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Abstract. Andean tropical montane forests are highly biodiverse ecosystems with a carbon storage capacity comparable to
lowland forests. However, their response to climate change remains uncertain, as species photosynthesis depends on their
thermal acclimation capacity. This study evaluates the variability of photosynthetic traits across montane and lowland tree
species using a leaf level photosynthesis model and data from a transplant experiment across three elevations (14°C, 22°C,
and 26°C) in the tropical Andes. Six montane species and two lowland species were analyzed to assess photosynthetic
responses to environmental conditions. We find that intraspecific variability in photosynthetic parameters, such as the apparent
maximum carboxylation capacity (¥emax) and the apparent maximum electron transport rate (Jmax), is key to accurately model
photosynthesis in these ecosystems. Apparent Vemax was identified as the primary determinant of diurnal variations in
photosynthesis, especially under varying thermal environments. Additionally, stomatal conductance (g;) was highly variable
and responded to vapor pressure deficit (VPD), suggesting that stomatal regulation is crucial for adaptation to environmental
changes. Sensitivity analysis revealed that at higher altitudes (14°C), photosynthetically active radiation (PAR) and
temperature were the main limiting factors for photosynthesis, while at lower altitudes (22°C), VPD was the dominant factor.
Finally, the study demonstrates that the common use, within global vegetation models, of average parameters from lowland
species to simulate montane forest is inadequate as such parameterizations tend to underestimate montane forest photosynthesis
by up to 65%. It is also recommended that vegetation models incorporate both intra- and interspecific variability to improve

predictions of the carbon cycle in tropical Andean forests and their response to climate change.
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1. Introduction

Tropical montane forests are among the planet’s most biodiverse hotspots (Myers et al., 2000). Recent studies have
demonstrated that their aboveground carbon density is comparable to that of lowland forests. Specifically, the aboveground
biomass per hectare in Andean and Afromontane tropical montane forests is of similar magnitude to that found in the Amazon
and African lowland forests, respectively (Cuni-Sanchez et al., 2021; Duque et al., 2021). These findings challenge the
expectation that aboveground biomass decreases with elevation—a pattern often attributed to the low temperatures and
persistent cloud immersion at high elevations, which are thought to limit photosynthesis and tree growth (Fyllas et al., 2017;
Girardin et al., 2010). Moreover, experimental evidence suggests that the photosynthetic capacities of tropical montane and
lowland trees are similar when both are transplanted to an intermediate mid-elevation environment (Dusenge et al., 2021; Cox
et al., 2023; Dusenge et al., 2025). However, when measured in their native environments—cooler high-elevation or warmer
low-elevation—photosynthetic capacities differ. This suggest that tropical montane species can acclimate, at least partially, to
new environmental conditions (Dusenge et al., 2021; Cox et al., 2023; Dusenge et al., 2025). Such thermal plasticity of
photosynthetic capacity could enable montane species to sustain tree growth and aboveground biomass accumulation at rates
in highland forests comparable to those in lowland forests. Nevertheless, it remains uncertain whether this physiological
acclimation is sufficient to support overall species performance under extreme warming. Observational studies in tropical
Andean and Afromontane forests suggest that species composition has shifted in response to recent warming, likely due to
increased mortality at lower elevations (Duque, Stevenson, and Feeley, 2015; Fadrique et al., 2018). Specifically, lowland tree
species have been observed migrating upslope, while montane species experience range contractions due to high mortality at
the lower -hottest limits of their geographical distribution—an effect known as thermophilisation (Duque, Stevenson, and
Feeley, 2015; Fadrique et al., 2018; (Cuni-Sanchez et al., 2024). This observed mortality may stem from thermal limitations
to photosynthesis under extreme warming for species at the hottest limit of their distributions, which could disrupt local species
adaptations. To better assess species’ ability to maintain photosynthetic function under rapidly changing conditions, a
combination of experimental and modeling approaches is useful, particularly in the context of increasing environmental
extremes.

Most global vegetation, land surface, and Earth system models use a common representation of tropical forest for both montane
and lowland tropical forests, which is based on the same model parameters that describe vegetation function (Harper et al.,
2018). But it is now known that species from these forests differ in key photosynthetic traits and that these traits are plastic in
response to warming (Cox et al., 2024; Dusenge et al., 2021). Furthermore, these models scale up leaf-level physiological
processes, such as photosynthesis, respiration, stomatal conductance and transpiration, from leaf to canopy level which is then
used to perform simulations at site, regional and global levels. Therefore, model parameterizations and evaluations at the leaf
level are crucial for advancing model accuracy. Photosynthesis is one of the key processes at the heart of these models.
However, photosynthetic traits employed in land surface and Earth system model predictions are commonly averaged across

species (Oliver et al., 2022), and the (interspecific and intraspecific) variance is rarely considered in such large scale process-
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based models. This can be problematic if there are large differences in species’ key physiological parameters, for example the
differential responses to warming that have been demonstrated for tropical montane species (Cox et al., 2023; Mujawamariya
et al., 2023). Given the large contribution of tropical montane forest to global carbon cycling (Cuni-Sanchez et al., 2021,
Duque et al., 2021b), there is a need to have leaf level models parameterized and evaluated with tropical montane data to
inform large scale models and thus to produce more reliable estimates of regional level carbon budgets and predictions of their
response to future climate.

