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Summary

� Climate warming is causing compositional changes in Andean tropical montane forests

(TMFs). These shifts are hypothesised to result from differential responses to warming of

cold- and warm-affiliated species, with the former experiencing mortality and the latter

migrating upslope. The thermal acclimation potential of Andean TMFs remains unknown.
� Along a 2000m Andean altitudinal gradient, we planted individuals of cold- and warm-

affiliated species (under common soil and irrigation), exposing them to the hot and cold

extremes of their thermal niches, respectively. We measured the response of net photosynth-

esis (Anet), photosynthetic capacity and leaf dark respiration (Rdark) to warming/cooling, 5

months after planting.
� In all species, Anet and photosynthetic capacity at 25°C were highest when growing at

growth temperatures (Tg) closest to their thermal means, declining with warming and cooling

in cold-affiliated and warm-affiliated species, respectively. When expressed at Tg, photosyn-

thetic capacity and Rdark remained unchanged in cold-affiliated species, but the latter

decreased in warm-affiliated counterparts. Rdark at 25°C increased with temperature in all spe-

cies, but remained unchanged when expressed at Tg.
� Both species groups acclimated to temperature, but only warm-affiliated species decreased

Rdark to photosynthetic capacity ratio at Tg as temperature increased. This could confer them

a competitive advantage under future warming.

Introduction

Tropical montane forests (TMFs) cover c. 8% (> 1000 m above
sea level (asl)) of tropical forest area and are being increasingly
recognised as globally important carbon sinks (Scatena
et al., 2010; Spracklen & Righelato, 2014). Aboveground carbon
stocks in African TMFs are estimated to be as high as their low-
land counterparts (Cuni-Sanchez et al., 2021), and in South
America, the Andean TMF carbon sink may be stronger, per unit
area, than that of mature lowland forests in Amazonia, Africa and
southeast Asia (Duque et al., 2021). Despite Andean forests being
significant carbon stores (Duque et al., 2021), biodiversity hot-
spots (Myers et al., 2000) and essential sources of freshwater and
hydroelectricity for millions of people (Josse et al., 2009; Ander-
son et al., 2011), their responses to future warming remain highly
uncertain (Booth et al., 2012; Friedlingstein et al., 2014).

Recent increases in heat extremes have most keenly affected
tropical regions (Coumou & Robinson, 2013), and the tropics

will be the first part of the globe to experience historically unpre-
cedented levels of warming, with mean temperatures predicted to
regularly exceed bounds of historical variability by 2050 (Mora
et al., 2013). Warming in the tropics is fastest at high elevation
(> 1000 m asl; Ruiz-Carrascal et al., 2012) and is amplified by
factors such as changing atmospheric humidity, where even small
increases in water vapour can substantially increase the amount
of longwave radiation intercepted at the surface (Pepin
et al., 2015), leading to further warming. Maximum tempera-
tures in the northern tropical Andes have increased 1.2–6.6°C
for the period 1950–2007 (Ruiz-Carrascal et al., 2012), and glo-
bal climate models suggest maximum daily temperatures could
further increase by up to 5°C by 2100 in montane regions
(Pabón-Caicedo et al., 2020). The stable thermal conditions dur-
ing the Holocene (Janzen, 1967; Perez et al., 2016) may have
caused TMFs to become adjusted to narrow climate bounds, ren-
dering them particularly sensitive to climate warming (Dusenge
et al., 2021). Increased maximum temperatures have negative
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effects on tropical wood productivity (Hubau et al., 2020; Sulli-
van et al., 2020), and recent, rapid warming in the northern
Andes has been associated with directional changes in community
composition: species from lower elevations (‘warm-affiliated’) are
increasing in abundance across elevations at the expense of those
from higher elevations (‘cold-affiliated’; Feeley et al., 2011, 2012;
Duque et al., 2015; Rehm & Feeley, 2015; Fadrique et al.,
2018). This compositional change, termed ‘thermophilisation’,
has been detected on both adult and juvenile trees. Thermophili-
sation in Andean forests is hypothesised to be caused by increased
mortality of cold-affiliated species in the warmer portion of their
thermal ranges and the simultaneous upward migration of warm-
affiliated species at the cooler ends of their ranges (Duque
et al., 2015; Fadrique et al., 2018). There remains, however, a
limited understanding of the exact mechanisms behind the
observed compositional changes and of the physiological
responses of TMFs to future warming (van de Weg et al., 2012;
Bahar et al., 2017).

If plants are to adjust their physiology in response to warming,
they must undergo short-term, physiological changes to alter
their rates of photosynthesis and respiration through a
collection of processes, together known as thermal acclimation
(Crous, 2019). Successful leaf-level photosynthetic acclimation
to a new growth temperature (Tg) results in net photosynthesis
(Anet), maximum rates of carbon fixation by the enzyme Rubisco
(Vcmax) and RuBP regeneration by the electron transport chain
(Jmax) being maintained or upregulated (Way & Yamori, 2014;
Dusenge et al., 2015; Kumarathunge et al., 2019), while respira-
tory acclimation leads to leaf-level dark respiration (Rdark) being
equal or lower at the new temperature (Slot & Kitajima, 2015).
Partial acclimation can also occur, where rates of Anet, Vcmax, Jmax

or Rdark are adjusted to a change in temperature, but not suffi-
ciently to be deemed beneficial to the plant (Way &
Yamori, 2014; Slot & Kitajima, 2015). Enzymatic reactions are
faster at higher temperatures, allowing plants to achieve optimal
CO2 assimilation with lower levels of photosynthetic enzymes
(Arcus et al., 2016; Smith & Keenan, 2020; Wang et al., 2020);
this should result in warm-acclimated plants exhibiting lower
rates of both Vcmax and Jmax than cool-acclimated plants of the
same species when measured at a common temperature (Way &
Oren, 2010; Ali et al., 2015; Vårhammar et al., 2015; Bahar
et al., 2017; Wang et al., 2017, 2020; Dusenge et al., 2021).
However, previous work on the responses of these parameters to
warming is mixed, with studies reporting decreases (Dusenge
et al., 2020, 2021), increases (Crous et al., 2013) and no change
(Scafaro et al., 2017; Crous et al., 2018, 2022; Fauset
et al., 2019; Choury et al., 2022) in rates of Vcmax and Jmax at
25°C with warming. Rdark is tightly coupled with Vcmax (Atkin
et al., 2015; Wang et al., 2020) due to a large proportion of
respiratory energy being required to synthesise and maintain
photosynthetic proteins (O’Leary et al., 2019), including the
highly abundant Rubisco (Raven, 2013; Bar-On & Milo, 2019).
Conversely, studies across biomes consistently report thermal
acclimation of Rdark, with lower rates expressed at a common
temperature in warm-grown plants compared with cool-grown
plants (Reich et al., 2016; Slot & Winter, 2017; Smith

et al., 2019; Mujawamariya et al., 2021), but as respiration and
photosynthesis are usually studied separately it is uncertain to
what extent these reductions are linked to photosynthetic capa-
city and overall plant carbon budgets.

