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Summary

� Warming climate increases the risk for harmful leaf temperatures in terrestrial plants, caus-

ing heat stress and loss of productivity. The heat sensitivity may be particularly high in equato-

rial tropical tree species adapted to a thermally stable climate.
� Thermal thresholds of the photosynthetic system of sun-exposed leaves were investigated

in three tropical montane tree species native to Rwanda with different growth and water use

strategies (Harungana montana, Syzygium guineense and Entandrophragma exselsum). Mea-

surements of chlorophyll fluorescence, leaf gas exchange, morphology, chemistry and tem-

perature were made at three common gardens along an elevation/temperature gradient.
� Heat tolerance acclimated to maximum leaf temperature (Tleaf) across the species. At the

warmest sites, the thermal threshold for normal function of photosystem II was exceeded in

the species with the highest Tleaf despite their higher heat tolerance. This was not the case in

the species with the highest transpiration rates and lowest Tleaf. The results point to two differ-

ently effective strategies for managing thermal stress: tolerance through physiological adjust-

ment of leaf osmolality and thylakoid membrane lipid composition, or avoidance through

morphological adaptation and transpiratory cooling.
� More severe photosynthetic heat stress in low-transpiring montane climax species may

result in a competitive disadvantage compared to high-transpiring pioneer species with more

efficient leaf cooling.

Introduction

Tropical forests have adapted to thermally stable conditions and
thus may be particularly vulnerable to global warming (Janzen,
1967; Doughty & Goulden, 2008). This is concerning because
the average, and even the coolest, tropical growing season tem-
peratures of the late 21st Century have been predicted to exceed
the hottest seasons recorded in the 20th Century (Battisti &
Naylor, 2009; Diffenbaugh & Scherer, 2011). The global mean
temperature increase is expected to occur in concert with both
more intensive and frequent heatwaves (Coumou et al., 2013;
Perkins-Kirkpatrick & Lewis, 2020). This would potentially
place many tropical plants under severe heat stress for extended
periods. Already, increasing growth temperatures (Tg) have been
linked to greater tree mortality and reduced woody productivity
in the tropics (e.g. Toomey et al., 2011; Aleixo et al., 2019;
Claeys et al., 2019; Sullivan et al., 2020). Warming also is an
important driver of compositional changes towards greater
dominance by warm-adapted species in high-elevation tropical

forests (Duque et al., 2015; Fadrique et al., 2018). Although
upward migration may provide montane species with temporary
refuge from warming (Phillips, 1997; Feeley et al., 2011), the
benefits of moving upslope are partly counteracted by increased
maximum radiation loads (e.g. Rosado et al., 2016) that
increase leaf temperatures (Tleaf) compared to plants growing at
lower elevations (Fauset et al., 2018). In addition, sufficiently
fast migration may not be possible (Phillips, 1997; Feeley et al.,
2011) due to limitations on seed dispersal and unfavorable
edaphic conditions (Duque et al., 2015), which places emphasis
on a species ability to handle high Tleaf. Overall, increased heat
stress may profoundly affect the biodiversity of tropical forests,
in particular by shrinking the distributional ranges of species
that migrate too slowly and are unable to acclimate to the
rapidly increasing temperatures.

The impact of increasing temperatures on leaf functioning
depends on both the intensity and the duration of the heat expo-
sure (Bilger et al., 1984; Hüve et al., 2011). Moderate heat stress
can reduce carbon uptake through increases in mitochondrial
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respiration and photorespiration, and reductions in stomatal con-
ductance and photosynthesis that are transitory and cause the
plant no long-term harm (Doughty & Goulden, 2008;
Niinemets, 2018). An early sign of severe heat stress is the reduc-
tion of photosynthetic electron transport capacity, resulting from
a loss of thylakoid membrane integrity and inactivation of the
photosystem II (PSII) water-splitting complex (Hüve et al., 2011;
Teskey et al., 2015; Yamamoto, 2016; Niinemets, 2018). Suffi-
ciently long and/or large exceedance of heat tolerance thresholds
leads to irreversible (or at least less reversible) damage to the pho-
tosynthetic biochemistry and leaf tissues (Berry & Björkman,
1980; Bilger et al., 1984; Hüve et al., 2011), with long-lasting
impacts on plant-scale carbon (C) assimilation requiring senes-
cence and production of new leaves to overcome.

Plants can reduce the risk for heat damage on leaves by two
general strategies, avoidance and tolerance (e.g. Mathur et al.,
2014; Teskey et al., 2015). Avoidance can occur through growth
in the understory and/or through morphological adjustments on
the plant- or the leaf-scale, such as shading of lower canopy leaves
and having reflective leaves or leaf angles that reduce radiation
loads, as well as by cooling of the leaf through transpiration
(Leigh et al., 2012; Michaletz et al., 2015; Teskey et al., 2015;
Wright et al., 2017; Drake et al., 2018; Fauset et al., 2018; Tserej
& Feeley, 2021). These thermoregulatory traits act to maintain
Tleaf in the optimal range for photosynthesis under normal envi-
ronmental variation and help to avoid damage under more
extreme conditions (Michaletz et al., 2015; Fauset et al., 2018).
However, within-canopy variation in microclimate can cause Tleaf

to vary by several degrees among species within the same stand or
even among leaves within the same tree crown (e.g. Doughty &
Goulden, 2008; Fauset et al., 2018; Slot et al., 2019). In addition
to avoidance of high Tleaf, plants utilize several types of short-
and long-term molecular and biochemical adjustments to
increase their heat tolerance. These responses have been the topic
of several recent reviews (Mathur et al., 2014; Teskey et al., 2015;
Yamamoto, 2016) and include, but are not limited to, increased
expression of heat shock proteins (Vierling, 1991; Barua et al.,
2003), increased production of osmolytes to improve protein sta-
bility (Santarius, 1973; Hüve et al., 2006), and changes in the
thylakoid membrane lipid composition towards greater satura-
tion to reduce leakiness (Zhu et al., 2018).

Several methods exist for investigating thermal tolerance
thresholds, ranging from visual inspection of tissue damage to
detailed analyses of thylakoid membrane composition and bio-
chemical process rates. Because PSII function is among the most
heat-sensitive photosynthetic components, chlorophyll fluores-
cence, which informs about the status of PSII (e.g. Maxwell &
Johnson, 2000; Murchie & Lawson, 2013), has emerged as a
common method for assessing leaf photosynthetic heat tolerance
(PHT). Recently, it was shown globally using natural stands with
varying species compositions, that the PHT threshold at which
electron transport is disrupted due to increased thylakoid mem-
brane fluidity and dissociation of membrane-bound proteins
(often called Tcrit) increased by 8°C over a span of 20°C differ-
ence in high-temperature extremes from the arctic to the tropics
(O’Sullivan et al., 2017). Similar relationships between threshold

temperature and Tg have been found in multispecies studies with
more constricted spatial scales and for single species under artifi-
cial warming (e.g. Knight & Ackerly, 2002; Drake et al., 2018;
Zhu et al., 2018; Feeley et al., 2020). However, this simple gen-
eral picture of greater PHT thresholds in warm-adapted plants is
complicated by observations of considerable among-species varia-
tion in the threshold temperatures in plants grown under similar
thermal conditions (e.g. Knight & Ackerly, 2002; Curtis et al.,
2014; O’Sullivan et al., 2017; Sastry & Barua, 2017; Feeley
et al., 2020).