Tropical Andean forests are known to harbour large biodiversity (Myers et al., 2010) with forest communities incorporating
species from different origins, such as temperate regions of both North and South America, the lowland Amazon, and species
that originated in the Andes (Gonzalez-Caro et al., 2023). For this reason, it might be expected that some species have similar
photosynthetic traits to those of temperate species, while others have similar traits to tropical lowland tropical species. The
overall effect is expected to increase the interspecific variance of photosynthetic traits at any one location. Thus, the assumption
of a single average values (Knauer et al., 2023; Oliver et al., 2022) may well obscure the “real” response of these trees to
environmental conditions. Andean species are exposed to a variety of thermal conditions because of the large range in
environmental conditions across elevational bands, including within a single location through large diurnal variation (Martinez
etal., 2011; van de Weg et al., 2014). This is also reflected in the large thermal ranges of some abundant species which can be
found within a natural mean annual temperature span of up to 15 to 20 degrees (Montafio-Centellas et al., 2024). Additionally,
fluctuating cloud and wind regimes create constantly changing environmental conditions, making it impractical for plants to
maintain photosynthesis at optimal levels at all times. All these conditions could promote both high intraspecific variation and
acclimation of photosynthetic traits in Andean tree species (Bahar et al., 2017; Cox et al., 2023, 2024). Empirical observations
and photosynthesis models can be used to assess the effect of intraspecific variance of photosynthetic traits on photosynthesis
of Andean forests.

Mechanistic models, such as the widely used Cs photosynthesis model developed by Farquhar, von Caemmerer, and Berry
(hereafter referred to as the FvCB model), effectively describe photosynthesis by integrating the biochemical drivers of this
process along with the response of stomatal conductance to leaf-to-air vapor pressure deficit (Farquhar et al., 1980). The FvCB
model is useful to analyse the impact of environmental drivers on photosynthesis varying parameters that are closely associated
with enzymatic activity, primarily related to Rubisco during the CO, assimilation process. However, this model comprises
several non-linear equations, making it a complex system that is challenging to parameterize and calibrate. Given the high
environmental heterogeneity of tropical montane forests and the potentially plastic-response capabilities of their native species
(Cox et al., 2023), the parametrization of the FvCB model must be approached cautiously to accurately capture both species
response variability and environmental heterogeneity (Blonder et al., 2020).

In this study, we used the FvCB model and field-based data taken in a transplant experiment in the tropical Andes to investigate
i) the impact of intraspecific variation of plant physiological traits, ii) the relative contribution of these traits and iii) the relative
contribution of key environmental drivers to leaf level photosynthesis of tropical montane tree species under different thermal

regimes. We also assess whether the assumption within large-scale vegetation models, using mean parameters mainly obtained
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from lowland species to simulate photosynthesis of montane forests is a valid approach. Finally, we discuss insights into

photosynthesis modelling of tropical montane forests.

2. Material and Methods

We used the FvCB processes-based Cs photosynthesis model along with leaf gas-exchange data from trees planted in the field
to calibrate and evaluate models for montane and lowland tree species. Subsequently, we investigate the sensitivity of simulated

photosynthesis to key model parameters and various environmental conditions (Figure 1).

2.1 Photosynthesis model

The FvCB model is a key tool for interpreting leaf gas exchange observations and for modelling photosynthesis. Its central
function is to simulate photosynthesis reactions to changes in [CO,] concentrations inside the leaf, and it can adjust for
enzymatic reaction temperature-dependence with appropriate parameter settings (Medlyn et al., 2002). The model represents
net [CO,] assimilation rate (4, expressed in mmol m?2 s') as the difference between the minimum of two limiting
photosynthetic rates: the Rubisco-limited rate (4. expressed in mmol m? s!), which depends on the apparent maximum rate
of Rubisco carboxylation (Vemax ), and light limited rate (4;, expressed in mmol m™ s™') which is related to the apparent
maximum electron transport rate (Jmax), minus the leaf respiration in the dark (Rq expressed in mmol m s!):

A, =min(4.,4;) — R, (1)

Stomatal conductance is incorporated using the (Medlyn et al., 2011) model as applied in Lin et al (2015):

g =16 (1+ %) (&)
@)
The model describes the diffusion of CO; through mesophyll layers and the stomata response to leaf to air vapor pressure
difference (D expressed in kPa). C, (in ppm) is CO> concentration at the leaf surface and gi (kPa’?) is a proxy for the plant
water use strategy with small g; values indicating a conservative water use and large g; indicating the opposite (Lin et al.,

2015).

2.2. Field data for parameter estimation and model application

We used gas exchange measurements from juvenile tropical Andean trees planted as part of a common garden transplant
experiment in the Colombian Andes to derive parameters for the FvCB model. The experiment is based on the transplant of
15 dominant tropical Andean species across three sites with different mean annual temperatures (14°C, 22°C, 26°C), taking

advantage of the elevational gradient (2500m, 1500m, 700m). The species are divided into two groups: 11 montane species
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that inhabit montane forests above 2000m (air temperatures ranging from 10-22°C in their geographical distributions) were
transplanted to lower elevations/warmer temperatures (22°C, 26°C) located at the extreme of species thermal ranges and
outside their current thermal range respectively, simulating the conditions at which range retractions are reported in Andean
forests (Duque ef al., 2015; Fadrique et al., 2018); and 4 lowland species that inhabit foothill forests below 1000m (air
temperatures ranging from 22-35°C) were transplanted to high elevations/cooler temperatures (14°C, 22°C) to simulate
upslope migration from the lowlands (Duque et al., 2015; Fadrique et al., 2018). Twenty-four saplings per species per site
(total of trees planted per site n=360) were planted between December 2018 and January 2019 under common soils extracted
from a nearby location to the 14°C experimental site (i.e., the soils transported to each experimental site, 400 Kg of soil used
to plant each tree in soil pits of 0.32m?) and were continuously watered to remove drought confounding effects. For this study,
we used data from six montane and two lowland species from two experimental sites (14°C and 22°C) to calibrate and evaluate
the species-specific FvCB models.