Although temperature is a key determinant of Anet, Vcmax, Jmax

and Rdark rates, water and nutrient availability also have an
important influence over these processes. If temperatures rise
without a concomitant increase in water availability, higher
vapour pressure deficit (VPD) will lower stomatal conductance
(gs), reducing carbon fixation, transpiration and causing leaf tem-
peratures to rise (Lin et al., 2015). In the sunlit leaves of some
TMF species, the combination of stomatal closure and high irra-
diance can cause leaf temperatures to exceed air temperatures by
up to 18°C, possibly surpassing optimum temperatures (Topt) of
key physiological processes (Fauset et al., 2018; Tarvainen
et al., 2022). Without effective thermal acclimation, this could
cause substantial reductions in photosynthetic rates in Andean
TMFs (Miller et al., 2021). The macronutrients nitrogen (N)
and phosphorus (P) are also heavily invested in photosynthesis
and respiration (Evans, 1989; Domingues et al., 2015); indeed,
several studies have reported a strong correlation between photo-
synthetic capacity and Rdark with leaf N and P (Atkin et al., 2015;
Domingues et al., 2015; Rowland et al., 2017; Mujawamariya
et al., 2021; Ellsworth et al., 2022). The foliar concentrations of
these nutrients have been found to vary with elevation – for
example, Mujawamariya et al. (2021) report highest area-based
N (Na) at high elevation along an elevation gradient in Rwanda –
and between species in TMFs (Ziegler et al., 2020), but further
work is needed to determine the extent to which they may influ-
ence Vcmax, Jmax and Rdark in Andean ecosystems (but see van de
Weg et al., 2012; Bahar et al., 2017). Warming can also signifi-
cantly increase soil mineralisation rates in as little as 2 yr (Rustad
et al., 2001), so it is also important to consider potential indirect
temperature effects on foliar nutrients and therefore photosyn-
thetic capacity and respiration.

Evolutionary history may be a key determinant of how differ-
ent species respond to warming. Species that originate from war-
mer lowland forests and that persisted during historical warm
periods (Zachos et al., 2008; Dick et al., 2013) are more likely to
possess higher Topt for physiological processes, due to conserva-
tive evolution of upper thermal limits through time (Lancaster &
Humphreys, 2020; Bennett et al., 2021), than those historically
found in, and adapted to, the cooler highlands. Due to the slow
evolution of thermal tolerance, there is limited scope for adapta-
tion to heat resistance with rapid warming (Araújo et al., 2013;
Bennett et al., 2021), and cold-affiliated Andean species may be
close to the upper thermal limits of their metabolism (O’Sullivan
et al., 2017; Feeley et al., 2020) when growing at the hot extremes
of their thermal distributions. Indeed, many native Andean TMF
species are most abundant when growing at temperatures close to
the mean of their thermal ranges, suggesting greater fitness under
these conditions (Arellano & Macı́a, 2014; Arellano et al., 2014);
therefore, cold-affiliated Andean TMF species may be at a com-
petitive disadvantage under continued warming.

Plants in boreal and temperate ecosystems acclimate Vcmax and
Jmax to large seasonal temperature changes by shifting their
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photosynthetic Topt upward in response to warming, while Rdark
is acclimated by downregulating respiratory rates (Campbell
et al., 2007; Sendall et al., 2015). Thermal acclimation has also
been observed in lowland tropical forest species (Cheesman &
Winter, 2013; Carter et al., 2020), though the observed extent of
thermal acclimation potential in the tropics is reported to be
lower than in mid- and high-latitude species (Slot & Win-
ter, 2017). Thus far, the thermal acclimation potential of TMFs
to warming has been understudied compared with other ecosys-
tems, with the most extensive work coming from an elevation
gradient in Rwanda. This has found variable responses to warm-
ing in Afromontane forests: Dusenge et al. (2021) reported that
two montane species acclimated to a c. 7°C temperature rise by
reducing rates of Vcmax and Jmax, with others observing that cold-
adapted species may be particularly sensitive to warming
(Vårhammar et al., 2015; Tito et al., 2020; Wittemann
et al., 2022). Strong thermal acclimation of Rdark to c. 5°C of
warming, regardless of species, has also been observed (Mujawa-
mariya et al., 2021). A major shortcoming of previous acclima-
tion studies, however, is that many are conducted using potted
seedlings (Dusenge et al., 2021), or using potted seedlings in
highly controlled growing environments (Cheesman & Win-
ter, 2013; Slot & Winter, 2017; Crous et al., 2018; Choury
et al., 2022; Wittemann et al., 2022), so little is known about the
responses of freely rooted trees growing under field conditions
(but see Mujawamariya et al. (2021) for Rdark). Understanding
the thermal acclimation potential of a variety of Andean TMF
species is key to comprehending current observed compositional
changes in these ecosystems and to predict how ecosystem com-
position might be altered by further warming.

Here, we use the natural warming of a tropical elevation gradi-
ent to examine the thermal acclimation potential of Anet, Vcmax,
Jmax and Rdark to rising temperatures (Nooten & Hughes, 2017;
Tito et al., 2020). We focus on eight mid-successional species of
both cold- and warm-affiliated origin, dominant in TMFs in the
Colombian Andes. We use three common garden plantations
along a 2000 m elevation/temperature gradient (14°C, 22°C and
26°C) in the northwest Colombian Andes, where we have
exposed cold- and warm-affiliated species to temperatures close
to their geographical thermal means but also to the hot and cold
extremes of their thermal niches, respectively. Our investigation
was guided by the following hypotheses:

H1: Anet, Vcmax and Jmax will be highest when species are grow-
ing at temperatures closest to their thermal means (‘home’) and
will decrease with displacement from their home temperature.

H2: Warm-affiliated species will demonstrate greater fitness
when transplanted to temperatures below their home tempera-
tures than cold-affiliated species transplanted to temperatures
above their home temperatures, with fitness evaluated in terms of
Anet, Rdark : Vcmax and greater investment in photosynthetic capa-
city (Vcmax, Jmax). This will provide support for the observed ther-
mophilisation in Andean TMFs.

H3: The direct effect of warming or cooling on Vcmax, Jmax

and Rdark of cold- and warm-affiliated species, respectively, will
dominate over potential indirect temperature effects of soil
warming and changing mineralisation rates.

Materials and Methods

Common garden experiment and plant material

We transplanted 15 dominant Colombian TMF species across
three sites along a 2000m elevation gradient in the northwest
Colombian Andes. These sites (Table 1) are geographically close to
one another but with differing mean annual temperatures (MAT),
precipitation (MAP), and minimum and maximum temperatures.
Seeds of all tree species were collected from the forest neighbouring
the 14°C experimental site and propagated in poly-pots for 24
months in a nursery located at a site with MAT of 22°C. Planting
height varied between 50 and 100 cm (depending on species). Sap-
lings were then transplanted to the three experimental sites from
November to December 2018, with each planted in the ground.
These were planted in common soils (400 kg per tree) sourced
from a high-elevation site with similar characteristics to a forest
adjacent to the 14°C site. Each site was arranged as four plots (the
experimental unit), each consisting of six blocks, with one indivi-
dual from each species planted in each block (15 species× 6
blocks× 4 plots= 360 plants per site; Supporting Information
Fig. S1). The sixth block of each plot was fertilised every 4 months
(‘fertilised’) to give similar but artificially high soil nutrient content,
while the remaining five blocks were untreated (‘non-fertilised’);
this gave four fertilised trees per species, per site, from which any
indirect effects of soil warming on nutrient availability and plant
productivity could be determined.