Although it has been suggested that the photosynthetic ther-
mal acclimation capacity is limited by the small day-to-day and
seasonal variations in air temperature (Tair) experienced by tropi-
cal plants (Cunningham & Read, 2003; Doughty & Goulden,
2008), the acclimation of leaf PHT of tropical tree species has
not been investigated systematically. In general, most field studies
on PHT to date have either compared multiple species in a single
common garden or used climatically differing stands with varying
species compositions (however, see Knight & Ackerly, 2002,
2003, for a studies of congeneric perennial shrub species pairs
from desert and coastal populations, and Krause et al., 2010, for
a study on tropical seedlings grown in open conditions compared
to seedlings grown inside Aclar foil covered frames, which
increased Tg by > 5°C). Detailed investigations into the within-
and among-species variations in PHT and its acclimation capac-
ity across Tg gradients are currently lacking from all biomes
(Teskey et al., 2015).

Studies on the differences between PHT thresholds and the
high-temperature extremes experienced by plant leaves (thermal
safety margin (TSM)) based on Tair have suggested that TSMs
are greater in species with high PHT thresholds (O’Sullivan
et al., 2017; Sastry & Barua, 2017). However, recent findings
based on measured and modelled Tleaf of tropical trees show
PHT thresholds to be negatively correlated with TSMs (Perez &
Feeley, 2020), and further that plants growing in the hottest cli-
mates already may be operating very near, or at, their thermal
thresholds (Krause et al., 2010; Perez & Feeley, 2020; Araújo
et al., 2021). Such differences in the estimated TSM trends high-
light the importance of accounting for leaf thermoregulatory
traits in analyses of PHT and the need for basing TSM evalua-
tions on Tleaf rather than Tair to avoid overestimations (Pau et al.,
2018; Perez & Feeley, 2020; Slot et al., 2021).

In this study we utilized three common gardens, all planted with
seedlings propagated from common seed material, along an eleva-
tion/temperature gradient in Rwanda to investigate the acclima-
tion capacity of PHT in three native tree species with different
growth and water use strategies. The PHT thresholds were deter-
mined using a field-based chlorophyll fluorescence approach.
These data were complemented with measurements on leaf gas
exchange, morphology, chemistry and temperature, and energy
balance-based modelling of long-term leaf temperatures to evaluate
the following hypotheses:
(1) Tropical tree species with higher leaf temperatures have
higher photosynthetic heat tolerance thresholds but exhibit
smaller TSMs compared to species emphasizing heat avoidance
strategies.
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(2) Trees are able to acclimate photosynthetic heat tolerance
thresholds in a warmer climate, but only partially (i.e. less than
the change in Tg).
(3) The thermal acclimation of photosynthetic heat tolerance is
linked to changes in leaf osmolality and thylakoid membrane
lipid composition.

Materials and Methods

Definitions of the abbreviations used in the following sections are
summarized in Table 1.

Field sites and plant material

The study was carried out on three field sites within the TRopi-
cal Elevational gradient Experiment in Rwanda (Rwanda TREE;
see Mujawamariya et al., 2021 for a detailed description)
between 12 and 23 November 2018. The sites comprise a range
of annual mean and maximum temperatures, and precipitation.
The montane site, Sigira (2400 m above sea level (asl), Lat.
2°30054″S, Long. 29°23044″E), exhibits cool and wet

conditions; 17.5°C/23.8°C mean/maximum daytime tempera-
ture, 2100 mm yr−1 precipitation and a soil texture ranging
from clay to clay loam. The mid-elevation site, Rubona (1600 m
asl, Lat. 2°28030″S, Long. 29°46049″E), is warmer and drier;
22.5°C/28.6°C mean/maximum daytime temperature,
1600 mm yr−1 precipitation, with soil texture ranging from clay
to sandy clay loam. The lowest elevation site, Makera (1300 m
asl, Lat. 2°6031″S, Long. 30°51016″E), is the warmest and driest
site; 23.8°C/31.4°C mean/maximum daytime temperature,
1050 mm yr−1 precipitation, and has a soil texture ranging from
clay loam to sandy clay loam. During periods with low precipita-
tion, mainly in June to August 2018 irrigation corresponding to
c. 25–30 mm per week was applied at all sites. The average soil
water contents for the 30-d period before the measurements pre-
sented here were 28 � 9% (v/v) at Sigira, 20 � 4% at Rubona
and 22 � 5% at Makera (mean � SD of six plots per site).

Each field site consists of 1800 native trees from 20 species.
The trees are divided into 18 quadratic plots with in total 100
trees in each (i.e. five individuals per species), planted with a
spacing of 1.5 m in December 2017–January 2018. The posi-
tions of tree individuals within each plot were randomized. The
twenty species are divided among montane rainforest (10 species)
and mid-elevation transitional rainforest (10 species), each group
including species with both late and early successional life strate-
gies. Since the measurements presented here were taken, the plots
have been further divided into water and nutrient availability
treatments but at the time of the current study all blocks at all
sites were untreated, except for irrigation during dry periods to
facilitate good establishment of the plantations. For this study,
we selected three species with different water use strategies and
leaf sizes (Supporting Information Table S1), and thus different
expected leaf temperatures (Tleaf), based on gas exchange and
morphological measurements from the sites. The chosen species
were Harungana montana (Hmo), a high-transpiring montane
pioneer-species with medium-sized leaves and an elevational dis-
tribution range from 2000 to 2400 m asl; Syzygium guineense
(Sgu), a low-transpiring montane climax-species with small leaves
found at elevations between 1350 and 2700 m asl; and Entan-
drophragma exselsum (Eex), a low-transpiring mid-elevation cli-
max species with medium to large sized leaflets (denoted leaves
hereafter) in compound leaves with an elevation range from 1500
to 2100 m asl (Bloesch et al., 2009).

Chlorophyll fluorescence parameters

The among-species and -sites variations in photosynthetic heat
tolerance (PHT) were investigated using chlorophyll fluorescence
methodology (Maxwell & Johnson, 2000; Murchie & Lawson,
2013). With this approach the temperature response of PSII
function is evaluated relative to either the minimum value of
chlorophyll fluorescence (F0), which gives a measure of the num-
ber of open reaction centers, or relative to the maximum quan-
tum efficiency of PSII (Fv/Fm), where Fm is termed maximum
fluorescence and represents chlorophyll fluorescence under short
saturating light pulse when all reaction centers are closed. Vari-
able fluorescence (Fv) is simply calculated as Fm − F0.