We used leaf level photosynthetic CO» responses (4-C;) collected using a Li-6800 portable photosynthesis system during two
field campaigns that took place during June and July 2019 (Cox et al., 2023) and during January and February 2022. The 4-C;
data were measured under light-saturated conditions (~1800 PPFD), 60% relative humidity and by setting the block
temperature of the Li-6800 to 29°C. Parameterization of R4 was done using measurements of foliar respiration in the dark
collected on the same leaves that 4-C; were measured, maintaining the same relative humidity and temperature as 4-C; data
(Cox et al., 2023). 4-C; and Ry data were gathered from four individuals per species per site and were fed into the Photosyn
function of the plantecophys R package (Duursma, 2015) to derive the photosynthetic parameters (apparent Vemax and Jmax)
during each field campaign. We evaluate impact of accounting for acclimation of the temperature response of apparent Vemax
and Jmax on model performance using the thermal acclimation equations from (Kumarathunge et al., 2019). Non acclimated
temperature responses parameters for apparent Vemax and Jmax Were taken from Afromontane forests as described in Cox et al
(2023).

We recognize that our parameter estimations are based on C; rather than C., due to limitations in estimating mesophyll
conductance. As a result, our estimates should be interpreted as apparent Vemax and Jmax. Measuring mesophyll conductance is
particularly challenging under tropical field conditions and introduces uncertainty due to interspecific variation. Moreover, no
standard model currently exists to represent the temperature sensitivity of mesophyll conductance. Therefore, as in many
studies (Dusenge et al., 2025), we used Ci-based parameterization for Vemax and Jmax, as well as for their acclimation models,
which are useful for assessing temperature effects on photosynthesis in poorly studied tree species.

Diurnal cycles of 4, under ambient conditions were also collected with a Li- 6800 by taking spot measurements of 4, at
different times of the day during two field campaigns. Measurements were collected by first opening the Li-6800 leaf chamber
to detect relative humidity and air temperature and by measuring the incoming radiation on each leaf and relative humidity of
the air adjacent to the leaf. These environmental conditions were then imposed to the Li-6800 and leaves were inserted into
the leaf chamber under those conditions. Measurements were then recorded after stabilization which was usually a short time.

Diurnal cycles of 4, were measured in four individuals per species per site. A subset of the data (10%) was used to estimate
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g1 for each species for each field campaign based on the Medlyn et al (2011) model as applied in Lin et al. (2015) using the
fitBB function (model option= “BBOpti”’) implemented in plantecophys R package. The remaining portions of the 4, data was
used for model calibration (65%) and evaluation (25%) (Figure 1).

Additionally, the following meteorological data from a Campbell weather station located at each experimental site were used
in this study: air temperature (7air, °C), relative humidity (that allow us estimate vapor pressure deficit (VPD, kPa)) and
photosynthetic active radiation (PAR, pmol m™! s™!) recorded from January 2020 to June 2022 which included periods of

physiological data collection.

2.3 Model parameterization and evaluation

A two-step approach was used to parameterize the model. First, species level average parameters (apparent Vemax, apparent
Jmax, g1, Ra) were used to run the model for each species at each site. To account for the observed intraspecific variability in
our data sets (Cox et al., 2023) but also reported elsewhere in the Andes (Bahr et al., 2017;), the second approach uses the
observed range of each parameter per species (i.e., the minimum, and maximum value in our dataset per each species) to select
parameter combinations that improve model fitting. Here an iterative parameter selection procedure based on Monte Carlo
Markov Chain (MCMC) methods was used: first, apparent Vemax was randomly selected within the parameter’s range for the
target species, then the Photosyn function was run to evaluate whether model performance improved relative to the previous
step. If model performance did not improve, the algorithm repeated this procedure ten times. If model performance improved,
anew apparent Vemax value close to the previous value got selected, the Photosyn function was rerun, and model performance
was reassessed. This procedure was repeated 10000 times to find the apparent Vemax parameter that best fitted the observations.
After completing the search for apparent Vemax, the same procedure was applied to apparent Jimax, g1, and Rq. Parameter values
from each iteration were used to calculate the probability distribution function of each parameter to represent the intraspecific
variability that allows model fitting.

All simulations were performed with prescribed environmental drivers (PAR, Ticar, VPD) as recorded by the Li-6800 during
the 4, diurnal cycles and evaluated against the observed 4,. Model performance was assessed using a linear regression between
the observed A, from diurnal cycles and simulated using the Photosyn function by fixing the intercept of the linear model at
zero. The regression slope, the coefficient of determination (R?), and the root mean squared error (RMSE) were used indicators
of model performance. The expected slope of the linear model is one, the expected R? is also one, and zero for expected RMSE.
To evaluate model biases under different environmental conditions residuals of observed and simulated photosynthesis were

plotted against Ci, PAR, Ticas, VPD.
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2.4 Sensitivity analysis

We evaluate the impact of intraspecific variability in photosynthetic traits on leaf level photosynthesis of tropical montane tree
species comparing simulations from the two approaches used for model parameterization. The iterative approach allows to
estimate a robust intraspecific distribution of physiological parameters for further interspecific comparisons.

