG, Aspinwall M],
Battaglia M, Cano FJ, Carter KR, Cavaleri MA, Cernusak LAet al. 2019.
Acclimation and adaptation components of the temperature dependence of
plant photosynthesis at the global scale. New Phytologist 222: 768-784.

Lamba S, Hall M, Rintfors M, Chaudhary N, Linde S, Way DA, Uddling J,
Wallin G. 2018. Physiological acclimation dampens initial effects of elevated
temperature and atmospheric CO, concentration in mature boreal Norway
spruce. Plant, Cell & Environment 41: 300-313.

Lee TD, Reich PB, Bolstad PV. 2005. Acclimation of leaf respiration to
temperature is rapid and related to specific leaf area, soluble sugars and leaf
nitrogen across three temperate deciduous tree species. Functional Ecology 19:
640-647.

Lewis SL, Lloyd J, Sitch S, Mitchard EAM, Laurance WF. 2009. Changing
ecology of tropical forests: evidence and drivers. Annual Review of Ecology
Evolution and Systematics 40: 529-549.

Lin YS, Medlyn BE, Ellsworth DS. 2012. Temperature responses of leaf net
photosynthesis: the role of component processes. T7ee Physiology 32: 219-231.

Lombardozzi DL, Bonan GB, Smith NG, Dukes JS, Fisher RA. 2015.
Temperature acclimation of photosynthesis and respiration: a key uncertainty
in the carbon cycle—climate feedback. Geophysical Research Letters 42: 8624—
8631.

Malhi Y. 2012. The productivity, metabolism and carbon cycle of tropical forest
vegetation. Journal of Ecology 100: 65-75.

Malhi Y, Roberts JT, Betts RA, Killeen TJ, Li W, Nobre C. 2008. Climate
change, deforestation, and the fate of the Amazon. Science 319: 169-172.

Mau A, Reed S, Wood T, Cavaleri M. 2018. Temperate and tropical forest
canopies are already functioning beyond their thermal thresholds for
photosynthesis. Forests9: 47-71.

Medlyn BE, Dreyer E, Ellsworth D, Forstreuter M, Harley PC, Kirschbaum
MUF, Le Roux X, Montpied P, Strassemeyer J, Walcroft A ez al. 2002a.
Temperature response of parameters of a biochemically-based model of
photosynthesis. II. A review of experimental data. Plant, Cell & Environment
25, 1167-1179.

Medlyn BE, Loustau D, Delzon S. 2002b. Temperature response of parameters
of a biochemically-based model of photosynthesis. I. Seasonal changes in
mature maritime pine (Pinus pinaster Ait.). Plant, Cell & Environment 25:
1155-1165.

Mercado LM, Medlyn BE, Huntingford C, Oliver R], Clark DB, Sitch S,
Zelazowski P, Kattge J, Harper AB, Cox PM. 2018. Large sensitivity in land
carbon storage due to geographical and temporal variation in the thermal
response of photosynthetic capacity. New Phytologist218: 1462-1477.

Noh NJ, Crous KY, Li J, Choury Z, Barton CVM, Arndt SK, Reich PB,
Tjoelker MG, Pendall E. 2020. Does root respiration in Australian rainforest
tree seedlings acclimate to experimental warming? 7ree Physiology 40: 1192—
1204.

O’Sullivan OS, Heskel MA, Reich PB, Tjoelker MG, Weerasinghe LK,
Penillard A, Zhu L ez al. 2017. Thermal limits of leaf metabolism across
biomes. Global Change Biology 23: 209-223.

Onoda Y, Hikosaka K, Hirose T. 2005. The balance between RuBP
carboxylation and RuBP regeneration: a mechanism underlying the
interspecific variation in acclimation of photosynthesis to seasonal change in
temperature. Functional Plant Biology 32: 903-910.

Pastenes C, Horton P. 1996. Effect of high temperature on photosynthesis in
beans. 1. Oxygen evolution and chlorophyll fluorescence. Plant Physiology 112:
1245-1251.

Perez TM, Stroud JT, Feeley KJ. 2016. Thermal trouble in the tropics. Science
351: 1392-1393.