Table 1 List of abbreviations and their definitions.

Abbreviation Definition Unit

DBI Double bond index Count
DGDG Digalactosyldiacylglycerol –
E Transpiration mmol

m2 s−1

Eex Entandrophragma exselsum –
Fm Maximum fluorescence Arbitrary
Fv Variable fluorescence Arbitrary
Fv/Fm Maximum quantum efficiency of PSII Ratio
F0 Minimum fluorescence Arbitrary
gs Stomatal conductance to water vapour mol m2 s−1

Hmo Harungana montana –
MGDG Monogalactosyldiacylglycerol –
PG Phosphatidylglycerol –
PHT Photosynthetic heat tolerance –
PSII Photosystem II –
RH Relative humidity %
Sgu Syzygium guineense –
Tair Air temperature °C
Tcrit Critical temperature, Tleaf at which rapid F0

increase starts
°C

TEB Leaf temperature calculated using the energy
balance approach

°C

TEBmean-max The mean of the predicted daily leaf
temperature maxima during the preceding
30 d (n = 30)

°C

TEBmax Mean of the five highest daily maximum leaf
temperatures during the preceding 30 d
(n = 5)

°C

Tg Growth temperature, 30-d mean Tair °C
Tleaf Leaf temperature °C
T20 Leaf temperature at which Fv/Fm is reduced

by 20% from an unstressed value
°C

T50 Leaf temperature at which Fv/Fm is reduced
by 50% from an unstressed value

°C

TSM Thermal safety margin °C
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A common way of expressing the heat tolerance threshold is
the critical temperature at which F0 increases rapidly (Tcrit) or
where Fv/Fm starts to rapidly decline. Another common measure
is the temperature at which either the F0 value is increased by, or
the Fv/Fm value is reduced by, 50% compared to unstressed val-
ues (T50). Throughout this study, Tcrit refers to the Tleaf at which
the rapid F0 increase starts (Fig. S1), and T50 refers to the Tleaf at
which Fv/Fm is reduced to half of its initial value (Fig. S2). In
addition, we have determined T20, the Tleaf at which Fv/Fm is
reduced by 20% from its unstressed value (Fig. S2). We use this
arbitrary threshold as an indicator of Tleaf where significant, but
moderate, heat-induced reduction in photosynthetic function
occurs. Notably, the absolute values of F0 and Fm can be influ-
enced by changes in leaf optical properties and the fraction of
absorbed light received by PSII that may occur during stress treat-
ments (Baker, 2008), and thus may provide biased estimates of
the stress responses. However, the biasing effects cancel out when
ratios, such as Fv/Fm, are considered (Baker, 2008).

Chlorophyll fluorescence measurements

Chlorophyll fluorescence was recorded on detached, dark-
acclimated (for ≥ 30 min) leaves using a portable Pocket-PEA flu-
orimeter (Hansatech Instruments, King’s Lynn, UK) with a light
pulse of 3500 μmol photons m−2 s−1 and duration of 1 s. The
instrument records data every 10 μs during measurement. The
measurements were carried out inside huts at each field site. The
leaves were collected pre-dawn and stored in envelopes in a plastic
box (18–20°C throughout the day) when not measured. Wet
paper towels were added to the box to maintain high humidity.
Each leaf was first measured unheated at 20–25°C (depending on
site and day), temperature which was low enough not to affect the
measured fluorescence variables. Thereafter each leaf was dark-
acclimated again in the plastic box and measured at only one
higher temperature per collected leaf. This approach was chosen to
avoid any potential lingering effects of heat stress from previous
measurements. For each species and site, five to six leaves were
measured at each higher temperature, with each leaf coming from
a different and randomly selected plant. The overall temperature
range spanned from 20 to 50°C, and included eight target temper-
atures (20–25, 30, 38, 42, 44, 46, 48 and 50°C).

The Tleaf was measured on the underside of the studied leaf
using a 905i thermometer with a type K thermocouple (Testo,
Lenzkirch, Germany) and controlled using infrared heating
lamps (IR/PAR red 175W; Albert Kerbl GmbH, Buchbach, Ger-
many) with dimmers. The Tleaf was recorded every 2 s and
increased gradually to avoid overshooting the target temperature.
The measurement was made when Tleaf was within � 1°C of the
target and had a maximum amplitude of variation of < 1°C for a
2-min period. Heating of the leaves took between 4 and 20 min
depending on the target temperature. The rate of Tleaf increase
thus was somewhat faster than the rate of 1°C min−1 commonly
used in studies utilizing water baths. The temperature control
worked well with the mean SD of the Tleaf during the 2-min peri-
ods at target temperature (60 readings taken at 2 s intervals)
before the fluorescence measurements being 0.19°C averaged

over all heated measurements, sites and species (n = 329). The
setup during the measurements is shown in the (Fig. S3).

The effect of leaf detachment on the fluorescence parameters was
tested by measurements at c. 20°C on dark-acclimated attached
Hmo and Sgu leaves that subsequently were detached and re-
measured following a new period of dark-acclimation. Neither F0
nor Fv/Fm were significantly affected by detachment in either
species (Hmo: P = 0.06 (F0), P = 0.16 (Fv/Fm); Sgu: P = 0.72 (F0),
P = 0.66 (Fv/Fm), n = 6 for all, repeated measures ANOVA). In
addition, the effect of duration of detachment on fluorescence
parameters was tested by comparing measurements made on a set
of leaves collected and measured at 30°C after dark-acclimation in
the morning and another other set of leaves also collected in the
morning and measured at 30°C, 5.5 h later. These measurements
included leaves from all the studied species. As with detachment,
neither F0 nor Fv/Fm were significantly affected by the waiting time
in any of the species (Hmo: P = 0.98 (F0), P = 0.54 (Fv/Fm); Sgu:
P = 0.18 (F0), P = 0.42 (Fv/Fm); Eex: P = 0.54 (F0), P = 0.32 (Fv/
Fm), n = 5–6, one-way ANOVA).

In order to further test the performance of the chlorophyll flu-
orescence method, the acclimation of PHT thresholds was stud-
ied under controlled ambient conditions on Hmo seedlings
grown in climate chambers (20°C : 15°C, 25°C : 20°C and
30°C : 25°C, day : night temperatures, operating on a 12:00 h :
12:00 h, light : dark photoperiod). In addition, the duration of
impaired PSII function was tested using Hmo seedlings grown at
20°C : 15°C, day : night temperatures that were exposed to 2-
min heat pulses at 42, 44 and 46°C. For a more detailed descrip-
tion of the methodology used for these analyses see Methods S1.