To assess the relative contribution of physiological traits to diurnal variation of leaf level photosynthesis of tropical montane
tree species at two thermal regimes (mean diurnal T, VPD and PAR during field campaigns for 14°C and 22°C sites), we
used a Sobol index of variable importance which is particularly useful in complex models involving numerous inputs and
nonlinear interactions. Sobol index is used to quantify the contribution and sensitivity of each input parameter (i.e. apparent
Vemax, apparent Jmax, g1, Rq) or the impact of their change to the output variance of a modelled variable (i.e 4,). The computation
of Sobol index involves the creation of multiple model evaluations using systematically varied input values. Typically, a Monte
Carlo method or other random sampling techniques are used to generate these evaluations. The indices are calculated based

on the variance of model outputs due to the variance of each input. The equation for the first-order Sobol index is:
var(E[Y]X;)]

Si = Var(Y)

A3)
Where, Y is the model output, X; is the input parameter, and E[Y|X;] is the expected output under X; parameter.

Here Sobol indices are used to assess the effect of varying apparent Vemax, apparent Jmax, g1 and Rq, within their measured
distributions in our data set, on simulated 4, under different environmental conditions throughout the diurnal cycle. For this
sensitivity analysis, the photosynthesis model was applied using average 30-minute weather station data recorded during the
period that the measurements of diurnal cycles of Ay took place. Subsequently, a matrix containing 10,000 different values
for each parameter, consistent with the distributions obtained from our iterative search approach (as previously described in
Model paremeterisation and evaluation section) was constructed. The sobol indices function from the sensobol R package
(Puy et al., 2022) was used to calculate the Sobol indices.

To assess the relative contribution of key environmental drivers of photosynthesis (7air, VPD and PAR) in tropical montane
tree species we also make use of the Sobol index. The computation of the Sobol index requires fixing some values while
iterating over the target variable or parameter, in this case, the environmental variables. Therefore, we held the physiological
parameters at known values representing the observed variation of these parameters in the studied species as follows. We used
observed minimum, average, and maximum values of g; (2.5, 5 and 7.5 kPa%3) and the Jimax: Vemax ratio (1.75, 2.5 and 3) that
represent both, montane and lowland species, and the full range of observed variations in Vemax (25 to 75 pmol m? s).
Subsequently, we used Tuir, VPD and PAR from the weather station at each site to define the range of each variable and

constructed a matrix with 10,000 values per variable and then ran the Sobol index analysis.
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2.5 Model application

To assess whether the assumption within large scale models of using mean parameters for lowland species to simulate
photosynthesis of montane forest is a valid approach, we compared the photosynthesis simulated including both, montane and
lowland tree species and only including lowland species under the same environmental conditions. We simulated
photosynthesis using parameters of best fit for montane and lowland species at each site, and weather station data measured
over one year at each site (14°C and 22°C) with 1-hour resolution. We estimated the total photosynthesis in a forests by
weighting each group by the expected abundance of montane and lowland species at each experimental site, based on reference
studies from forest located at similar elevations in the tropical Andes (Duque et al., 2015; Gonzalez-Caro et al., 2020). Montane
species represent ~75% of total species over 2200m asl and thus in 14°C site (i.e., 75% are montane species and 25% lowland
species in our simulation), while only represent ~30% between 1200 — 2000m asl which include 22°C site (i.e., 30% are
montane species and 70% lowland species in our simulation). We simulated leaf-level photosynthesis for one year at each site
under both scenarios (only lowland and lowland + montane species). Monthly photosynthesis totals were calculated by
summing daily values, and the two scenarios were compared for each month using a paired #-test. Finally, we estimated the
percentage change in photosynthesis between the two scenarios to assess the effect of including montane species in model

parameterization.

3. Results
3.1 Overall FvCB model performance

We modelled photosynthesis with the FvCB model for eight tree species, comprising six montane species and two lowland
species from the tropical Andes. Inclusion of thermal acclimation of the temperature response of photosynthetic capacity
improved model performance by ~ 20% (Table 1). Using the best approaches to select model parameters based in our analyses
(iterative searching for physiological parameters) and thermal acclimation of the temperature response of photosynthetic
capacity, model fitting showed high model performance (averaged R? = 0.90; Figure 2a), suggesting that the model with best
fit parameters accurately simulate photosynthesis for these species when accounting for intraspecific variation (Figure S1,
Table 1). Overall, simulated 4, represents the observed diurnal variation with high accuracy (Table 1), although there model
tends to underpredict the observations at very high PAR or Ty at the 14°C site and over predict at high VPD at the 22°C site
(Figure S2). Model performance was best for all species at sites close to their native environments: specifically, species level
model application for montane species was closest to observations at the 14°C site and similarly for lowland species at the
22°C (Table 1). The model application for montane species also showed very good performance under warming (i.e., 22°C
site), with the main model observational biases happening around noon (1200—1400 hours, Figure S2) with a slight trend to
overestimate the observations (8 >1 in Table 1). In contrast, model application for lowland species under the cold environment

(i.e., 14°Csite,) showed intermediate values of model performance (Inga marginata, R* = 0.58 and Inga spectabilis, R*=0.61)
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and also exhibited a significant reduction in simulated 4, respect to simulations at the 22°C site (Table 1; § =0.81 and =0.83,

respectively).

3.2 Intraspecific variability effect on model performance

Model performance improved across all species and sites when using the iterative parameter searching approach (R?= 0.90,
RMSE = 0.20, B = 1.09) compared to simulations that relied on average parameter values (R?>= 0.78, RMSE = 0.52, 3 = 0.91).
This suggest that intraspecific variation of physiological traits plays a crucial role in enhancing model accuracy and reducing
prediction errors (Table 1 and 2). Specifically, apparent V.max values obtained from the iterative searching method were, on
averaged, 1.4 times higher than species-level mean values (Figure 2b), emphasizing the importance of capturing trait variability
rather than relying solely on species-level means. Similarly, the stomatal conductance parameter g; also showed a variation in
the selected value via iterative searching compared to the average observed value and the former tended to be highest, but their
shift was no systematic (Figure 2d). In contrast, the effect of apparent Jnax (Figure 2¢) and Rq¢ in model calibration was
negligible (plots for R4 not shown), indicating that not all physiological parameters contribute equally to model performance

improvements.