The experiment includes 11 cold- and 4 warm-affiliated spe-
cies with different thermal distributions. For this study, we
selected species with leaves that fit the chamber of the LI-6800
portable photosynthesis system (Li-Cor Inc., Lincoln, NE, USA):
two warm-affiliated species from the Inga genus which are abun-
dant at low elevations, and six cold-affiliated species common to
high elevations (Fig. 1; Table S1). Measurements of all species

Table 1 Key characteristics of the study sites.

High elevation
(14°C)

Mid-elevation
(22°C)

Low elevation
(26°C)

Location (latitude,
longitude)

5.54°N,
−75.68°W

5.60°N,
−75.62°W

6.01°N,
−75.85°W

Elevation (m asl) 2516 1357 736
MAT (°C) 14.1 21.8 25.9
Tday (°C) 16.1 22.5 27.1
Tnight (°C) 12.6 19.6 22.7
Tmin (1‰; °C) 9.7 16.8 20.4
Tmax (99‰; °C) 33.1 39.2 44.2
(mm yr−1) 2774 2045 2298
Mean VPD (kPa) 0.82 1.14 1.83
VPD (99‰; kPa) 2.284 3.478 4.439

The high-elevation site has a mean annual temperature (MAT) of c. 14°C
(‘14°C site’), mid-elevation of c. 22°C (‘22°C site’) and low elevation of c.
26°C (‘26°C site’). Daytime temperature (Tday) was calculated from mean
temperatures 06:00–18:00, while night-time temperature (Tnight) is mean
temperatures 18:00–06:00. Tmin is minimum temperature, Tmax is maxi-
mum temperature, and MAP is mean annual precipitation. Mean vapour
pressure deficit (VPD) was calculated using daytime (06:00–18:00) VPD
values.
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were taken at the 14°C (nonfertilised = 32, fertilised = 26) and
22°C (nonfertilised= 30, fertilised= 18) sites, but were limited
to the two warm-affiliated species at 26°C (nonfertilised= 8,
fertilised= 8) due to mortality of all cold-affiliated species at this
site.

Gas exchange measurements

Leaf gas exchange measurements were conducted in situ between
June and August 2019 from fully expanded and visibly healthy
sunlit leaves on the top branches of individuals using a LI-6800
portable photosynthesis system. All photosynthesis measurements
were collected between 09:00 and 15:00, and only after leaf gs
had stabilised at ≥ 0.05 mol m−2 s−1 to conditions inside the LI-
6800 cuvette. Upon clamping onto a leaf, conditions inside the
cuvette were standardised to 29°C, 65% relative humidity and
410 ppm CO2; once stable, net photosynthesis was measured
sequentially at eight different ambient CO2 concentrations (Ca;
410, 300, 175, 60, 410, 800, 1500 and 2000) corresponding to
different intercellular Ci concentrations to produce CO2 response
(A–Ci) curves, with light intensity being set to a predetermined
saturating photon flux density (PPFD) for each species
(Table S2). A common leaf temperature of 29°C, within the
diurnal range at all sites (see Tmin and Tmax in Table 1; Fig. S2),
was selected as a compromise to give comparable raw A–Ci data
across sites. VPD and gs during A–Ci measurements are shown in
Fig. S3. Rdark data were collected from the same leaves as A–Ci

measurements; these were covered with aluminium foil straight
after A–Ci measurements, for at least 30 min (sometimes for sev-
eral hours) to become dark-adapted (Scafaro et al., 2017), after
which CO2 efflux from leaves was measured using the LI-6800 at
5-s intervals for 1 min between 15:00 and 16:00. This gave 12
values, the mean of which was taken to be Rdark. All Rdark mea-
surements were taken at the ambient temperature of each site.

Leaf structure and nutrient analysis

Following gas exchange measurements, leaves were immediately
collected for determination of leaf mass per unit area (Ma) and

foliar N and P for standardisation of photosynthetic capacity
and leaf respiration parameters on mass and nutrient bases.
First, leaves were sealed in individually labelled plastic bags
containing damp cotton wool and placed out of direct sunlight
in order to prevent premature drying. Every evening, images of
each leaf were taken with a CanoScan LiDE 300 flatbed scan-
ner. Area values for each leaf were then returned by using the
LEAFAREA package in the R environment (Katabuchi, 2015;
v.4.2.1, R Core Team, 2022), which automates the IMAGEJ
program (Schneider et al., 2012). Leaves were weighed before
being dried in an oven for 48 h at 70°C. They were then
reweighed to give their dry mass, allowing Ma values to be cal-
culated.

To determine leaf nutrient concentrations, dried leaf samples
were ground into a fine powder using a shaker mill (model
MM400; Retsch, Hann, Germany) and c. 1 mg of sample for
each leaf was packed into tin capsules and run through an isotope
ratio mass spectrometer (model Integra2 Integrated EA-IRMS;
Sercon Ltd, Crewe, UK) to return leaf C and N concentrations.
For leaf P concentrations, 0.1–0.2 g of sample was subjected to
ICP-OES analysis with a unique Dichroic Spectral Combiner
(model 5110; Agilent Technologies, Santa Clara, CA, USA).

Derivation of Vcmax, Jmax and Rdark and sensitivity to their
parameterisation

The A–Ci curves were fitted with Farquhar et al. (1980)’s model
of C3 photosynthesis, carried out in R using the curve-fitting pro-
cedure from the PLANTECOPHYS package (Duursma, 2015) to
derive rates of Vcmax and Jmax (Methods S1). Measured Rdark
values were included in the curve-fitting procedure, accounting
for 30% light inhibition of respiration during the day (Atkin
et al., 2000; Tcherkez et al., 2012, 2017). Rdark values were also
adjusted to the A–Ci measurement temperature using Eqn 1 to
account for the temperature sensitivity of respiration (Eqn 1;
Tjoelker et al., 2001; Heskel et al., 2016):

R ¼ RTref � Q 10

T�T ref
10 Eqn 1

Fig. 1 Tree species in this study and their
thermal distributions: thermal means (grey
dots for warm-affiliated and black dots for
cold-affiliated), maxima and minima (vertical
lines at the end of each horizontal line) were
extracted from worldclim (Fick &
Hijmans, 2017) for all locations where study
species have been recorded. Biological
records were taken from the Global
Biodiversity Information Facility. For each
site, dashed vertical lines show the diurnal
temperature range, and solid vertical lines
the thermal mean: blue for the 14°C site,
yellow for the 22°C site and red for the 26°C
site.
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where R is the rate of respiration measured with the LI-6800 at
measurement temperature T (°C), Q10 is the proportional change
in respiration per 10°C increase in temperature (Atkin &
Tjoelker, 2003), RTref is the rate of respiration at the chosen refer-
ence temperature, and, in this case, Tref is the A–Ci measurement
temperature (°C). We included the temperature dependence of
Q10 (Eqn 2; Tjoelker et al., 2001):

Q 10 ¼ 3:09�0:043T g Eqn 2

where Tg is the MAT at our study sites (14°C, 22°C or 26°C).
Eqns 1, 2, were also used to estimate Rdark at 25°C (Rdark_25) and
site growth temperature (Rdark_Tg) to assess respiratory acclima-
tion potential. Rdark values were compared against values esti-
mated with a constant Q10 of 2 (often used in modelling studies;
Clark et al., 2011) and a Q10 of 2.3, which has been used in var-
ious previous tropical forest studies (Meir et al., 2001; Atkin &
Tjoelker, 2003; Weerasinghe et al., 2014; Slot & Winter, 2017;
Mujawamariya et al., 2021).