Leaf gas exchange and size

Leaf transpiration (E) and stomatal conductance to water vapour
(gs) were measured on attached leaves using two LI-6400 portable
photosynthetic systems (Li-Cor Biosciences, Lincoln, NE, USA)
in November 2018. The measurements for all species and sites
were done at 25–30°C Tleaf, CO2 concentration of 415 ppm,
and saturating light conditions. Each combination of species and
sites included five to six replicate plants. The relative humidity
inside the measurement chamber was 50–80%. In order to obtain
E and gs values representative of the natural environment the gas
exchange measurement were made c. 2 min after a leaf was
inserted in the LI-6400 chamber, which is not sufficiently long
for stomata to respond much to the chamber conditions. Leaf
lengths and widths for 36 leaves (each from a separate plant)
from each species and site were determined using a ruler and used
for the energy balance-based determinations of long-term varia-
tion in leaf temperatures described below. In addition, in June
2019 the angles of fully developed outer canopy leaves (n = 14–
15 per species at each site) were measured using a protractor
(Table S1).

Thylakoid membrane lipid composition and osmolality

Several leaf discs were sampled from each plant used for the gas
exchange measurements with a 10-mm punch. The sample
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collection was carried out pre-dawn and the sampled discs were
stored immediately in aluminum foil envelopes placed in a liquid
nitrogen dry shipper (− 196°C). After transport to the labora-
tory, the samples were moved to a − 80°C freezer until extrac-
tion. Phase separation between chloroform (CHCl3) and 2%
acetic acid was used for extracting the thylakoid lipids from the
leaf discs as described previously (Kourtchenko et al., 2007). The
thylakoid lipid composition was determined using liquid chro-
matography coupled to tandem mass spectrometry using an Agi-
lent 1200 LC system coupled to either an Agilent 6470 Triple
Quadrupole mass spectrometer or an Agilent 6410 triple
quadrupole mass spectrometer (Agilent, Santa Clara, CA, USA).
The lipids were separated using a C30 column and a solvent gra-
dient as previously described (Nilsson et al., 2019). The thy-
lakoid lipid species were monitored using the transitions and
settings described previously (Nilsson et al., 2014). The total
amounts of Monogalactosyldiacylglycerol (MGDG), digalacto-
syldiacylglycerol (DGDG) and phosphatidylglycerol (PG) were
quantified as a sum of the species for each lipid class. Membrane
stability was evaluated based on the average number of double
bonds (the double bond index, DBI) in each lipid group; a
decrease in DBI indicates a higher degree of saturation and
increased membrane heat stability.

Osmolality was determined from leaf discs using a VAPRO
5600 vapor pressure osmometer (Wescor, Logan, UT, USA) fol-
lowing the protocol and equations provided by Bartlett et al.
(2012) but with sampling of leaves pre-dawn instead of cutting,
re-cutting and rehydrating branches in the lab.

Meteorological measurements

Each site is equipped with a climate station in the adjacent open
field with half-hourly measurements of air temperature, relative
humidity, photosynthetic photon flux density (PPFD), wind
speed and direction, air pressure and accumulated precipitation.
The measurements were made at 0.5 and 1.8 m aboveground,
except for PPFD, wind speed and direction and precipitation,
which were measured only at 1.8 m.

Leaf temperature modelling and observation

The half-hourly abiotic measurements, and leaf gas exchange and
morphological data were used to simulate the temperature of a
horizontal sun-exposed leaf (TEB) with average gs and leaf dimen-
sions of each species using the energy balance approach (Camp-
bell & Norman, 1998):

T EB ¼ T air þ Rn � λg vD=pa
cpgHr þ λsg v

� �
Eqn 1

(Rn, leaf incident net radiation; λ, latent heat of vaporization of
water; gv, vapor conductance; D, vapor pressure deficit; pa, atmo-
spheric pressure; cp, specific heat of air; gHr, combined convective-
radiative conductance; and s, slope of the saturation mole fraction
function). For the Rn calculation, incoming short-wave radiation
was converted from μmol m−2 to W m−2 using a conversion

factor (4.6) and the clear sky emissivity was calculated according
to Campbell & Norman (1998). Logarithmic wind profile was
assumed when scaling wind speed to investigated leaf height (0.5
m or 1.8 m). The λ and the radiative conductance term of gHr

were scaled to Tair (following Watson, 1943; Campbell & Nor-
man, 1998, respectively). Lastly, the calculation of D accounted
for the effect of pa decrease with altitude on vapor pressure (Wang
et al., 2017). The energy balance calculation and the determina-
tion of the parameters is described in more detail in Methods S2.

At Sigira, the calculation was made for a leaf positioned at 0.5
m aboveground for all species. At Rubona and Makera, a leaf
height of 0.5 m was used for Sgu and Eex, whereas 1.8 m was
used for Hmo, based on measurements of tree heights in Novem-
ber 2018 (Table S1). The calculations were carried out for a 30-d
period preceding the measurement campaign (14 October to 12
November), which was taken as representative of the Tg to which
the plants were exposed.

In addition, Tleaf was measured at all sites in February 2019
using an infrared thermometer (Trotec BP10 IR; Trotec Laser
GmbH, Ismaning, Germany). The observations were made on
sunlit upper canopy leaves at midday to determine the peak Tleaf

that the plants may reach under sunny and nondrought condi-
tions.

Curve fitting and statistical analysis

The values of Tcrit, T20 and T50 were determined by curve-fitting
in SIGMAPLOT 12.5 (Systat Software, San Jose, CA, USA) on nor-
malized data (i.e. with the value at 20–25°C designated as 1 for
each leaf and the subsequent high temperature measurement
expressed relative to this). We chose this approach to isolate the
effect of heating on the chlorophyll fluorescence signal from any
pre-treatment differences resulting from other possible stress fac-
tors that may have existed. However, it is unlikely that any other
stress factors affected our findings regarding exceedance of the
heat tolerance thresholds. The unheated Fv/Fm values (0.792 �
0.002 mean � SE, n = 355, pooled over all species and sites)
indicated low levels of pre-treatment stress.

The Tcrit was defined as the intersection point of two lines,
representing the slow and rapid F0 responses to increased Tleaf,
using piecewise linear regression (Fig. S1). In order to calculate
T20 and T50, the Fv/Fm data were fitted against Tleaf using the
Gompertz function (Fig. S2). We chose the Gompertz function
over the commonly used simple logistics function because it does
not assume symmetry with respect to how the fitted curve
approaches the two asymptotes.

