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Summary

� Terrestrial biosphere models (TBMs) include the representation of vertical gradients in leaf

traits associated with modeling photosynthesis, respiration, and stomatal conductance. How-

ever, model assumptions associated with these gradients have not been tested in complex tro-

pical forest canopies.
� We compared TBM representation of the vertical gradients of key leaf traits with measure-

ments made in a tropical forest in Panama and then quantified the impact of the observed

gradients on simulated canopy-scale CO2 and water fluxes.
� Comparison between observed and TBM trait gradients showed divergence that impacted

canopy-scale simulations of water vapor and CO2 exchange. Notably, the ratio between the

dark respiration rate and the maximum carboxylation rate was lower near the ground than at

the top-of-canopy, leaf-level water-use efficiency was markedly higher at the top-of-canopy,

and the decrease in maximum carboxylation rate from the top-of-canopy to the ground was

less than TBM assumptions.
� The representation of the gradients of leaf traits in TBMs is typically derived from measure-

ments made within-individual plants, or, for some traits, assumed constant due to a lack of

experimental data. Our work shows that these assumptions are not representative of the trait

gradients observed in species-rich, complex tropical forests.

Introduction

Terrestrial biosphere models (TBMs) are our primary tool for
modeling the exchanges of water vapor and carbon dioxide
(CO2), between the land surface and the atmosphere, and for
projecting the responses of forests to climate change (Mitch-
ard, 2018; Sullivan et al., 2020; Gatti et al., 2021). The rich
diversity of plant species is necessarily simplified in TBMs, where
plant diversity is collapsed into plant functional types (PFTs),
usually c. 14 for the entire planet (Fisher et al., 2015, 2018;
Rogers et al., 2017a; Franklin et al., 2020). To enable PFTs to
behave differently in TBMs, the processes which control CO2

and water vapor exchange require PFT-specific parameterization.
This is achieved by providing each PFT with a suite of top-of-
canopy leaf traits.

The simulation of canopy-scale fluxes is derived from the
simulation of mass and energy exchanges from leaves aggregated

across different canopy strata (Krinner et al., 2005; Clark
et al., 2011; Rogers et al., 2017a). Therefore, the upscaling from
leaf to canopy requires a reliable description of how key leaf traits
vary throughout the vertical profile of a canopy (Niinemets
et al., 2015).

Many studies have evaluated how carboxylation capacity nor-
malized to 25°C (Vcmax25) and leaf nitrogen content expressed on
a leaf area basis (Na) vary within-individual plant canopy in con-
cert with canopy gradients of irradiance (Field, 1983; Hirose &
Werger, 1987; Chen et al., 1993; Kull & Kruijt, 1999; Meir
et al., 2002; Lloyd et al., 2010; Hikosaka, 2016). Results from
this previous work – notably the optimal model of nutrient and
photosynthetic traits distribution from Lloyd et al. (2010) – are
used to scale Vcmax25 from the top of the forest canopy to the
ground using an exponential decrease with either the leaf area
index (LAI) or with the relative depth from the top-of-canopy
(rd), that are both proxies for decreasing irradiance with canopy

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

This article has been contributed to by U.S. Government employees and their work is in the public domain in the USA.

New Phytologist (2023) 238: 2345–2362 2345
www.newphytologist.com

Research

https://orcid.org/0000-0002-4410-507X
https://orcid.org/0000-0002-4410-507X
https://orcid.org/0000-0001-5745-9689
https://orcid.org/0000-0001-5745-9689
https://orcid.org/0000-0002-3915-001X
https://orcid.org/0000-0002-3915-001X
https://orcid.org/0000-0002-7292-9121
https://orcid.org/0000-0002-7292-9121
https://orcid.org/0000-0001-8925-5226
https://orcid.org/0000-0001-8925-5226
https://orcid.org/0000-0002-0627-039X
https://orcid.org/0000-0002-0627-039X
https://orcid.org/0000-0002-3367-0065
https://orcid.org/0000-0002-3367-0065
https://orcid.org/0000-0003-4260-5676
https://orcid.org/0000-0003-4260-5676
https://orcid.org/0000-0003-0557-5594
https://orcid.org/0000-0003-0557-5594
https://orcid.org/0000-0003-4136-8971
https://orcid.org/0000-0003-4136-8971
https://orcid.org/0000-0001-9262-7430
https://orcid.org/0000-0001-9262-7430
mailto:jlamour.sci@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.18901&domain=pdf&date_stamp=2023-04-06