As part of the A–Ci fitting procedure in ‘plantecophys’, differ-
ences in atmospheric pressure with altitude were also included
(Eqn S1), as this influences substrate availability for Rubisco
(Wang et al., 2017, 2020). After fitting the A–Ci curves, the esti-
mates of Vcmax and Jmax were quality-checked; 144 of 147 esti-
mates were retained, and of these, a further nine Jmax values were
excluded after quality control. Vcmax and Jmax values were
returned on a leaf area basis, and these were then adjusted to both
a reference temperature of 25°C (Vcmax_25; Jmax_25) and to the
respective air temperatures at each site (Vcmax_Tg; Jmax_Tg) using
Eqn 3:

f T kð Þ ¼ k25exp
E a T k�298ð Þ
298RT k

� �
1þ exp 298ΔS�H d

298R

� �
1þ exp T kΔS�H d

T kR

� � Eqn 3

where Ea is the activation energy of Vcmax or Jmax (J mol−1), Tk is
leaf temperature (°K), R is the universal gas constant (8.314 J
mol−1 K−1), ΔS is the entropy value for Vcmax or Jmax (J mol−1

K−1), and Hd is a deactivation value for Vcmax or Jmax.
We tested the sensitivity of Vcmax and Jmax values to the tem-

perature response parameterisation (Eqn 3), using parameters
from an Afromontane forest species, Carapa grandiflora
(Vårhammar et al., 2015) and those of Kumarathunge
et al. (2019; see their Table 2) that are derived from a global data-
set and account for thermal acclimation via a dependence on
Tgrowth of EaV, ΔSv and ΔSJ in Eqn 3. Vcmax and Jmax estimated
using the Kumarathunge et al. (2019) parameters and the three
sets of Rdark Q10 values (2, 2.3 and temperature dependent) were
also compared against one another. One-way ANOVAs and
Tukey post hoc tests were used to test the differences among para-
meterisations using the LM package in R.

Data analysis

All analyses were performed in R. To assess the ability of different
species to thermally acclimate photosynthetic capacity and foliar

dark respiration, we compared Vcmax, Jmax, Rdark, Jmax : Vcmax and
Rdark : Vcmax at 25°C and Tg on area, mass, N and P bases across
growth temperatures, as well as Anet measured at 29°C. Owing to
the differing thermal affiliations (Fig. 2) and temperature
responses of cold- and warm-affiliated species, our results present
these groups separately. Two-way ANOVA and Tukey post hoc
tests were used to test for significant differences in values between
both temperature treatments and between cold- and warm-
affiliated groups (‘species groups’) at each site (Table 2). These
were complemented by mixed-effects ANOVA tests with the
NLME package (Pinheiro et al., 2021), with temperature treatment
and species groups set as main effects, and species nested within
species groups as a random effect (Table S3). Additionally, one-
way ANOVA tests were used to test for differences between cold-
affiliated and Inga spectabilis at 22°C, as at this site the groups
were at the upper and lower limits of their thermal ranges, respec-
tively (Table S4). Residuals were visually checked for normality
before ANOVA tests were undertaken. Nonfertilised plants were
analysed to test H1 and H2, while values for nonfertilised and
fertilised plants were compared to address H3. One-way ANO-
VAs were used to test for significant differences between nonferti-
lised and fertilised plants. As an additional test for whether
species could acclimate to new growing temperatures, we pro-
duced scatterplots to compare values of Anet, Vcmax_25, Jmax_25

and Rdark_25 at ‘home’ and ‘away’ temperatures for each species
(Fig. S4; Table S5).

Results

Sensitivity analysis to temperature response parameters

When calculating Vcmax, Jmax and Rdark at 25°C and Tgrowth using
three different Q10 values (2, 2.3 and temperature-dependent
Q10), at each site, there were no significant differences between
the mean values of Vcmax, Jmax and Rdark (Table S6). After com-
paring Vcmax and Jmax values at 25°C using two sets of tempera-
ture response parameters for montane species – C. grandiflora
from Vårhammar et al. (2015), and those including thermal
acclimation of temperature optima of Vcmax and Jmax (Kumar-
athunge et al., 2019), there were no significant differences
between the mean values of Vcmax and Jmax at each site
(Table S7). Any conclusions derived from our results were conse-
quently unaffected by the temperature response parameters used.

Impacts of warming on photosynthesis and photosynthetic
capacity

Anet at 29°C, Vcmax_25 and Jmax_25 were highest in cold- and
warm-affiliated species at 14°C and 26°C, respectively (Fig. 2),
which are the sites with growth temperatures closest to their spe-
cies’ thermal means (Fig. S4). Species-level results are given in
Figs S7–S9. Growth temperature had pronounced effects on
Vcmax_25 and Vcmax_Tg across sites. In cold-affiliated species (n=
6), Vcmax_25 decreased by 39% (3.83 μmol m−2 s−1 per degree of
warming) between 14°C and 22°C (Fig. 2; Table 3), as well as
on mass and N bases (Fig. S5). Vcmax_Tg remained constant
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(Fig. 2), although it was significantly higher at 22°C on a N basis
(Fig. S6). For warm-affiliated species (n= 2), the same effect was
observed with cooling, particularly for I. spectabilis, where
Vcmax_25 decreased by 67% (5.99 μmol m−2 s−1 per degree of
cooling) between 26°C and 14°C. For both warm-affiliated

species, Vcmax_Tg decreased by 80% between 26°C and 14°C
(Fig. 2), with decreases also seen on mass, N and P bases
(Figs S5, S6).