3.3 Contribution of physiological traits to diurnal variation of simulated photosynthesis

Apparent Vemax was found to have the largest relative contribution to diurnal variation in simulated leaf level photosynthesis
in all cases, accounting for ~56% (averaged throughout the day for all groups and sites, Figure 3). The relative contribution of
apparent Vemax 1S lower at the native environment for montane (~52%) and lowland (~41%) species than at at 22°C (~61%) or
14°C (~65%) environments, respectively (Figure 3). Specifically, at 14°C, there were larger contributions from apparent Jmax
to Anet in montane (17.2 %) than in lowland (9.5%) species. And at 22°C, lowland species had larger contribution from apparent
Jmax (16.1%) than montane species (5.7%). Also, at 22°C, g had the second largest contribution to 4, for both groups of species
(Figure 3 c,d) (13.6% montane and 16.8% for lowland) with importance increasing in the afternoon in response to high leaf to
air vapor pressure deficit. Respective g contributions to 4n at 14°C were 6.5% for montane and 6.2% for lowland species
(Figure 3 a,b). The contribution of R4 and interactions among parameters were low (~4%) and similar across species groups

and sites throughout the day (Figure 3).

3.4 Impact of environmental conditions on leaf photosynthesis of tropical montane species

We found differences in the influence of environmental variables (7, ¥PD and PAR) on simulated 4, between both sites,

14°C (Figure 4) and 22°C (Figure 5). Overall, at 14°C PAR and T are the main drivers of 4, with contributions of 48% and
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39% respectively (values averaged across comparisons; Figure 4). At 22°, VPD and Ty are the main drivers of 4, with a
contribution of 37% and 28% (averaged across comparisons; Figure 5). In sum, the relative contributions of PAR and Ty to
Ay are larger at 14°C than at 22°C and vice versa for VPD.

Specifically, at the 14°C site, for the range of studied values of Jmax: Vemax for both montane and lowland species, photosynthesis
is primarily controlled by temperature and PAR (Figure 4), and their relative contributions are mediated by g; (i.e., stomatal
conductance). When g is close to 2.5, meaning a conservative plant water use strategy, the relative importance of VPD
increases with decreasing apparent Vemax (Figure 4 a,b,c), whereas under g; values above 2.5 (more wasteful water use strategy),
air temperature increases its relative importance (Figure 4 d,e,f). Under high g, values, PAR has a large contribution to
photosynthesis at low Jmax: Vemax and the relative importance of Tir increases with increasing Jmax: Vemax (Figure 4 g h,i). On
the other hand, at the 22°C site, photosynthesis is primarily controlled by VPD under low g values (2.5), independently of
Jmax: Vemax (Figure 5 a,b,c). When, g increases, the influence of VPD decreases while the contribution of Ty increases (Figure

5 d,e,f). Additionally, under low Jmax: Vemax values, the relative contribution of PAR increases (Figure 5 d,g).

3.5 Relative contribution of montane and lowland species to total photosynthesis

We found large discrepancies between simulations that included both montane and lowland species and those based solely on
lowland species. At the 14°C site, simulations incorporating both groups produced larger annual photosynthesis than including
solely lowland species (¢ = -4.65; P < 0.001 Figure 6a). On average, 65% higher photosynthesis during at least six months of
the year compared to simulations using only lowland species parameters. This period coincided with lower solar radiation
levels. Conversely, during months with higher solar radiation and reduced cloud cover, simulations including both groups
yielded ~25% lower photosynthesis than those using only lowland species (Figure 6a). In contrast, at the 22°C site, simulations
using only lowland species consistently resulted in 29% higher photosynthesis, on average, across the entire year compared to

simulations including both species groups (Figure 6b).

4. Discussion
4.1 Intraspecific variability of photosynthetic traits

Our results display large variability in photosynthetic traits of montane tree species. This ranges from species with higher
photosynthesis capacity like Miconia theizans (apparent Vemax = 135 mmol m™ s'land apparent Jma= 210 mmol m? s!) to
Quercus humboldtii (apparent Vemax = 65 mmol m? s7! and apparent Jmax= 115 mmol m s°!; Figure S1). The high interspecific
variance in photosynthesis traits could stem from their ecological origin, environmental heterogeneity and phylogenetic
position (Yan et al., 2023). This variance can influence the community-level response of tropical Andean forests to climate. If
photosynthesis traits, such as apparent Vemax or Jmax, of a single species are negatively impacted by high temperature, low

humidity, or low light availability, a different species may compensate and maintain ecosystem functioning. For example,
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under environmental conditions similar to the 14°C site, which is the site closest to the optimal temperature conditions to
which many tropical montane species are adapted to, Miconia theizans and Clusia multiflora exhibit high photosynthetic
capacity (apparent Vemax) but, because of their low water use efficiency (gi), are strongly affected by the warmer and drier
conditions experienced at the 22°C site (Figure S1), which is at the warm extreme of the thermal range of these species. In
contrast, Quercus humboldtii, maintains a similar photosynthetic capacity (apparent Vemax) at both sites, suggesting that the
Andean oak is more tolerant to warming and can help tropical Andean forests be resilient to climate change. Therefore, the
combination of species with different photosynthesis traits may positively influence productivity, as high interspecific variance
can help maintain stable levels across a wide range of environmental conditions, including variations in air temperature, VPD
or solar radiation. Here, we suggest that regional predictions of photosynthesis and carbon dynamics of tropical Andean forests
should include interspecific variation in photosynthetic traits and how particular combinations of these traits maintain high
photosynthesis rates under changing environmental conditions (Bahar et al., 2017), Figure 6e).