Because the fits were done on all available data the evalua-
tions of the among-species and -sites differences were based on
the degree of overlap of the SE of the fitted threshold
temperatures and tested using the Welch’s t-test. Specifically,
the fitted parameters were considered significantly different
when:

x1 � x2j j � 2:99�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SE2

1 þ SE2
2

� �q
> 0 Eqn 2
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(x1 and x2, two fitted threshold values (Tcrit, T20 or T50) being
compared; SE1 and SE2, SE of the fit at these threshold values;
and 2.99 is the t-score corresponding to P = 0.05 after adjust-
ment to account for 18 multiple comparisons (three among-
species comparisons × three sites + three among-sites compar-
isons × three species)).

Among-sites and -species variations in gas exchange vari-
ables, Tleaf, thylakoid membrane composition and osmolality
were analyzed with two-way ANOVA in SPSS 25 (IBM Corp.,
Armonk, NY, USA). The data were log-transformed before the
analysis in order to test multiplicative effects, and homogeneity
of variances evaluated using the G-test (α = 0.05, ’t Lam,
2010). Tukey’s honestly significant difference (HSD) test was
used for post hoc analyses and Bonferroni correction was
applied to account for multiple comparisons. In cases where
significant site × species interactions were detected the individ-
ual effects of site and species were tested for using simple main
effects analyses. To evaluate the acclimation of the threshold
temperatures to peak Tleaf, we first calculated the mean of the
five highest daily maximum leaf temperatures during the pre-
ceding month from the energy balance calculations (TEBmax).
We then used linear regression analysis to determine the
correlations between Tcrit, T20 or T50 and TEBmax (SIGMAPLOT

12.5). The F-statistics for the analyses are included in
Table S2.

Results

Climatic conditions

The air temperatures during the 30-d period before the measure-
ments (Table 2) were similar to the longer-term data from the
sites (see the Field sites and Plant Material section above). The
weather conditions during the measurement days reflected the
long-term and 30-d climate patterns (Fig. S4).

Stomatal conductance, transpiration and leaf temperature

Stomatal conductance and transpiration rate under reference con-
ditions were significantly higher in the pioneer species Hmo than
in the climax species Sgu and Eex (P < 0.001 for both; Fig. 1a,b).
Neither process exhibited significant among-sites differences
(P = 0.14 and P = 0.17 for gs and E, respectively) or site ×

species interactions (P = 0.055 and P = 0.20 for gs and E, respec-
tively) (Fig. 1a,b).

Mean maximum daily Tleaf calculated using energy balance
(TEBmean-max), and the mean of the five highest daily maxima
(TEBmax), increased significantly from the high- to the low-
elevation site across all species during the investigated 30-d
period (Fig. 1c,d, respectively). At all sites, the leaves of the high-
transpiring Hmo were cooler than those of Eex, whereas Sgu
exhibited no clear pattern relative to the other species. Significant
site × species interactions were detected in the predicted
TEBmean-max and TEBmax (P < 0.001 for both), reflecting a greater
among-sites variation in Eex than in Hmo and Sgu. The energy
balance-based Tleaf during the 30-d period before the thermal tol-
erance measurements (Fig. 1c,d) and the Tleaf measured in
February 2019 (Fig. S5) exhibited similar among-sites and -
species patterns.

Thylakoid membrane lipid composition and leaf osmolality

A decrease in mean DBI from the high- to the low-elevation site
was detected in MGDG and DGDG across the species (P <
0.001, Fig. 2a,b). Among-species variation in DBIs was detected
for all investigated lipid groups (P ≤ 0.003, Fig. 2). Commonly,
DBI was lower in Eex than in Hmo, with Sgu grouping with
either of the other two species (Fig. 2). In addition, significant
site × species interactions were detected for all lipid groups (P ≤
0.04; Fig. 2) indicating that the pattern of lipid composition
adjustments to higher Tg varied among the species. Notably, low
transpiration rates (Fig. 1b) and high Tleaf (Fig. 1c,d) coincided
with low DBIs (Fig. 2), thereby linking leaf cooling efficiency
and membrane heat stability (i.e. thermal tolerance) to the Tleaf

experienced by the trees. Osmolality did not vary among the sites
for any species (P = 0.56; Fig. 3) but was significantly higher in
Eex than in Sgu and Hmo (P < 0.001).

Among-sites and -species variation in leaf temperature
thresholds

The Tcrit of Eex was greater at the low-elevation site than at the
high- and mid-elevation sites (P < 0.05; Fig. 4a). It also was
greater than the Tcrit of Hmo and Sgu at the low-elevation site (P
< 0.05; Fig. 4a). No other significant among-sites or -species dif-
ferences were detected in Tcrit.

Table 2 Air temperature (Tair, °C), daytime air temperature (Tair_day, °C), maximum air temperature (Tair_max, °C), daytime photosynthetic photon flux
density (PPFDday, μmol m−2 s−1), relative humidity (RH, %) and total precipitation (mm) measured half-hourly at 1.8 m aboveground during the 30 d
before the start of measurement campaign (14 October 2014–12 November 2018).

Site Tair (°C) Tair_day (°C) Tair_max (°C) PPFDday (µmol m−2 s−1) RH (%) Precipitation (mm)

Sigira 15.1 � 0.1 16.7 � 0.1 20.8 � 0.3 (23.3) 577 � 18 82.5 � 0.3 242
Rubona 20.0 � 0.1 22.1 � 0.1 26.3 � 0.2 (28.7) 818 � 23 74.9 � 0.3 67
Makera 20.5 � 0.1 23.6 � 0.2 28.5 � 0.4 (31.7) 729 � 22 80.0 � 0.4 171

The 24-h means � SE are shown for Tair, and RH (n = 1437–1440). Mean � SE Tair_day and PPFDday were calculated for 06:00–18:00 h (when PPFD > 0,
n = 748–750). For Tair_max both the mean � SE of the daily maxima (n = 30) and the absolute maxima during the 30-d period (value in parentheses) are
shown.
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For all species, T20 and T50 were greater at the low- than at the
high-elevation site (P < 0.05; Fig. 4b,c). For Eex, both T20 and
T50 were lower at the mid-elevation site than at the low-elevation
site. For Sgu, T20 and T50 at the mid-elevation site were interme-
diate to the values observed at the low- and high-elevation sites.
For Hmo, T50 at the mid-elevation site was greater than at the
high-elevation site. With respect to among-species variation, both
T20 and T50 were higher in Eex than in Hmo and Sgu at the high-
elevation site (P < 0.05; Fig. 4b,c). At the mid-elevation site, T50

of Sgu was significantly lower than that of Eex. At the low-
elevation site, T20 was lower in Hmo than in Sgu and Eex, and all
species had T50 values that were significantly different from each
other (P < 0.05; Fig. 4b,c).