Similar changes were seen in Jmax_25 and Jmax_Tg with changing
temperature. In cold-affiliated species, area-based Jmax_25 was

Fig. 2 Impacts of temperature change on rates of net photosynthesis (Anet) measured at 29°C (a), as well as photosynthetic capacity (Vcmax and Jmax) on a
leaf area basis (μmol m−2 s−1) at both 25°C (b, d) and growth temperature (Tg; c, e). Species are grouped into cold- (n= 6) and warm-affiliated (n= 2), and
colours represent the different temperature treatments (14°C, blue; 22°C, yellow; 26°C, red). ‘Home’ shows the home temperature for each species group
(14°C for cold-affiliated; 22–26°C for warm-affiliated), and arrows indicate if they were subjected to warming or cooling. Upper and lower edges of each
box indicate the 75th and 25th percentiles, respectively, while the horizontal line is the median and vertical bars indicate the 90th and 10th percentile ranges.
Open circles above/below boxes denote outliers. Capital letters are used for comparisons between boxes, where a difference denotes a significant differ-
ence, at least at the P< 0.05 level from Tukey post hoc tests (apart from panel (b), where the difference between ‘cold-affiliated’ 22°C and ‘warm-
affiliated’ 26°C is P< 0.06). Full results are given in Table 2.
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29% lower (6.52 μmol m−2 s−1 per degree of warming) at the
22°C than the 14°C site, while Jmax_Tg was unchanged. In warm-
affiliated species, the response to cooling was nonlinear, with

large declines between 26°C and 22°C of 21.68 and 31.71 μmol
m−2 s−1 per degree of cooling for Jmax_25 and Jmax_Tg, respec-
tively, largely driven by I. spectabilis (Fig. 2; Table 3). Decreases

Table 2 Outputs of two-way ANOVAs and Tukey post hoc tests for the effect of site (i.e. temperature) on maximum rate of carboxylation by Rubisco
(Vcmax), maximum rate of electron transport (Jmax), leaf dark respiration (Rdark), ratio of Jmax to Vcmax (Jmax :Vcmax) and ratio of Rdark to Vcmax (Rdark : Vcmax)
at 25°C and growth temperature (Tg), as well as net photosynthesis (Anet) measured at 29°C, for cold- (‘C’) and warm-affiliated (‘W’) species.

Vcmax_25 Jmax_25 Rdark_25 Jmax_25 : Vcmax_25 Rdark_25 : Vcmax_25 Anet

25°C
(dfsite, dfresidual) (4, 65) (4, 64) (4, 64) (4, 63) (4, 65) (4, 65)
C14°C–C22°C 0.02 0.03 0.02 0.86 0.96 0.01
W14°C–W22°C 0.85 0.98 0.03 0.44 < 0.001 0.15
W14°C–W26°C 0.03 0.004 0.02 0.88 < 0.001 0.008
W22°C–W26°C 0.42 0.04 1.00 0.97 0.49 0.91
C14°C–W14°C 0.02 0.009 0.25 0.35 < 0.001 0.03
C14°C–W22°C 0.51 0.12 0.52 0.99 0.99 1.00
C14°C–W26°C 0.99 0.85 0.41 0.99 0.53 0.77
C22°C–W14°C 0.92 0.83 < 0.001 0.86 < 0.001 0.98
C22°C–W22°C 1.00 1.00 0.95 0.88 1.00 0.21
C22°C–W26°C 0.06* 0.01 0.90 0.99 0.22 0.005

Vcmax_Tg Jmax_Tg Rdark_Tg Jmax_Tg :Vcmax_Tg

Rdark_Tg :
Vcmax_Tg

Tgrowth

(dfsite, dfresidual) (4, 65) (4, 61) (4, 61) (4, 59) (4, 65)
C14°C–C22°C 0.99 0.99 0.23 1.00 0.82
W14°C–W22°C 0.12 0.21 0.34 0.34 < 0.001
W14°C–W26°C < 0.001 < 0.001 0.09 0.79 < 0.001
W22°C–W26°C 0.004 < 0.001 0.99 0.96 0.11
C14°C–W14°C < 0.001 0.07 0.64 0.87 < 0.001
C14°C–W22°C 0.99 1.00 0.003 0.73 0.61
C14°C–W26°C 0.53 < 0.001 < 0.001 1.00 0.59
C22°C–W14°C < 0.001 0.03 1.00 0.71 < 0.001
C22°C–W22°C 1.00 0.99 0.20 0.89 0.97
C22°C–W26°C 0.22 < 0.001 0.02 1.00 0.15

For example, ‘C14°C–C22°C’ compares cold-affiliated values at the 14°C and 22°C sites. The ‘*’ for ‘C22°C–W26°C’ indicates an almost significant result
at the P< 0.05 level. Bold text indicates any significant value at the P < 0.05 level or below.

Fig. 3 Impacts of temperature change on rates of Rdark on a leaf area basis (μmolm−2 s−1) at both 25°C (a) and growth temperature (Tg; b). Species are
grouped into cold- (n= 6) and warm-affiliated (n= 2), and colours represent the different temperature treatments (14°C, blue; 22°C, yellow; 26°C, red).
‘Home’ shows the home temperature for each species group (14°C for cold-affiliated; 22–26°C for warm-affiliated), and arrows indicate if they were sub-
jected to warming or cooling. Upper and lower edges of each box indicate the 75th and 25th percentiles, respectively, while the horizontal line is the median
and vertical bars indicate the 90th and 10th percentile ranges. Open circles above/below boxes denote outliers. Capital letters are used for comparisons
between boxes, where a difference denotes a significant difference, at least at the P< 0.05 level from Tukey post hoc tests. Full results are given in Table 2.
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in Jmax_25 and Jmax_Tg for warm-affiliated species with cooling
were also observed when expressed on mass, N and P bases, while
few changes were observed in cold-affiliated species (Figs S5, S6).
The ratio of Jmax to Vcmax (Jmax : Vcmax) remained unchanged in
both cold- and warm-affiliated species at 25°C and Tg (Fig. 4a,b;
Table 2). At the species level, only one species responded signifi-
cantly to warming in the cold-affiliated group (Figs S7, S8).

Impacts of changing growth temperature on dark
respiration

Rdark_25 decreased with increasing temperature in all species. In
cold-affiliated species, Rdark_25 declined by 31% between 14°C
and 22°C, and in warm-affiliated species, Rdark_25 increased with
cooling from 26°C and 14°C by 27% for I. spectabilis, and by
37% for I. marginata between 22°C and 14°C (Fig. 3; Table 3).
At Tg, the pattern was very different, with Rdark_Tg remaining
constant with temperature change across sites for both cold- and
warm-affiliated species (Fig. 3; Table 2), deviating greatly from
the significant decreases with cooling observed for Vcmax_Tg

(Fig. 2; Table 2). On mass, N and P bases, Rdark,25 either
decreased or remained constant for cold-affiliated species, while
warm-affiliated remained constant or increased with cooling
(Fig. S5), but Rdark_Tg in warm-affiliated species decreased with
cooling (expressed in N, P and mass basis) and increased with
warming in their cold-affiliated counterparts (expressed in N and
P basis; Fig. S6). Corresponding species-level responses are
shown in Fig. S10. Cold-affiliated species kept their ratio of Rdark

to Vcmax (Rdark : Vcmax) constant with warming, and warm-
affiliated species displayed increases of 292% and 284% with
cooling between 26°C and 14°C when expressed at 25°C and Tg,
respectively (Fig. 4).

Impact of fertilisation

There was no evidence to suggest that changes in rates of Vcmax,
Jmax and Rdark on area basis at 25°C and Tg were influenced by
soil warming (Fig. S11; Table S8). For cold- and warm-affiliated
species, there were no significant differences between rates in
nonfertilised and fertilised plants in any instance, indicating that
direct temperature effects dominate over any potential indirect
temperature effects in our dataset.