depth (De Pury & Farquhar, 1997; Krinner et al., 2005; Clark
et al., 2011; Oleson et al., 2013; Rogers et al., 2017a). Typically,
the other photosynthetic parameters, maximum electron trans-
port rate, triose phosphate utilization rate, and nonphotorespira-
tory respiration, all normalized to 25°C (Jmax25, Tp25, Rdark25
respectively) are scaled proportionally with Vcmax25 using con-
stant ratios (Krinner et al., 2005; Clark et al., 2011; Oleson
et al., 2013), implying that the vertical exponential decrease con-
stant (kn; Lloyd et al., 2010) is considered the same for all para-
meters.

In TBMs, the use of the equation presented by Lloyd
et al. (2010), or obtained from other within-plant-models, to
represent the photosynthetic gradients in forests implicitly
assumes that within-plant gradients are the same as forest stand
gradients. This assumption is not supported by Lloyd
et al. (2010), who showed that the between-tree gradients of Na

were significantly different from the within-tree gradients. There-
fore, using within-plant models to predict gradients in Vcmax25 in
complex forests could cause bias due to the known stratification
of different species along light gradients. Indeed, within-plant
models cannot capture interspecific variation in functional traits.
For example, the maximum and minimum leaf photosynthetic
capacity and nutrient composition is species dependent (Reich
et al., 1995; Meir et al., 2002; Osnas et al., 2018) and could
impact photosynthetic trait distribution.

So far, information on photosynthetic gradients in tropical for-
est canopies that include a mix of species is limited (Carswell
et al., 2000; Domingues et al., 2005, 2014; Kumagai et al., 2006;
Cavaleri et al., 2010; Kosugi et al., 2012), and to our knowledge,
the assumption that gradients of photosynthetic parameters in
mixed species forest would follow the prediction of within-plant
models has not been tested, potentially impacting predictions of
carbon and water exchanges.

Another important component of modeling gas exchange is
stomatal conductance (Ball et al., 1987; Leuning, 1995; Medlyn
et al., 2011) and particularly the stomatal slope parameter, g1
(Hetherington & Woodward, 2003; Franks et al., 2018; Miglia-
vacca et al., 2021). The g1 parameter represents the cost of CO2

fixation in terms of water loss (Medlyn et al., 2011) and has been
shown to vary with species and growth environment (Héroult
et al., 2013; Lin et al., 2015; Franks et al., 2017; Wolz
et al., 2017; Wu et al., 2020). Terrestrial biosphere models
assume that g1 is fixed throughout the vertical profile. This
assumption has rarely been tested (Domingues et al., 2014), and
most studies seeking to understand variation in g1 have focused
on sunlit top-of-canopy leaves.

In this study, we evaluated the common TBM assumption that
Vcmax25, Jmax25, Tp25, and Rdark25 vary proportionally within the
canopy that they scale proportionally with Na, and follow an
exponential decrease within the canopy. We also evaluated the
assumption that g1 is constant throughout the vertical profile. To
evaluate these assumptions, we sampled leaves from all the species
present at 10 heights in 10 vertical profiles within a Panamanian
tropical forest. We supplemented traditional destructive chemical
analyses and gas exchange measurements with spectroscopy,
which enables rapid measurement of leaf traits, and an increased

data collection across multiple species (Serbin et al., 2019; Bur-
nett et al., 2021; Lamour et al., 2021d). Finally, to assess the
impact of our observations on canopy-scale fluxes of CO2 and
water vapor, we compared fluxes modeled using our observed leaf
trait gradients with fluxes modeled using the vertical gradients
currently implemented for a broadleaf evergreen tropical (BET)
forest PFT in the vegetation model ‘Functionally Assembled Ter-
restrial Ecosystem Simulator’ that is used in some TBMs (here-
after FATES; Fisher et al., 2015; Koven et al., 2020).