Tcrit correlated more strongly with the DBI of PG (r2 = 0.41,
P = 0.065) than the DBIs of MGDG (r2 = 0.11, P = 0.38) and
DGDG (r2 = 0.05, P = 0.56) (linear regressions fitted on data
pooled from all sites and species, n = 9; Fig. S6). The T50 (r

2=
0.73, P = 0.003) was strongly correlated with DBI of MGDG

(Fig. S6), whereas T20 (r2 = 0.39, P = 0.07) was not (Fig. S6).
The correlations with the DBIs of PG (T20, r

2 = 0.28, P = 0.15;
T50, r

2 = 0.30, P = 0.13) and DGDG (T20, r
2 = 0.25, P = 0.17;

T50, r
2 = 0.17, P = 0.28) were weak (n = 9 for all; Fig. S6).

In the climate chamber-grown Hmo seedlings, all threshold
parameters acclimated to growth temperature (20°C : 15°C,
25°C : 20°C and 30°C : 25°C, day : night) (Fig. S7; n = 6;
Tcrit, P = 0.044; T20, P < 0.001; and T50, P = 0.001). In addi-
tion, the threshold temperatures under all growth temperatures
were greater in chamber-grown plants that those observed in the
field-grown plants.

Exceedance and acclimation of heat tolerance thresholds

The horizontal distances between the TEBmax values and the 1 : 1
line in Fig. 5(a–c) can be interpreted as species- and site-specific
TSMs. During the 30-d growth period, daily maximum TEB (Eqn
1) exceeded Tcrit and T20 in Eex at the high-elevation (Tcrit 1/30 d,

(a)

(c)

(b)

(d)

Fig. 1 Among-sites and -species variation in (a) stomatal conductance (mol m−2 s−1, n = 5–6), (b) leaf transpiration (mmol m−2 s−1, n = 5–6), (c) mean
maximum daily leaf temperature during the 30-d period before measurements calculated using energy balance (°C, n = 30, statistics), and (d) the mean of
the five highest maximum daily leaf temperatures during the period (°C, n = 5, TEBmax in Fig. 5). The median (central line of the box), the 75th percentile
(upper line), 25th percentile (lower line), and the 90th and the 10th percentiles (whiskers) are shown. Dots indicate data points outside the 10th and the 90th

percentiles. Hmo, Harungana montana (white); Sgu, Syzygium guineense (cyan); Eex, Entandrophragma exselsum (green). Upper case letters indicate
significant among-sites differences within each species, and lower case letters indicate significant among-species differences within each site. In (a) and (b)
the post hoc analysis on species differences (Hmo vs Sgu and Eex) was based on the entire dataset because the interaction term was not significant.
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T20 1/30 d), mid-elevation (Tcrit 3/30 d, T20 3/30 d) and low-
elevation (Tcrit 13/30 d, T20 15/30 d) sites (Fig. 5a,b). The T50

threshold was exceeded in Eex at the low-elevation site (6/30 d; Fig.
5c). In Sgu, Tcrit and T20 were exceeded at the high-elevation (Tcrit

1/30 d, T20 1/30 d) and low-elevation (Tcrit 8/30 d, T20 2/30 d)

sites (Fig. 5a,b). In the high-transpiring pioneer-species, Hmo, the
daily Tleaf maxima were below the PHT thresholds during the entire
30-d period at all sites (Fig. 5a–c). Both T20 and T50 increased sig-
nificantly with TEBmax (regression lines fitted to pooled data in Fig.
5b,c) indicating thermal acclimation corresponding to 0.29°C

(a)

(b)

(c)

D
B

I
D

B
I

D
B

I

Fig. 2 Among-sites and -species variation in
thylakoid membrane lipid composition with
respect to the double bond index (DBI,
count) for the lipid classes (a)
Monogalactosyldiacylglycerol (MGDG), (b)
Digalactosyldiacylglycerol (DGDG) and (c)
Phosphatidylglycerol (PG). The median
(central line of the box), the 75th percentile
(upper line), 25th percentile (lower line), and
the 90th and the 10th percentiles (whiskers)
are shown. Hmo, Harungana montana

(white); Sgu, Syzygium guineense (cyan);
Eex, Entandrophragma exselsum (green).
Upper case letters indicate significant
among-sites differences within each species.
Lower case letters indicate significant
among-species differences within each site.
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T20°C
−1 TEBmax (r2 = 0.52, P = 0.029) and 0.25°C T50°C

−1

TEBmax (r
2 = 0.54, P = 0.023), respectively.

Recovery from heat exposure

The duration of the recovery of the maximum quantum effi-
ciency of PSII (i.e. Fv/Fm) from a 2-min heat pulse was strongly
dependent on the intensity of the heating. The Fv/Fm of
chamber-grown (20°C : 15°C, day : night) Hmo plants was
reduced to 76% of the pre-treatment value by a heat pulse at
42°C, and recovered fully within 8 h. Almost full recovery from
an initial Fv/Fm reduction to 60% was observed after 120 h fol-
lowing a heat pulse at 44°C. By contrast, a heat pulse at 46°C
reduced Fv/Fm to 18% of its pre-treatment value and it recovered
to only 62% during the 120-h experiment indicating irreversible
damage of the PSII complex (Fig. 6). Regardless of the heat pulse
intensity, the Fv/Fm reduction was the strongest during the heat-
ing. A rapid initial recovery occurred during the first 30 min and
was followed by a more gradual increase in Fv/Fm (Fig. 6).

Discussion

We utilized common gardens established along an elevation/
temperature gradient in central Africa (Rwanda) to explore the
among-species differences in, and the thermal acclimation
potential of, photosynthetic heat tolerance (PHT) thresholds in
three tropical montane tree species. The low-transpiring climax
species, Entandrophragma exselsum (Eex), experienced the high-
est leaf temperature (Tleaf) and had both the highest PHT
thresholds and the narrowest TSMs, whereas the opposite was
true for the high-transpiring pioneer species Harungana mon-
tana (Hmo) (Hypothesis 1). All of the tested species were able
to partially acclimate their PHT to increasing growth

temperatures (Tg) (Hypothesis 2). Leaf osmolality did not accli-
mate to Tg but was the highest in the most heat-tolerant
species, suggesting that high osmolality may be inherently ben-
eficial for heat tolerance. By contrast, the saturation level of

Fig. 3 Among-sites and -species variation in leaf osmolality (mmol kg−1).
The median (central line of the box), the 75th percentile (upper line), 25th

percentile (lower line), and the 90th and the 10th percentiles (whiskers) are
shown. Hmo, Harungana montana (white); Sgu, Syzygium guineense

(cyan); Eex, Entandrophragma exselsum (green). The post hoc analysis on
species differences (Eex vs Hmo and Sgu) was based on the entire dataset
because the interaction term was not significant.