Discussion

We have investigated the physiological responses to temperature
change in Andean TMF trees that are freely rooted in common,
irrigated soils and growing under field conditions. Our results show
that all species, except I. marginata, have highest Anet, Vcmax_25 and
Jmax_25 when growing closest to their home environment, with
values decreasing at temperatures away from their thermal means.
When values were expressed at Tg, Vcmax and Jmax were homeo-
static with warming in cold-affiliated species, while these metrics
decreased with cooling in warm-affiliated species, possibly suggest-
ing greater plasticity of photosynthetic capacity in cold- than
warm-affiliated species. Rdark_25 declined with warming in cold-

Table 3 Acclimation potential of maximum rate of carboxylation by Rubisco (Vcmax), maximum rate of electron transport (Jmax_25) and leaf dark respiration
(Rdark) in tropical species, normalised to 25°C.

Study Type of dataset
Vcmax_25 (μmolm−2

s−1 °C−1)
Jmax_25 (μmol m−2

s−1 °C−1)
Rdark_25 (μmol m−2

s−1 °C−1)

This study:
Cold-affiliated (14–22°C)
Inga spectabilis (26–14°C)
Inga marginata (22–14°C)

Field-grown, juvenile trees 3.83
5.99
0.61

6.52
11.43
0.07

0.06
0.05
0.08

Choury et al. (2022):
2Atractocarpus fitzalanii (27.5–34.5°C)
2Xanthostemon chrysanthus (27.5°C–
34.5°C)

Glasshouses, potted seedlings 4.20
2.16

9.53
6.91

–
–

Crous et al. (2018):
2Eucalyptus tereticornis (28.5–32°C)
2Eucalyptus grandis (28.5–32°C)

Glasshouses, potted juvenile
trees

0.47
1.97

1.08
0.11

–
–

Dusenge et al. (2021):
1Harungana montana (15.1–20°C)
1Syzygium guineense (15.1–20°C)

Field-grown, potted seedlings 5.69
2.44

14.43
6.52

1Mujawamariya et al. (2021)
(15.2–20.6°C)

Field-grown, juvenile trees – – 0.11*

2Scafaro et al. (2017)
(15–25°C)

Glasshouses, potted seedlings 0.73 1.58 –

1Wittemann et al. (2022)
(20–30°C)

Glasshouses, potted seedlings 0.73 1.40 0.04

This is expressed as the change per degree of warming or cooling (°C) for cold- and warm-affiliated species (Inga spectabilis and Inga marginata) in our
study, respectively, compared with changes in montane and lowland forest species derived from other studies. The growth temperatures used for each
study/species/species group are given in brackets in the first column. Acclimation potentials of 1montane and 2lowland tropical rainforest species from
other studies are given. The Mujawamariya et al. (2021) Rdark value is the average of 10 early-successional and six late-successional species, standardised
to 20°C rather than 25°C*. The Scafaro et al. (2017) and Wittemann et al. (2022) values are averages of four species.
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affiliated species and increased with cooling in warm-affiliated spe-
cies; at Tg, Rdark remained constant in both cold- and warm-
affiliated species, suggesting that complete acclimation occurred.
Cold-affiliated species failed to improve carbon-use efficiency (by
not lowering their Rdark : Vcmax) with warming, while warm-
affiliated species significantly increased this with cooling, suggesting
that they are less efficient at colder temperatures.

Photosynthetic capacity and respiration in TMFs

The Vcmax_25, Jmax_25 and Rdark_25 in our cold-affiliated species at
14°C are of the same order of magnitude as previously reported
for high-elevation TMF species (Table 4). The Vcmax_25 and
Jmax_25 values are similar to those of early-successional TMF spe-
cies in Rwanda (Ziegler et al., 2020; Dusenge et al., 2021), while
in Peru, they are at the upper end of values reported by van de
Weg et al. (2012) but are much higher than those of Bahar
et al. (2017). The Rdark_25 values from both Peru (van de
Weg et al., 2012) and Rwanda (Ziegler et al., 2020; Mujawamar-
iya et al., 2021) are comparable to our cold-affiliated values at
14°C.

Photosynthetic capacity and leaf dark respiration in the warm-
affiliated species at 26°C are at the high end of those reported by
similar studies (Table 3). These disparities could not be explained
by the higher photosynthetic capacities of younger trees (Kitajima
et al., 2002), as Dusenge et al. (2021) and Mujawamariya
et al. (2021) conducted their measurements on seedlings and
juveniles, respectively. The acquisitive life strategies, naturally fast
growth rates and association with N-fixing bacteria of many Inga
species (Franche et al., 2009; dos Santos Pereira et al., 2019) may
therefore be more accountable for the observed differences.

Thermal acclimation in Andean TMFs

In this study, Vcmax_25 and Jmax_25 decreased in cold-affiliated
species when transplanted away from their home elevation and
exposed to warm extremes, but were higher at these tempera-
tures in their warm-affiliated counterparts, with a similar pat-
tern being found for Anet (Fig. 2; Table 2). The responses of
cold-affiliated species to higher temperatures are in agreement
with previously reported observations (Way & Oren, 2010; Ali
et al., 2015; Scafaro et al., 2017; Dusenge et al., 2021) and

Fig. 4 Ratios of Jmax :Vcmax and Rdark : Vcmax at 25°C (a, c) and site growth temperature (b, d) on leaf area basis (μmolm−2 s−1). Species are grouped into
cold- (n= 6) and warm-affiliated (n= 2), and colours represent the different temperature treatments (14°C, blue; 22°C, yellow; 26°C, red). ‘Home’ shows
the home temperature for each species group (14°C for cold-affiliated; 22–26°C for warm-affiliated), and arrows indicate if they were subjected to warm-
ing or cooling. Upper and lower edges of each box indicate the 75th and 25th percentiles, respectively, while the horizontal line is the median and vertical
bars indicate the 90th and 10th percentile ranges. Open circles above/below boxes denote outliers. Capital letters are used for comparisons between boxes,
where a difference denotes a significant difference, at least at the P< 0.05 level from Tukey post hoc tests. Full results are given in Table 2.
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could be partially explained by optimality theory (Arcus
et al., 2016; Smith & Keenan, 2020; Wang et al., 2020). The
reductions caused by warming in N-based Vcmax_25 (Fig. S5), as
well as the lower mass-based N (Nm) of cold-affiliated species
found in a larger dataset from this elevation gradient (1.54�
0.06 g g−1 at 14°C and 1.34� 0.06 g g−1 at 22°C, P< 0.05),
could indicate lower concentrations of photosynthetic enzymes
in warm-grown plants, particularly Rubisco, which requires
large amounts of N investment (Bahar et al., 2017; Dusenge
et al., 2021). Indeed, Bahar et al. (2017) conducted laboratory
assays into leaf protein content on an elevation gradient in the
Peruvian Andes and reported significantly lower Rubisco con-
centrations – as well as area and N-based Vcmax_25, and Na – in
warm-grown leaves compared with cool-grown leaves collected
from the field. Conversely, the warm-affiliated species, which
were exposed to the cold extremes of their thermal distributions,
exhibit higher Vcmax_25 and Jmax_25 at higher growth tempera-
tures (i.e. photosynthetic capacity declines with cooling) which
are closer to their home environment, while foliar Nm remained
constant. This could be explained by their higher thermal
means (Fig. 1), suggesting that these species might have higher
Topt for Vcmax and Jmax at 22°C (I. marginata) and 26°C (I.
spectabilis). Consequently, the Anet, Vcmax_25 and Jmax_25