Materials and Methods

Study site and tree access

The study site was located in the San Lorenzo Forest in Colón Pro-
vince, Panama (9.280°N, −79.975°W, 120m above sea level),
where the Smithsonian Tropical Research Institute operates a
canopy access crane since 1997. The forest has escaped major
anthropogenic disturbance for > 150 yr (Basset, 2003) and contains
a large diversity of liana, epiphytes, and broadleaf evergreen trees
reaching a maximum height of 40m. The meteorological condi-
tions on this site (Fig. 1a; Paton, 2022) are representative of humid
tropical forests found in the Caribbean. Air temperature is stable
throughout the year with an average of 25.5°C, and the rainfall
totals > 3300mm yr−1. The data collection was performed during
the dry season between January and April 2020.

Sampling design

Ten vertical profiles were identified within the 54 m radius of the
crane boom. Candidate profiles needed to have access from
the top-of-canopy to the ground and to be wide enough to fit the
crane’s 1.6 by 1.6 m gondola without damaging the surrounding
branches. Each profile was divided into 10 height levels equidi-
stant from the top-of-canopy to the ground. Level 1 corre-
sponded to the top-of-canopy and level 10 a few meters above
the ground (Fig. 2). At levels 1, 3, 5, 8, and 10, we cut one
branch predawn and immediately put it into a bucket of water.
Each branch was recut underwater and transferred to a shaded
area. Both precautions were taken to avoid xylem cavitation and
to protect shade-tolerant species from high irradiance in order to
avoid impact on leaf gas exchanges (Santiago & Mulkey, 2003;
Leakey et al., 2006; Sperry, 2013; Verryckt et al., 2020; Davidson
et al., 2022). Once on the ground, a mature leaf of each excised
branch was used for direct measurement of the following leaf
traits: Vcmax25, Jmax25, Rdark25, Tp25, stomatal conductance to
water vapor measured in dark-adapted leaves (gsw,dark), the inter-
cept parameter of stomatal models (g0), g1, leaf mass per surface
area (LMA), Na, and leaf water content (LWC).

We made additional leaf reflectance measurements at all levels
of the canopy (1–10; Fig. 2) between 08:00 and 17:00 h. At each
level, we selected mature leaves from all the species that could be
reached from the gondola. In total, 57 species were measured
(Supporting Information Table S1). The reflectance spectra mea-
sured on those leaves allowed us to predict photosynthetic and
structural traits (Vcmax25, Jmax25, Rdark25, Tp25, LMA, Na, and
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LWC). The traits measured using traditional approaches (e.g. gas
exchange and leaf chemical analysis) were used to evaluate the
performance of the spectra–trait models on independent observa-
tions (Fig. 3) and, where necessary, to improve spectra–trait
models (Lamour et al., 2021d). Analysis of trait gradients is based
upon the high-resolution, species-rich, spectra-derived datasets
with the exception of the gradients of stomatal conductance para-
meters, g0, gsw,dark, and g1, that could not be estimated from
reflectance data because we do not have spectra-trait models for
these fluxes and traits.

Vegetation structure and indices of vertical position

The vertical position (z) inside the canopy was described by the
height above ground (h, in meters) and by the relative depth from
the top canopy, rd (Eqn 1, rd= 0 at the top-of-canopy and rd= 1
on the ground; Fig. 2):

rd ¼ H�h

H
Eqn 1

where H (in meters) corresponds to the height at the top-of-
canopy for each vertical profile.

We also measured the cumulative LAI at the 10 levels of seven
of the 10 vertical profiles (campaign cut short due to COVID-
19) using two paired LAI-2200C plant canopy analyzers (Li-Cor
Biosciences, Lincoln, NE, USA), one above the canopy with an
unobstructed view of the sky, and one within the canopy (Serbin
et al., 2009; Parker, 2020). Both sensors used a view restrictor
cap of 90°.