Surprisingly, intraspecific and interspecific variance of the physiological traits in our data set are of similar magnitudes (c?
intra = 28% to o” inter = 43% of total variance). Our parametrization approach, which iteratively searches for the combination
of physiological traits (apparent Vemax, apparent Jmax and g1), improves prediction of photosynthetic rates. The large difference
between the best fitted physiological trait values relative to average observed values suggest that every leaf/tree adjusts their
physiology to the experienced environmental conditions to maintain photosynthesis. Therefore, our analysis highlights the
importance of field-based measurements and the inclusion of intraspecific variance in physiological traits to be used in
vegetation modelling (Maréchaux et al., 2024). Given this variability, an important question arises: how does trait variation
influence overall canopy functioning metrics? If trait variability is not explicitly considered, do we risk misrepresenting
canopy-level photosynthetic performance? The ability of species to rapidly acclimate to changing conditions suggests a
potential compensatory mechanism, but it remains unclear whether this plasticity is sufficient to maintain overall canopy
function at similar levels or if significant differences emerge under shifting environmental conditions. Addressing this
uncertainty is crucial for refining dynamic vegetation models, as compensatory responses could either buffer or amplify
ecosystem-level responses to climate change. The high variability of photosynthetic traits and the ability of species to acclimate
to changing conditions may be adaptations to the high environmental variability that occurs in montane forests (Fyllas et al.,
2017b). Furthermore, intraspecific variance can enhance interspecific variance in terms of maintaining photosynthesis under
increased warming (Bassow and Bazzaz, 1997; Zaka et al., 2016). Therefore, the explicit inclusion of intra- and interspecific
variance in dynamic vegetation models can improve our ability to understand the response of tropical montane forests to future
warming.

We found that the stomatal conductance trait (gi1) showed the highest intraspecific variance detected by our approach,
suggesting that stomatal control is critical to maintaining photosynthesis under changing environmental conditions. The
intraspecific variance of functional traits has been highlighted as an overlooked diversity property that can influence the
community response to environmental conditions (Lin et al., 2015). For example, the intraspecific variance of leaf

morphological traits such as leaf mass per area has been globally evaluated, showing that intra- and interspecific variance can
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be similar in magnitude (Anderegg et al., 2018; Siefert et al., 2015). This result aligns with our findings on physiological traits
in montane tropical forest; however, measuring intraspecific variance for physiological traits is more challenging due to
logistical constraints and the time-consuming measurements that are needed. Our approach, which combines diurnal cycle
measurements of photosynthesis that can be easily taken in the field with computational and modelling methods, can help

describe the intraspecific variance of tropical montane species.

4.2 Contribution of physiological traits to diurnal variation of leaf photosynthesis

Our results indicate that apparent Vemax plays a dominant role in regulating photosynthesis (4,) in both montane and lowland
tree species, contributing approximately 56% of simulated A4,. The contribution of apparent Vemax increases when species are
subjected to temperature changes (warming for montane species and cooling for lowland species), suggesting that
carboxylation capacity is a key driver of Andean Forest responses to climate change. Conversely, apparent Jmax plays a more
significant role in regulating 4, in species growing in their native environments, implying that its influence is linked to local
environmental conditions. This raises an important question: will photosynthetic responses to increased temperatures under
future climate be primarily driven by apparent Vemax as our results suggest, or could apparent Jmax regain dominance through
acclimation processes? The fact that apparent Jmax is strongly coupled to the light environment in both montane and lowland
species suggests that changes in light availability could modulate its role in photosynthetic regulation (Fyllas et al., 2017).
Montane trees, which naturally experience low and fluctuating light conditions, may be more constrained by light interception
traits, whereas lowland species, adapted to more stable but lower-intensity light conditions, might rely on different acclimation
strategies (Marthews et al., 2012). Therefore, while leaf traits related to light interception appear crucial for in situ performance,
their significance under climate warming remains uncertain. If temperature increases lead to shifts in light availability (e.g.,
through cloud displacement or canopy restructuring), species with traits optimizing light capture could gain a competitive
advantage. However, further research is needed to determine whether light interception remains a limiting factor under
warming or if apparent Vemax -driven biochemical responses will dominate photosynthetic acclimation.

The relative contribution of simulated stomatal conductance (g1) increases in the afternoon, mainly at the 22°C site, in which
T.irand VPD commonly increase with respect to the 14°C site. This is likely a response to high leaf-to-air vapor pressure
deficit, indicating that a rapid stomatal response (g1) is crucial for regulating water loss and gas exchange under conditions of
high VPD, helping maintain photosynthetic efficiency and preventing excessive water loss. The high variability of g; detected
by our parametrization approach indicates that the species with high stomatal control ability can persist under the high
environmental heterogeneity imposed by tropical highland conditions (Guo et al., 2022). Here, we suggest that the dynamic
role of g in response to VPD should also be incorporated into models to better predict diurnal and seasonal photosynthetic
performance and the differential responses of montane and lowland species to temperature and VPD highlighting the

importance of biodiversity in maintaining ecosystem function (Smith et al., 2020).
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4.3 Environmental influence on photosynthesis in the tropical highlands