(a)

(b)

(c)

Fig. 4 Among-sites and -species variation in (a) critical temperature
(Tcrit, °C) and the temperatures at which the Fv/Fm is reduced by (b) 20%
(T20, °C) and (c) 50% (T50, °C) compared to nonheat stressed conditions.
Hmo, Harungana montana (white); Sgu, Syzygium guineense (cyan); Eex,
Entandrophragma exselsum (green). Data are shown as mean � SE of the
fitted temperature values. Upper case letters indicate significant among-
sites differences within each species (P = 0.05). Lower case letters indicate
significant among-species differences within each site (P = 0.05). The
statistical comparisons among the groups were made using Welch’s t-tests
and are detailed in Supporting Information Tables S3–S5.
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thylakoid membrane lipids increased with increasing Tg in all
species, indicating clear thermal acclimation in this trait
(Hypothesis 3).

Photosynthetic heat tolerance and acclimation

The observed rate of T50 (Tleaf at which fluorescence is reduced
by 50% compared to unstressed values) increase with increasing
Tg, 0.25°C °C−1 TEBmax (daily maximum leaf temperatures from
the energy balance calculations), across the studied species (Fig.
5c) is comparable to other estimates of PHT acclimation (O’Sul-
livan et al., 2017; Drake et al., 2018; Zhu et al., 2018; Slot et al.,
2021). Like Perez & Feeley (2020), we saw no general Tcrit (Tleaf

at which the minimum value of chlorophyll fluorescence starts to
increase rapidly) acclimation across species (Fig. 5a). However,
the Tcrit of Eex was significantly higher at the warmest site than at
the two cooler sites (Fig. 4a).

The current study explored potential roles for leaf osmolality
and thylakoid membrane lipids as biochemical drivers of PHT
based on previous work highlighting their importance for thermal
acclimation (Hüve et al., 2006; Mathur et al., 2014; Zhu et al.,
2018). Although the current study offers only a snapshot of the
osmolality in the studied trees, the high values observed in the heat-
tolerant Eex combined with a lack of among-sites acclimation in
any species (Fig. 3) suggest that high osmolality may be a species-
level adaptive trait promoting greater PHT that does not readily
acclimate to Tg. Thylakoid membrane lipid saturation level, how-
ever, acclimated to Tg in all species (Fig. 2), which agrees with the
previous observation of a positive correlation between PHT and
abundance of saturated fatty acids that promote membrane stability
(Zhu et al., 2018). Other processes not studied here, such as pro-
duction of isoprenes and heat shock proteins, also may contribute
to heat acclimation (Sharkey, 2005; Teskey et al., 2015; Aspinwall
et al., 2019; Pollastrini et al., 2019; Taylor et al., 2019; Rodrigues
et al., 2020). Future studies including these processes may offer
greater insight into their direct effects on the among-species varia-
tion in PHT and its acclimation capacity in tropical trees.

Overall, species utilizing the high-tolerance strategy, such as
Eex, would appear to benefit from having high capacity for PHT

(a)

(b)

(c)

Fig. 5 Variation in (a) critical temperature (Tcrit, °C), and the temperatures
at which the Fv/Fm is reduced by (b) 20% (T20, °C) and (c) 50% (T50, °C)
plotted against the mean of the five highest maximum daily leaf
temperature from energy balance modelling (TEBmax). Hmo, Harungana
montana (white); Sgu, Syzygium guineense (cyan); Eex, Entandrophragma

exselsum (green). Triangles, Sigira (high-elevation site); circles, Rubona
(mid-elevation site); and squares, Makera (low-elevation site). Values
below the 1 : 1 line indicate exceedance of the given temperature
tolerance threshold. In (b) and (c) significant slopes of the regression lines
fitted to the pooled data indicate the response of T20 and T50 to prevailing
maximum leaf temperatures, respectively, (°C Tx °C

−1 TEBmax). The pooled
Tcrit data were not significantly related to TEBmax.

Fig. 6 The recovery of dark-adapted Fv/Fm signal from a 2-min heat pulse
at 42, 44 and 46°C in leaves of chamber-grown Harungana montana over
120 h following heat exposure. The heat pulse was administered at 0 h.
Means � SE are shown.
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acclimation because of their generally high Tleaf and generally
narrow TSMs (Fig. 5; Perez & Feeley, 2020). By contrast, invest-
ing in PHT acclimation capacity may be energetically wasteful in
species such as Hmo, with traits promoting lower Tleaf through
efficient thermoregulation (Michaletz et al., 2015, 2016; Fauset
et al., 2018). The findings of the current study, together with the
covariation observed among leaf traits, energetics and PHT
(Michaletz et al., 2015, 2016; Sastry & Barua, 2017; Fauset
et al., 2018; Araújo et al., 2021; Slot et al., 2021), suggest that
trait-based approaches (e.g. Wright et al., 2004; Reich, 2014)
could be useful for inferring not only a species’ intrinsic PHT,
but also its acclimation capacity.

Thermal safety margins

We found that TSMs were narrower in species with high Tleaf,
despite their higher T20 (Tleaf at which fluorescence is reduced by
20% from its unstressed value) and T50 (Fig. 5, horizontal dis-
tance to 1 : 1 line). Exceedance of T20 was common in Eex at the
mid- and low-elevation sites and in Syzygium guineense (Sgu) at
the high- and low-elevation sites. In addition, T50 exceedance
was common in Eex at the low-elevation site. These results thus
agree with the suggestion that plants in the hottest environments
may be operating close to their thermal limits (Krause et al.,
2010; Perez & Feeley, 2020). Furthermore, our observations
agree with a previous report showing that Tleaf-based TSMs are
the narrowest in tropical species with the highest T50 (Perez &
Feeley, 2020). This contrasts with studies based on Tair that have
commonly found TSMs to be the widest in species with high
PHT thresholds (O’Sullivan et al., 2017; Sastry & Barua, 2017)
and further emphasizes the importance of using Tleaf rather than
Tair when evaluating TSMs (Pau et al., 2018; Perez & Feeley,
2020).

Tropical tree species tend to group in microhabitats and leaf
microclimate has been indicated as a potentially more important
driver of PHT acclimation than overall Tg (Curtis et al., 2019).
Likewise, it has been suggested that species may be selectively dis-
tributed to hotter or cooler microhabitats based on their thermal
tolerance (Feeley et al., 2020). Although such grouping effects
were excluded by the randomized planting design in the current
study, clearly species that use latent cooling to regulate Tleaf

under heat exposure would benefit from growing under wetter
conditions. Climate change is expected to be accompanied by
intensification of droughts and greater vapor pressure deficits
(Allen et al., 2010; Teskey et al., 2015). Using transpiration to
retain wide TSMs, like Hmo in this study, may thus become
increasingly difficult due to the trade-off that exists between ther-
moregulation and hydraulic safety (Fauset et al., 2018, but see
Drake et al., 2018). This is illustrated by the large impact transpi-
ration had on the energy balance-based Tleaf estimates for Hmo
compared to Eex at the warmest site. For Hmo, using observed gs
(0.67 � 0.16 mol m2 s−1, mean � SE, n = 5) yielded a TEBmax