Gas exchange measurements

Three types of gas exchange measurements were made using five
LI-6400XT Portable Photosynthesis Systems and one LI-6800
Portable Photosynthesis System (Li-Cor Biosciences). First, a

photosynthetic light response (A–Q) curve was measured to iden-
tify the saturating irradiance of each leaf. Second, we performed a
photosynthetic CO2 response (A–Ci) curve where the CO2 at the
leaf surface was varied to modulate the intercellular CO2 concen-
tration (Ci), at saturating irradiance. Finally, the leaf dark respira-
tion rate (Rdark) was measured after 45 min of acclimation in the
dark. The gas exchange measurements were made between 06:00
and 18:00 h the same day we cut the branches. The approach
used for these three measurements followed established methods
(Long & Bernacchi, 2003; Rogers et al., 2017b) with full details
to be found in Lamour et al. (2021d).

Estimation of photosynthetic traits From each A–Ci curve, the
parameters Vcmax, Jmax, and Tp were estimated based on the equa-
tions of the FvCB model (Farquhar et al., 1980). The resulting
parameters were then scaled to a common reference temperature
of 25°C using the temperature dependences used in FATES
(Leuning, 2002; Bernacchi et al., 2003) as summarized by Bonan
et al. (2011, table B3) and described in detail previously (Lamour
et al., 2021d).

Estimation of conductance traits The first point of the A–Q
and A–Ci curves corresponded to a stable measurement of A and
gsw achieved after a minimum of 20 min of acclimation to the
conditions inside the gas exchange instruments (Rogers
et al., 2017b; Lamour et al., 2021d), and notably to the leaf to air
water vapor pressure deficit (VPDleaf, 1.3� 0.20 SD, kPa) and
the CO2 concentration at the leaf surface (CO2s, 398� 2 SD,
ppm). We used those points to estimate the conductance para-
meters of the USO model (Medlyn et al., 2011; Eqn 2):

g sw ¼ g 0 þ 1:6 1þ g 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VPDleaf

p
� �

A

CO2s
Eqn 2

where g0 is the intercept of the model for A= 0, and g1 is the
slope of the model.

Fig. 1 Meteorological conditions at San Lorenzo Forest during the 2010–2020 period. (a) Monthly average of relative humidity (dark circles), air
temperature (green circles), and precipitation (bars). (b) Average variation in meteorological conditions over a 24 h period during the dry season (January–
April) with the photosynthetically active irradiance (gray), relative humidity (black), temperature (green), and wind speed (black line). The envelops and the
error bars in panel (a) represent the confidence interval of the mean. The data collection was performed from January to April 2020.
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Eqn 2 was rearranged into a linear form (Eqn 3) where X is the
USO regressor and Y is the response variable. This rearrangement
of the equation allowed us to use linear regressions to estimate g0
and g1 (Lamour et al., 2022):

Y ¼ g 0 þ g 1X Eqn 3

X ¼ 1:6A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VPDleaf

p
CO2s

Eqn 4

Y ¼ g sw�
1:6A

CO2s
Eqn 5

The dark-adapted measurement of Rdark also provided a mea-
surement of gsw in a dark-adapted leaf (gsw,dark).

Leaf structural measurements

LMA, LWC, and Na were measured after the completion of the
gas exchange measurements. Disks of known area were sampled
from the leaves and weighed before being oven-dried at 70°C to
a constant mass. The fresh and dry weights were used to calculate
LMA and LWC. Dried leaves were subsequently ground, and ele-
mental nitrogen was quantified using a 2400 Series II CHN ana-
lyzer following the manufacturer’s instructions (PerkinElmer,
Waltham, MA, USA).