R Development Core Team (2018) R: a language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Computing. [WWW
document] URL https://www.R-project.org/ [accessed 1 March 2018].

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Reich PB, Sendall KM, Stefanski A, Wei XR, Rich RL, Montgomery RA. 2016.
Boreal and temperate trees show strong acclimation of respiration to warming.
Nature 531: 633-636.

Reich PB, Walters MB, Ellsworth DS. 1998. Leaf structure (specific leaf area)
modulates photosynthesis—nitrogen relations: evidence from within and across
species and functional groups. Functional Ecology 12: 948-958.

Robakowski P, Li Y, Reich PB. 2012. Local ecotypic and species range-related
adaptation influence photosynthetic temperature optima in deciduous
broadleaved trees. Plant Ecology213: 113-125.

Rowland L, da Costa ACL, Galbraith DR, Oliveira RS, Binks O], Oliveira
AAR, Pullen AM, Doughty CE, Metcalfe DB, Vasconcelos SS ez al. 2015.
Death from drought in tropical forests is triggered by hydraulics not carbon
starvation. Nature 528: 119-122.

Sage RF, Kubien DS. 2007. The temperature response of C; and Cy4
photosynthesis. Plant, Cell & Environment 30: 1086-1106.

Sage RF, Sharkey TD. 1987. The effect of temperature on the occurrence of O,
and CO, insensitive photosynthesis in field-grown plants. Plant Physiology 84:
658-664.

Scafaro AP, Xiang S, Long BM, Bahar NHA, Weerasinghe LK, Creek D, Evans
JR, Reich PB, Atkin OK. 2017. Strong thermal acclimation of photosynthesis
in tropical and temperate wet-forest tree species: the importance of altered
Rubisco content. Global Change Biology 23: 2783-2800.

Schrader SM, Wise RR, Wacholtz WF, Ort DR, Sharkey TD. 2004. Thylakoid
membrane responses to moderately high leaf temperature in Pima cotton.
Plant, Cell & Environment 27: 725-735.

Sharkey TD. 2005. Effects of moderate heat stress on photosynthesis: importance

of thylakoid reactions, rubisco deactivation, reactive oxygen species, and
thermotolerance provided by isoprene. Plant, Cell & Environment 28: 269—
277.

Sharkey TD, Zhang R. 2010. High temperature effects on electron and proton
circuits of photosynthesis. Journal of Integrative Plant Biology 52: 712-722.

Slatyer R. 1978. Altitudinal variation in the photosynthetic characteristics of
snow gum, Eucalyptus pauciflora Sieb. Ex Spreng. VII. Relationship between
gradients of field temperature and photosynthetic temperature optima in the
snowy mountains area. Australian Journal of Botany 26: 111-121.

Slot M, Garcia MN, Winter K. 2016. Temperature response of CO; exchange in
three tropical tree species. Functional Plant Biology 43: 468—478.

Slot M, Kitajima K. 2015. General patterns of acclimation of leaf respiration to
elevated temperatures across biomes and plant types. Oecologia 177: 885-900.

Slot M, Rey-Sinchez C, Gerber S, Lichstein JW, Winter K, Kitajima K. 2014.
Thermal acclimation of leaf respiration of tropical trees and lianas: response to
experimental canopy warming, and consequences for tropical forest carbon
balance. Global Change Biology 20: 2915-2926.

Slot M, Winter K. 2016. The effects of rising temperature on the ecophysiology
of tropical forest trees. In: Goldstein G, Santiago LS, eds. Tropical tree
physiology: adaptations and responses in a changing environment. Cham,
Switzerland: Springer, 385—412.

Slot M, Winter K. 2017. Photosynthetic acclimation to warming in tropical
forest tree seedlings. Journal of Experimental Botany 68: 2275-2284.

Smith MN, Taylor TC, van Haren ], Rosolem R, Restrepo-Coupe N, Adams J,
Wu ], de Oliveira RC, da Silva R, de Araujo AC ez al. 2020. Empirical
evidence for resilience of tropical forest photosynthesis in a warmer world.
Nature Plants 6: 1225-1230.

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.

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.