We found differences in the role of environmental drivers on simulated leaf level photosynthesis at the two study sites, 14°C
(2500 m a.s.l.) and 22°C (1400 m a.s.l.) (Figure 4 & Figure 5). At the 14°C site, Photosynthetically Active Radiation (PAR)
and air temperature (7,ir) have a stronger influence on simulated photosynthesis, whereas at the 22°C site, atmospheric demand
(VPD) plays a more dominant role. This suggests that, at higher elevations, where temperatures are low and VPD is naturally
reduced, radiation becomes the primary climatic driver of photosynthesis. Since T partly determines VPD, its lower influence
at 14°C may explain why PAR exerts a stronger control on simulated photosynthesis at this site. Tropical montane forests
frequently experience low and fluctuating solar radiation due to persistent cloud cover and fog, leading to the adaptation of
montane tree species to these conditions (Fyllas et al., 2017b). In contrast, lowland species, which are beginning to colonize
higher elevations, may compensate for the reduced and variable light by increasing their photosynthetic capacity, primarily
through higher apparent Vemax values (Bahar et al., 2017; Yan et al., 2023). This raises an important question: how does
temperature interact with radiation limitation across different thermal environments? While our findings suggest that PAR
limits photosynthesis at high elevations (low Ty;), it is also possible that radiation constrains photosynthesis at high
temperatures, particularly if warming leads to increased cloud displacement along mountain slopes. If climate change results
in increased solar radiation at higher elevations, this could raise leaf temperatures, negatively affecting montane species
adapted to cooler conditions while favoring thermophilisation—the upward migration of lowland species (Duque et al., 2015;
Fadrique et al., 2018; Cuni-Sanchez et al., 2024).

Our analyses suggest a key role for stomatal conductance (g1), a highly inter and intraspecific variable trait, in mediating the
effects of PAR, VPD, and Tii: on the diurnal variation of simulated An. Under low values of gl, photosynthesis is mainly
influenced by T and VPD at both sites. However, the effect of Ty is larger at 14°C, while VPD has a stronger effect at 22°C.
This suggests that under low stomatal conductance, photosynthesis at high elevations (14°C site at 2500m a.s.l.) is primarily
constrained by biochemical limitations due to low temperatures, whereas at intermediate elevations (22°C site at 1400m a.s.l.),
stomatal control dominates through the indirect effect of Tair on VPD. A key mechanism driving these differences may be the
role of apparent Vemax in controlling gross primary productivity (GPP) responses to temperature (Marthews et al, 2012). At
low Tair, biochemical limitations require a higher apparent Veu.r to sustain high GPP, as enzymatic reactions slow down at
colder temperatures. If apparent Vemax does not scale accordingly, GPP remains limited by temperature (Marthews et al, 2012).
However, maintaining high apparent Vemax is metabolically costly, meaning some montane species may instead favor a strategy
of lower apparent V.max combined with rapid stomatal responses to optimize carbon gain and water use efficiency. Conversely,
under warming conditions, apparent Vemax appears less responsive to temperature than apparent Jmax, suggesting that lack of
apparent Vemax acclimation could negatively impact GPP. While Juax can respond dynamically to increased temperatures, a
relatively unacclimated apparent V.max may impose a biochemical bottleneck, further limiting photosynthetic potential under
future warming (Marthews et al., 2012). This introduces two critical processes: i) The need for a higher apparent Vemax at low

temperatures to compensate for temperature-related biochemical constraints on GPP, balanced against the metabolic costs of
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maintaining such high enzymatic activity. ii) The lower responsiveness of apparent Vemax compared to apparent Jmax under
warming, which may restrict acclimation potential, making tropical montane species increasingly vulnerable to climate change
(Smith et al., 2020). These findings reinforce the necessity of incorporating thermal acclimation of temperature-dependent
responses of both apparent Vemax and apparent Jmax into models predicting future forest productivity under climate change.

On the other hand, when apparent Vemax and apparent Jmax are high (under all g; cases tested), photosynthesis is primarily
controlled by PAR and the influence of VPD is significantly reduced with increasing gi. This suggest that high g; species with
high photosynthetic capacity are less constrained by VPD and temperature, with PAR being the dominant factor. This indicates
that species with higher photosynthetic capacities can better exploit available light for photosynthesis, reducing their sensitivity
to other environmental stressors. Montane and lowland species have evolved different mechanisms to optimize photosynthesis,
reflecting their adaptation to their unique environments. For lowland species, maximising photosynthesis capacity could be an
advantageous strategy. However, this strategy is unstable on tropical highlands because of the fluctuating nature of light
conditions, due to frequent fog and cloudiness. Therefore, a more favourable, i.e. resource-efficient, photosynthesis strategy
under these conditions can be low apparent Vemax combined to high stomatal control for rapid response to changing conditions
(Bahar et al., 2017; van de Weg et al., 2012). This highlights the importance of understanding the physiological and anatomical
features that determine the ability to control stomatal conductance (g1) response under stressful conditions such as tropical

mountains for maintaining photosynthesis.

4.4. Recommendations for photosynthesis modelling in montane forests

We found that total photosynthesis in montane forests is related to local conditions (e.g., elevational and climate) but also to
species composition at each site (montane and lowland species). Although, we expected the contribution of montane species
to be larger at 14°C and vice versa for lowland species at 22°C, we found that combining the parametrization of both species
groups increases the photosynthesis estimation of montane forests and a reduction in lowlands. High-elevation conditions can
be adverse for lowland species, and their modelled photosynthetic responses likely underestimate actual forest productivity at
these sites. This may lead to a misinterpretation of the effects of low solar radiation and persistent cloud cover, as montane
tree species tend to perform better under such conditions. Conversely, photosynthesis in lowland forests between 1000 and
1800 m a.s.l. may be overestimated in models that do not account for the presence of montane species. This result highlights
the importance of accounting for community composition (e.g., proportion of montane vs lowland with their corresponding
parameters) to model photosynthesis at landscape scale. Common large modelling approaches are restricted to use mean values
of physiological parameters and exclude the high observed species level variability. Also, the differential response of each
species group to environmental conditions needs to be accounted for in large scale modelling because the response of species
to Tair, VPD and PAR varies along elevation and by species adaptations to their origin climates (Yan et al., 2023). Our results