responses to growth temperature agree with our H1.
Although Rdark_25 decreased with warming in cold-affiliated

species and increased with cooling in warm-affiliated counter-
parts, patterns changed when values were expressed at growth
temperature: both cold- and warm-affiliated species showed no

change, even with an 8°C temperature change for the former and
12°C for the latter (Fig. 3). The lack of change in Rdark_Tg indi-
cates that both species groups are able to completely acclimate
respiration rates (Rdark_Tg remains constant) to substantial
changes in temperature, which was also was found by Mujawa-
mariya et al. (2021), although they additionally observe some
overcompensatory (Rdark_Tg decreased with temperature change)
acclimation in Rwandan TMF species. However, species in their
study were exposed to only 5°C of warming (Mujawamariya
et al., 2021), so whether overcompensatory acclimation would be
found with further warming of +8°C or greater is unclear.

Thermal acclimation of photosynthetic capacity is rarely
reported at Tg in thermal acclimation studies in the tropics (but
see Malhi et al., 2017); here, we find that cold-affiliated species
maintain Vcmax_Tg and Jmax_Tg between 14°C and 22°C, while
warm-affiliated species greatly decrease photosynthetic capacity
from 22°C to 14°C, as well as from 26°C to 22°C (Fig. 2). There
are, however, no significant differences in Vcmax or Jmax values (at
25°C or Tg) between cold-affiliated species and I. spectabilis at
22°C (H2), the site where both groups have been transplanted
away from their home environment (Table S4). As Vcmax controls
the substrate available for respiration (Wang et al., 2017, 2020;
O’Leary et al., 2019) and respiratory energy is needed to main-
tain the turnover of proteins involved in photosynthetic metabo-
lism (Rowland et al., 2017), these two parameters are often
coordinated in their temperature response (Dusenge et al., 2021).
However, in warm-affiliated species there is no change in Rdark_Tg
with temperature, while photosynthetic capacity is significantly

Table 4 Maximum rate of carboxylation by Rubisco (Vcmax), maximum rate of electron transport (Jmax) and leaf dark respiration (Rdark) values, standardised
to 25°C, for our cold- and warm-affiliated species at home elevation, as well as for 26°C for Inga marginata, compared with those of other studies of tropi-
cal and tropical montane species.

Study Dataset – type and location Vcmax_25 (μmolm−2 s−1) Jmax_25 (μmolm−2 s−1) Rdark_25 (μmol m−2 s−1)

This study:
Cold-affiliated at 14°C
Inga spectabilis at 26°C
Inga marginata at 22°C (26°C)

Field-grown, juvenile trees;
Colombian Andes

77.59� 8.73
108.12� 18.08
38.03� 4.77 (61.35�
3.22)

180.07� 14.26
235.17� 13.86
102.66� 15.86 (177.94�
5.53)

1.53� 0.09
1.51� 0.19
1.08� 0.06 (0.93�
0.10)

Bahar et al. (2017):
1Upland species
2Lowland species

Field-grown, mature trees;
Colombian Andes

35.9� 14.6
48.8� 20.0

66.7� 18.6
96.9� 36.9

–
–

Dusenge et al. (2021):
1Harungana montana (early-
successional)

1Syzygium guineense (late-
successional)

Field-grown, potted
seedlings; Albertine Rift,
Rwanda

62.17� 2.98
53.22� 2.00

148.95� 6.74
127.11� 8.46

–
–

1Mujawamariya et al. (2021) Field-grown, juvenile trees;
Albertine Rift, Rwanda

– – 1.88� 0.05*

1van de Weg et al. (2012) Field-grown, mature trees;
Peruvian Andes

40–80 65–160 1.4–2

Ziegler et al. (2020):
1Early-successional TMF
1Late-successional TMF

Field-grown, mature trees;
Albertine Rift, Rwanda

71� 9.0
45� 3.0

171� 21.0
102� 6.0

1.6� 0.1
1.2� 0.1

Standard error values are given where available. Values for cold-affiliated species are those from the 14°C site, while warm-affiliated are from the 26°C and
22°C sites. For the other studies, there is a mix of montane1 and lowland forest2 species, with data collected from trees growing at their home elevations.
Values from van de Weg et al. (2012) are a range of top-canopy measurements from five species. For Bahar et al. (2017), ‘Upland species’ is the mean
value from these species at their upland sites (MAT 8.0–18.8°C) and ‘Lowland species’ the mean value from these species at their lowland sites (MAT
24.4–26.2°C). Values from Dusenge et al. (2021) are means from their high-elevation site (MAT 15.1°C).
*Here, the Rdark value from Mujawamariya et al. (2021) has been standardised to 25°C rather than the 20°C reported in the study.
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higher at 26°C. This results in an increase in Rdark_Tg : Vcmax_Tg

with cooling (Fig. 3d) reducing carbon-use efficiency (Rowland
et al., 2017). However, under climate warming, warm-affiliated
species will benefit from increased carbon-use efficiency. Given
that at 22°C, both species groups have the same Rdark_Tg :
Vcmax_Tg and Anet, this indicates similar physiological fitness at
this growth temperature (partially rejecting H2), thus permitting
warm-affiliated species to compete with cold-affiliated plants and
helping to explain the thermophilisation being observed in
Andean TMFs (partially supporting H2; Duque et al., 2015;
Fadrique et al., 2018).

Patterns in Rdark_Tg (Fig. 3) generally follow those observed for
both Vcmax_Tg and Jmax_Tg (Fig. 2), with Vcmax_Tg explaining
50% of the observed variation in Rdark_Tg in both cold- and
warm-affiliated species (Fig. S12). Indeed, Vcmax controls the sub-
strate available for respiration (Wang et al., 2017, 2020; O’Leary
et al., 2019) and respiratory energy is needed to maintain the
turnover of proteins involved in photosynthetic metabolism
(Rowland et al., 2017), and similar findings have recently been
reported by Dusenge et al. (2021) for two Rwandan TMF spe-
cies. In warm-affiliated species, there is no change in Rdark_Tg
with temperature, while photosynthetic capacity is significantly
higher at 26°C. This results in a large reduction in Rdark_Tg :
Vcmax_Tg with warming (Fig. 3d), indicating a greater carbon-use
efficiency (Rowland et al., 2017) that may allow warm-affiliated
species to grow much faster than cold-affiliated species under
warmer conditions.