Estimating physiological traits with spectroscopy

The reflectance of leaves on excised branches was measured using
a Spectral Evolution PSR+ 3500 (spectral range: 350–2500 nm;
Spectral Evolution, Haverhill, MA, USA) spectroradiometer
together with an external light source mounted in a leaf clip with
a black background (SVC LC-RP-Pro foreoptic; Spectra Vista
Corp., Poughkeepsie, NY, USA). The leaf reflectance of attached
leaves within the vertical profiles (Fig. 2) was measured using the
SVC HR-1024i with an attached LC-RP-Pro leaf clip. Three to
four reflectance measurements were made on different sections
of the leaf. They were then averaged account for within-leaf het-
erogeneity. All subsequent analyses were based on this average
reflectance.

To predict the LMA, we used the partial least squares regres-
sion (PLSR) model from Serbin et al. (2019), which was trained
using observations from multiple biomes, including measure-
ments made at the San Lorenzo study site. The model had
shown a good accuracy (R2= 0.89, RMSE = 15.45 g m−2),
which was comparable when applied to the reference data
acquired for this study (R2= 0.89, RMSE = 17.8 g m−2;
Fig. 3a). However, a bias was found between the predicted and
the observed LMA and was corrected for this study using a
linear regression (Fig. 3a).

Na prediction was done by building a new PLSR model
trained using data from various datasets (Table S2). This
model had a low RMSE of 0.31 g m−2 and R2 of 0.85 when
validated against the independent observations taken in this
study (Fig. 3b). LWC was also predicted using a new PLSR
model trained using diverse datasets (Table S2) and had a
R2 and RMSE of 0.84 and 2.88%, respectively, on the inde-
pendent data from this study (Fig. 3c).

The traits Vcmax25, Jmax25, Rdark25, and Tp25 were predicted
using the PLSR models published by Lamour et al. (2021d). The
models were trained using data from several years and multiple
sites and included the data obtained for this study. They showed
good predictive performance for Vcmax25, Jmax25, Tp25, and
Rdark25 on independent observations (RMSE of 13.4, 19.9, 1.5,
and 0.3 μmol m−2 s−1, and R2 of 0.74, 0.73, 0.64, and 0.58,
respectively; Lamour et al., 2021d).

Importantly, the error associated with trait predictions using
spectra was not related to vertical position (no trend or heterosce-
dasticity), so it was possible to use such models to study the verti-
cal gradients.

Fig. 2 Description of the measurements made on the vertical profiles. Level
1 corresponds to the top of the canopy for a given vertical profile. Level 10
corresponds to the lowest canopy level set at 1/10 of the total vertical profile
height. rd represents the relative depth from top-of-canopy. At each
magenta point, mature leaves from all the species that could be reached
from the crane gondola were measured for reflectance. The reflectance
spectra were subsequently used to predict key leaf traits using spectroscopy
models. The vertical variation of these traits is analyzed in this study. At each
blue point, one branch was cut predawn and immediately immersed and
recut in water to avoid embolism. One mature leaf was then measured on
the ground using traditional approaches (e.g. gas exchange). Those values
were used to validate and build the spectroscopy models.
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Statistical analysis

We used mixed models with the vertical profile (v) as random
factor to describe the parameter (P) variation within the vertical
profiles. We used linear (Eqn 6), quadratic (Eqn 7), and expo-
nential models (Eqn 8) associated with the variation in z. The lin-
ear equation is the simplest model of vertical variability, the
quadratic equation allows the representation of more complex
vertical variation and finally, the exponential model is the model
commonly used in TBMs to represent the variation in LMA, Na,
Vcmax25, Jmax25, and Rdark25.

To study the fixed structure of the models and compare them,
we analyzed the residuals as well as their Akaike information cri-
terion (AIC; Akaike, 1974). Statistical analysis were performed in
R (R Core Team, 2020). The models were fit using the maxi-
mum likelihood method, which is suitable for comparing fixed
structures of mixed models, using the package NLME and the asso-
ciated textbook (Pinheiro & Bates, 2000):

Pv,i ¼ a þ αv þ b þ βvð Þzv,i þ εv,i Eqn 6

Pv,i ¼ a þ αv þ b þ βvð Þzv,i þ cz2v,i þ εv,i Eqn 7

Pv,i ¼ a þ αvð Þe� bþβvð Þzv,i þ εv,i Eqn 8

where i is the ith measurement made on vertical profile v, a is the
intercept of the models, αv is the random effect of v on a,
αv ∼ N 0, σ2v

� �
, b is the fixed effect of z, βv is the random effect

of v on b, βv ∼ N ð0, σ2βÞ, c is the fixed effect associated with the
quadratic term z2 and εv,i is the residual, εv,i ∼ N 0, σ2ð Þ. Note
that the b parameter of the exponential model (Eqn 8) is also
referred to as kn.