demonstrate large variability in g; and suggest that it is important to incorporate this high variability when modelling stomatal
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450 conductance under the heterogeneous environmental conditions of tropical elevational gradients. In sum, we recommend using
specific parameterisations for montane and lowland species when modelling montane forest and caution for modelling
approaches with respect to using invariant physiological parameters when modelling along complex environmental gradients

such as in tropical montane forests as this can obscure photosynthesis response to rapidly changing conditions.
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Table 1. Photosynthesis model performance for all study species applied at two experimental sites (14°C and 22°C) using three
indicators: Regression slope between observed and predicted values (B), residual mean squared error (RMSE) of final model, and
coefficient of determination (R?) at individual-level parametrization (iterative modelling approach) plus acclimation (ind + acclim),
species level parametrization plus acclimation (sp + acclim) and species level parametrization without acclimation (sp). Species were
separated in two groups (montane and lowland) accordingly to their thermal affiliation and elevational distribution.

Group Species Site § RMSE R? (ind + acclim) R (sp + acclim) R? ()
Montane Clusia multiflora 14°C  1.07 0.14 0.91 0.77 0.61
Montane Clusia multiflora 22°C 112 0.23 0.83 0.62 0.52
Montane Miconia theizans 14°C 097 0.14 0.94 0.71 0.59
Montane Miconia theizans 22°C  1.23  0.26 0.82 0.69 0.55
Montane Quercus humboldtii 14°C 099 0.04 0.97 0.78 0.56
Montane Quercus humboldtii 22°C 1.05 0.19 0.89 0.75 0.61
Montane Andesanthus lepidotus 14°C 097 0.21 0.93 0.76 0.57
Montane Andesanthus lepidotus 22°C 121 034 0.80 0.74 0.52
Montane Clethra fagifolia 14°C  1.05 0.16 0.94 0.77 0.61
Montane Clethra fagifolia 22°C  1.17  0.29 0.79 0.68 0.57
Montane Weinmmania pubescens 14°C 1.03  0.15 0.93 0.73 0.55
Montane Weinmmania pubescens 22°C 1.32  0.26 0.81 0.69 0.52
Lowland Inga marginata 14°C  0.83 0.91 0.58 0.52 0.43
Lowland Inga marginata 22°C 097 0.17 0.93 0.74 0.58
Lowland Inga spectabilis 14°C  0.81 0.82 0.61 0.50 0.41
Lowland Inga spectabilis 22°C  1.02 0.18 0.91 0.69 0.49
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Table 2. Photosynthetic parameters (Vemax and Jmaxin pmol m? s'1 and their ratio Jmax: Vemax) expressed as maximum (max) minimum
(min) and mean (mean) values for montane and lowland species at each site (14°C and 22°C) used for sensitivity analyses.

Montane Lowland

14°C 22°C 14°C 22°C
Vemax min 50.01 29.68 2343 32.94
Vemax mean 77.59 46.99 34.70 56.42
Vemax max 120.58 73.66 45.23 72.56
Jmax min 129.48 80.24 74.35 83.08
Jimax Mean 180.07 127.90 100.04 122.70
Jimax max 250.81 190.19 119.54 152.49
Jmax : Vemax min 2.01 2.15 2.56 2.01
Jmax : Vemax mean 2.48 2.72 2.94 2.36
Jmax : Vemax max 2.97 3.29 3.33 2.74
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Figure 1. Summary of methodology applied in this study comprising field measurements, modelling (calibration and evaluation) and
data analysis related to sensitivity analyses.
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Figure 2. Model performance using the iterative parameter searching approach. (a) R? distribution of final best model
parameterization per species per site for all species and sites. The dashed line represents the median. Relationship between observed
average parameter value and predicted value by the iterative searching approach for (b) Vemax (umol m2 s1), (¢) Jmax (umol m2 s1)
and (d) g1 (kPa%%) per species per site. Blue circles represent montane species, and red circles are lowland species. Error bars are
added to each point representing standard error of observed values in y-axis and range of simulated values in x-axis. Dashed lines
indicate the 1:1 relationship.
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Figure 4. Simulated relative contribution of environmental conditions (7%ir [14-25 °C], VPD [0.6-2.4 kPa] and PAR [200-1600 pmol

495 m?2 7)) to leaf level net photosynthetic uptake at the 14°C site. The x-axis is the Vemax (umol m s') range of most common values
of this parameter in field data. Panel columns represent different values of the ratio between Jmax (umol m? s') and Vemax (umol m-
2 5°!) observed in field data (Table 2). Panel rows represent different g1 (kPa%5) values observed in montane and lowland species.
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Figure 5. Simulated relative contribution of environmental conditions (7air [19-35 °C], VPD [1-3.8 kPa] and PAR [400-1600 pmol m"
2 5°17) to the 22°C site to leaf level net photosynthetic uptake. The x-axis is the Femax (umol m? s™) range of most common values of
this parameter in field data. Panel columns represent different values of the ratio between Jmax (umol m2 s') and Vemax (umol m2 s~
1) observed in field data (Table 2). Panel rows represent different g1 (kPa®5) values observed in montane and lowland species.
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photosynthesis including both species groups (montane and lowland) relative to only include lowland species for each site,

respectively (c, d).
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