Interspecific variability in temperature responses

Evidence suggests that the catalytic efficiency of Rubisco may dif-
fer in species that have evolved under contrasting thermal regimes
(Andersson & Backlund, 2008; Kumarathunge et al., 2019) so
that with current climatic warming Rubisco kinetic properties
may be improved in some species more than others to grant
greater affinity for CO2 and increased rates of carbon fixation
(Galmés et al., 2014). Our warm-affiliated species are from Inga,
a large neotropical genus that diversified from the warmer climes
of Amazonia in the past 2–10 million yr, with phylogenetic ana-
lysis revealing that Inga persisted during this time period in far
warmer temperatures than are currently experienced in Amazonia
(Richardson et al., 2001; Zachos et al., 2008; Dick et al., 2013).
The genus is now distributed across South America in a variety of
habitats (Richardson et al., 2001; Endara & Jaramillo, 2011;
Palow et al., 2012; Nicholls et al., 2015; dos Santos Pereira
et al., 2019), so considerable thermal plasticity may exist in Inga
species. The two Inga species in our study exhibit their highest
Vcmax_25 at 26°C (home environment), indicating that their
Rubisco may be optimised to warmer conditions, but they were
able to downregulate this by 7.73 and 4.17 μmol m−2 s−1 °C−1

with 4°C and 12°C of cooling, respectively (Fig. 2a; Table 3),
suggesting an ability to acclimate to colder conditions. Although
this acclimation does not improve the fitness of warm-affiliated
species (Way & Yamori, 2014), it enables them to persist at tem-
peratures beyond the cold extremes of their thermal range. Con-
versely, the cold-affiliated species downregulated their Vcmax_25

by 3.83 μmol m−2 s−1 per degree of warming between 14°C and
22°C (Fig. 2a; Table 3), demonstrating a large thermal acclima-
tion potential. This agrees with findings from the late-
successional Rwandan TMF species, S. guineense (Dusenge
et al., 2021; Table 3), but differs from temperate species (Kattge
& Knorr, 2007) and a global, seasonal dataset of tropical, tempe-
rate and boreal species (Kumarathunge et al., 2019), which finds
no changes in Vcmax_25 or Jmax_25 with variation in growth tem-
perature but a decrease in Jmax_25 : Vcmax_25 with warming,
whereas our results (Fig. 4a) and those of Dusenge et al. (2021)
and other tropical studies (Scafaro et al., 2017; Crous
et al., 2018) find no change in Jmax_25 : Vcmax_25 with increased
growth temperature. A constant Jmax_25 : Vcmax_25 suggests that
carboxylation has not become limited by warming (in cold-
affiliated species) or cooling (in warm-affiliated species) inducing
lower gs or higher photorespiration (Dusenge et al., 2021). Over-
all, the observed responses to temperature-induced changes in
Vcmax_25 and Jmax_25 in this and other TMF studies (e.g. Dusenge
et al., 2021) suggest that TMF species may possess a greater abil-
ity to acclimate to warming than has been previously hypothe-
sised for species in tropical latitudes (Janzen, 1967; Cunningham
& Read, 2003).

Life strategies may also elicit differences in photosynthetic and
respiratory rates, and their responses to warming, between TMF
species. Although our study focusses on mid-successional species,
Inga species are typically classed as pioneers, performing well in
high light conditions and frequently involved in the early stages
of forest restoration and regeneration (dos Santos Pereira
et al., 2019). Indeed, early-successional species exhibit higher
rates of photosynthesis than late-successional species in elevation
gradient studies in Rwanda (Vårhammar et al., 2015; Dusenge
et al., 2021). Inga species also have a symbiotic relationship with
N-fixing bacteria (Franche et al., 2009); the high light environ-
ments of our study sites, coupled with the significantly greater
foliar N concentrations in Inga species compared with the others
in our study (Na= P< 0.05; Nm= P< 0.001; Pm = P< 0.05),
could explain differences in Vcmax, Jmax and Rdark between species
groups (Figs 2, 3).

Direct vs indirect temperature effects

Soil nutrient content did not significantly affect photosynthetic
or respiratory rates, supporting H3; thus, changes in air tempera-
ture are the dominant influence (Rustad et al., 2001; Classen
et al., 2015; Fig. S10; Table S8). Transplanting common soils to
be used across sites ensured that all plants were growing in a simi-
lar medium at the outset of the experiment, but the warmer tem-
peratures of 22°C and 26°C could have affected soil microbial
communities, changing decomposition and nutrient mineralisa-
tion rates to alter the availability of key macro- and micronutri-
ents (Rustad et al., 2001; Classen et al., 2015). Although we find
some significant differences in foliar P content between sites – for
example, between 14°C and 22°C for cold-affiliated species in
Pm – the absence of any significant differences in rates of Vcmax,
Jmax or Rdark between nonfertilised and fertilised plants (Fig. S10;
Table S8) strongly suggests that variability between sites is driven
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by temperature. Although other environmental variables do vary
along elevation gradients, including insolation and wind speed
(Körner, 2007; Sundqvist et al., 2013; Tito et al., 2020), trans-
plant experiments are still far more effective than glasshouse or
growth chamber experiments (Cheesman & Winter, 2013; Slot
& Winter, 2017; Fauset et al., 2019; Wittemann et al., 2022) for
assessing the impact of changing temperatures at the ecosystem
level and over long time periods (Nooten & Hughes, 2017; Tito
et al., 2020).

The physiological adaptation and acclimation of warm- and
cold-affiliated species to different temperatures could have impli-
cations for the composition of Andean TMFs with continued
warming this century. Our study demonstrates that dominant
species are able to acclimate to considerable warming and cooling
through adjustments to photosynthetic capacity and Rdark, with
all species exhibiting their highest Vcmax, Jmax and Anet at tem-
peratures close to their thermal distribution means. As warm-
affiliated species can acclimate to cooler temperatures and also
excel at high temperatures, we could expect to see shifts in
Andean TMFs towards these species as temperatures rise.
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Sebastian González-Caro https://orcid.org/0000-0002-2287-
7431
Iain P. Hartley https://orcid.org/0000-0002-9183-6617
Patrick Meir https://orcid.org/0000-0002-2362-0398
Lina M. Mercado https://orcid.org/0000-0003-4069-0838
Zorayda Restrepo https://orcid.org/0000-0002-3213-9985
Stephen Sitch https://orcid.org/0000-0003-1821-8561
Johan Uddling https://orcid.org/0000-0003-4893-1915

Data availability

The data that support the findings of this study are publicly
available from the UK CEH Environmental Information
Data Centre: https://doi.org/10.5285/60dd0b8f-f0c3-4e30-841b-
1c2067052974.

References

Ali AA, Xu C, Rogers A, McDowell NG,Medlyn BE, Fisher RA,Wullschleger

SD, Reich PB, Vrugt JA, BauerleWL et al. 2015.Global-scale environmental

control of plant photosynthetic capacity. Ecological Applications 25: 2349–2365.
Anderson EP, Marengo J, Villalba R, Halloy S, Young B, Cordero D, Gast F,

Jaimes E, Ruiz D, Herzog SK. 2011. Consequences of climate change for

ecosystems and ecosystem services in the tropical Andes. In: Herzog SK,

Martinez R, Jørgensen PM, Tiessen H, eds. Climate change and biodiversity in
the tropical Andes. Inter-American Institute for Global Change Research (IAI)

and Scientific Committee on Problems of the Environment (SCOPE), 1–18.
Andersson I, Backlund A. 2008. Structure and function of Rubisco. Plant
Physiology and Biochemistry 46: 275–291.
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Table S8 P-values of ANOVAs testing for significant differences
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