estimate of 32.4 � 0.1°C (mean � SE, n = 5; Fig. 5), whereas
using gs = 0 mol m2 s−1 (i.e. excluding latent cooling) yielded an
estimate of 46.9 � 0.2°C (mean � SE, n = 5), which is higher
than the observed T50 (44.0°C; Fig. 4). For Eex, TEBmax

calculation with gs = 0 mol m2 s−1 yielded an estimate of 54.8 �
0.2°C (mean � SE, n = 5) compared to 47.9 � 0.2°C (mean �
SE, n = 5) with observed gs (0.08 � 0.02 mol m2 s−1, mean �
SE, n = 5). As Hmo and Eex have similar-sized leaves (Table S1),
the remaining difference was due to leaf height (1.8 and 0.5 m,
respectively) used in the modelling, mainly through its impact on
wind speed. As reduced water availability during heat stress could
tip the competitive balance towards species relying on the toler-
ance strategy, such as Eex, future studies exploring temperature
and drought interactions would appear especially valuable.

When evaluating the energy balance-based estimates of Tleaf pre-
sented here, it should be noted that we made two important sim-
plifying assumptions that affect our findings. First, we modelled
horizontal unshaded leaves, whereas natural canopies exhibit a
wide range of leaf angles and light availabilities. Both shading and
steep leaf angles reduce radiation interception and, thus, generally
lead to lower Tleaf. However, during the early afternoon when Tair

is the highest and the Sun has passed zenith, the leaf angles
observed at the field sites for outer canopy leaves (c. 20° averaged
over species and sites; Table S1) are such that incoming solar radia-
tion would be near perpendicular to these leaves (Ntawuhiganayo
et al., 2020). Thus, the estimates of the daily maximum Tleaf,
which were the point of interest for this study, were likely not
much affected by this assumption. A similar conclusion was
reached by Perez & Feeley (2020) who used theoretical and
observed probability distributions of leaf angles to show that a
non-negligible proportion of leaves in canopies are horizontal or
have angles ≤ 15°, which corresponds to < 1°C of cooling com-
pared to horizontal when the Sun is at zenith.

The second simplifying assumption was the use of constant gs
values for the entire 30-d period for which the energy balance-
based modelling was carried out. Cooling by transpiration is an
important part of leaf thermoregulation (e.g. Drake et al., 2018;
Fauset et al., 2018), and both gs and transpiration can vary
strongly seasonally and within a given day. In this study, any sig-
nificant long-term variation in transpiration potential was
unlikely given that the meteorological conditions during the
modelled 30-d period were stable (Table 2) and irrigation was
applied at the mid- and low-elevation sites to ensure that the trees
were not water-stressed. Given this meteorological stability it also
is likely that other traits promoting the tolerance or avoidance
strategies, such as leaf angles, did not change much during the
modelled period. Furthermore, the gas exchange measurements
were made over the day (c. 09:00 h–16:30 h) and would have
captured the daytime variation in gs. We note, however, that
using the daytime average likely resulted in an overestimation of
the gs during the warmest hour of the day, which would have led
to some underestimation of Tleaf with the energy balance-based
approach.

Observed photosynthetic heat tolerance thresholds
compared to previous studies

We note that the PHT thresholds observed in the current study
are in the lower end of the range reported for tropical tree species:
for Tcrit from c. 46–50°C, and for T50 from c. 44.5–53°C (e.g.
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Sastry & Barua, 2017; Zhu et al., 2018; Feeley et al., 2020; Perez
& Feeley, 2020; Tiwari et al., 2021; Slot et al., 2021). Given that
our laboratory-based measurements on Hmo also yielded higher
threshold values in the higher temperature treatments (i.e. at
25°C : 20°C and 30°C : 25°C, day : night; Fig. S7) this may
simply reflect the rather low mean temperatures at our field sites
(15–20°C) compared to the more studied lowland tropics (Slot
et al., 2021). Furthermore, our low PHT thresholds in the field
compared to previous studies also may be caused by differences
in measurement protocols. In our study, the chlorophyll fluo-
rescence measurements were made directly after the heat pulse.
Such measurements are likely to yield lower threshold esti-
mates than the commonly used protocol of Krause et al.
(2010) where the measurements are made 24–48 h after the
heat exposure. This is related to a rapid partial recovery of
PSII function following heat stress (Fig. 6; Krause et al.,
2010). The rapid recovery occurs because some of the initial
reduction is associated with transient processes caused by pro-
duction of reactive oxygen species (ROS) in response to heat-
induced functional and structural changes in the thylakoid
membrane (Pospı́šil, 2016). ROS cause inactivation of the
PSII reaction-center proteins (e.g. Yamane et al., 1998; Yosh-
ioka et al., 2006) as well as inhibition of de novo protein syn-
thesis (Allakhverdiev et al., 2008). In addition, ROS
production under high Tleaf has been shown to suppress non-
photochemical quenching, which affords the leaf protection
under moderate heating (Hideg et al., 2008) and may explain
the observed full recovery from less severe heat stress (Fig. 6).
We note, however, that leaves of trees growing under field con-
ditions in the tropics often will be exposed to continuous high
irradiance, or recurring transient sun flecks, and will thus exist
in a semipermanent state of daytime heat-induced PSII sup-
pression with a longer recovery period during the night.
Therefore, although protocols utilizing instantaneous measure-
ments may underestimate the threshold temperatures for per-
manent PSII damage (Krause et al., 2010), they do directly
inform about a loss in photosynthetic capacity that reduces
plant carbon uptake.

Conclusions

Plants can handle temperature extremes by two broad strate-
gies: tolerance and avoidance. We used three tropical montane
tree species with different growth and water use strategies to
study among-species differences in heat stress exposure, inten-
sity and acclimation capacity. High heat tolerance was linked
to both interspecific differences in leaf osmolality and plasticity
in thylakoid membrane lipid composition. However, we also
found that latent cooling of leaves by high transpiration rates
was the more effective strategy for avoiding heat stress, as it
resulted in wider TSMs at all sites and thus reduced the need
for high heat tolerance. This suggests that montane climax
species, with large leaves and low transpiration rates resulting
in high Tleaf, may be especially susceptible for photosynthetic
heat stress under warming climate. However, because warming
is commonly accompanied with intensification of droughts,

which is likely to reduce transpiration rates, future field studies
should explore the role of heat and drought interactions in
causing heat stress in different species to further evaluate which
strategy is more advantageous on longer timescales. Further-
more, our results suggest that once systematic, species-specific
evaluations of photosynthetic heat tolerance have been made
on a wider array of species, trait-based approaches may be able
to predict a species’ heat stress exposure, intrinsic thermal tol-
erance and heat acclimation potential.
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