Sullivan MJP, Lewis SL, Affum-Baffoe K, Castilho C, Costa F, Sanchez AC,
Ewango CEN, Hubau W, Marimon B, Monteagudo-Mendoza A et al. 2020.
Long-term thermal sensitivity of Earth’s tropical forests. Science 368: 869—874.

Vanderwel MC, Slot M, Lichstein JW, Reich PB, Kattge J, Atkin OK,
Bloomfield KJ, Tjoelker MG, Kitajima K. 2015. Global convergence in leaf
respiration from estimates of thermal acclimation across time and space. New
Phyrologist 207: 1026-1037.

New Phytologist (2022) 234: 1220-1236
www.newphytologist.com


https://www.R-project.org/

Vierling E. 1991. The roles of heat-shock proteins in plants. Annual Review of
Plant Physiology and Plant Molecular Biology 42: 579-620.

von Caemmerer S, Evans JR. 2015. Temperature responses of mesophyll
conductance differ greatly between species. Plant, Cell & Environment 38: 629—
637.

Way DA, Oren R. 2010. Differential responses to changes in growth temperature
between trees from different functional groups and biomes: a review and
synthesis of data. Tree Physiology 30: 669—-688.

Whitehead D, Griffin KL, Turnbull MH, Tissue DT, Engel VC, Brown K],
Schuster WSF, Walcroft AS. 2004. Response of total night-time respiration to
difference in total daily photosynthesis for leaves in a Quercus rubra L. Canopy:
implications for modelling canopy CO, exchange. Global Change Biology 10:
925-938.

Wright SJ, Muller-Landau HC, Schipper J. 2009. The future of tropical species
on a warmer planet. Conservation Biology 23: 1418—-1426.

Yamori W, Hikosaka K, Way DA. 2014. Temperature response of
photosynthesis in Cs, C4, and CAM plants: temperature acclimation and
temperature adaptation. Photosynthesis Research 119: 101-117.

Yamori W, Noguchi K, Terashima I. 2005. Temperature acclimation of
photosynthesis in spinach leaves: analyses of photosynthetic components and
temperature dependencies of photosynthetic partial reactions. Plant, Cell &
Environment 28: 536-547.

Zhu L, Bloomfield KJ, Hocart CH, Egerton JJG, O’Sullivan OS, Penillard A,
Weerasinghe LK, Atkin OK. 2018. Plasticity of photosynthetic heat tolerance
in plants adapted to thermally contrasting biomes. Plant, Cell & Environment
41:1251-1262.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Relationships between leaf temperature (7j.,¢) and leaf-
to-air vapour pressure deficit (VPD) at different growth tempera-
tures.

Fig. S2 Temperature responses of photosynthesis at the mean Ci
(300 ppm) and different growth temperatures in six rainforest
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in warm-temperate species, subtropical species and tropical
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Fig. S4 Means and SE between stomatal conductance measured
at 25°C (gos) and different growth temperatures (74 owen) across
six rainforest species.

Fig. S5 Relationships between Ay easuredci—As00 and leaf tempera-
ture (7)., at different growth temperatures in warm-temperate
species, subtropical species and tropical species at each growth
temperature.

Fig. S6 Temperature responses of the apparent maximum car-
boxylation (V) for each of six rainforest species measured in
their respective growth temperatures at five leaf temperatures
(Tleap) in three replicates per growth temperature (means & 1

SE).

Fig. 87 Temperature response of the apparent maximum elec-
tron transport rate (/i) for each of six rainforest species mea-
sured in their respective growth temperatures at five leaf
temperatures (7.0 in three replicates per growth temperature
(means 1 SE).

Fig. S8 Mean and SE of fitted values (3 replicates) of Jiax @ Vimax
at a common leaf temperature (25°C) as a function of six growth

temperatures across three rainforest groups: Jaxos/ Vemaxzs =
—0.04 X Tyouwn + 3.03 (P = 0.01; B = 0.20).

Fig. 89 The short-term temperature response of mitochondrial leaf
respiration (Ry,..) as a function of leaf temperature (7].,p) measured
at two different growth temperatures (different symbols) to assess
the responses to +3.5°C warming among rainforest groups.
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