We tested which of the three vertical indices (rd, LAI, and h)
best predicted P by comparing the AIC of the models and limited
this analysis to the seven vertical profiles that were measured for
LAI.

We checked whether the ratio between Jmax25, Tp25, Rdark25,
and Vcmax25 was constant inside the canopy using Eqns 6, 7
where P corresponded to the ratio. We used the same approach
to test whether the ratio between Vcmax25, Jmax25, Tp25, Rdark25,
and Na was constant vertically.

We investigated whether the conductance parameters g0 and
g1 of the USO conductance model were constant vertically
using Eqn 9 where the random effect of the leaf sample (s) is
applied to account for the fact that multiple measurements
were taken on the same leaves (first point from the A–Ci and
A–Q curves). For simplicity, we did not include a random ver-
tical profile effect as the vertical profile variation on both g0
and g1 was low compared with the sample-to-sample variation
and because the number of leaf measurements was relatively
low (77 leaves):

Y s,i ¼ g 0 þ az s þ αs þ g 1 þ bz s þ βs
� �

X s,i þ εs,i Eqn 9

where i is the ith measurement made on s, a is the fixed effect of z
on g0, αs is the random effect associated with s on g0,
αs ∼ N 0, σ2α

� �
, b is the fixed effect of zs on g1, βs is the random

slope effect factor associated with s, βs ∼ N ð0, σ2βÞ, and εs,i is the
residual of the model, εs,i ∼ N 0, σ2ð Þ.

Assessment of the effect of vertical gradients in gas
exchange parameters on model predictions of canopy-scale
H2O and CO2 fluxes

We used a canopy-scale gas exchange model which mimics the
FATES core features, including photosynthesis, respiration, sto-
matal conductance, energy balance, and canopy scaling. For this,
we used the R package LEAFGASEXCHANGE (Lamour & Ser-
bin, 2021), which allows gas exchanges to be simulated at the leaf
level and to be scaled to the canopy level using a description of
the canopy structure and a light radiation-interception
model (Bonan, 2019). Leaf scale photosynthesis follows the

Fig. 3 Observed vs predicted values obtained using spectra–trait partial least squares regression (PLSR) models tested against the independent observations
from this study. The PLSR model for leaf mass per surface area (LMA) prediction was from Serbin et al. (2019) (a) and showed a bias (blue line), which was
corrected for the prediction in the rest of the study. The nitrogen content per surface area (Na) and the leaf water content (LWC) prediction were made
using PLSR models built using observations from several datasets (Supporting Information Table S2) (b, c). The black line corresponds to the 1 : 1 line.
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FvCB model of photosynthesis which is coupled with the USO
conductance model (Eqn 2). A minimum threshold, gsw is equal
to gsw,dark, is used to avoid negative gsw when A < 0 (Eqn 2). In
addition, the leaf energy balance, necessary to calculate the leaf
temperature, is simulated using the package TEALEAVES

(Muir, 2019). We used the Norman (1979) radiation model
implemented by Bonan (2019) to calculate the irradiance inside
the canopy. This approach allowed us to simulate the irradiance
at 20 heights inside the canopy for sunlit leaves which receive
direct and diffuse irradiance, and for shaded leaves that only
receive a diffuse source of irradiance. For this study, we used the
average LAI of 6.2 measured at the site. We assumed that
the wind speed followed an exponential decrease with LAI within
the canopy (Buckley et al., 2014).

We used the weather data from the on-site meteorological sta-
tion to calculate the average hourly weather data for the dry sea-
son by averaging the first 4 months of the 10 previous years
(Fig. 1b). The hourly humidity, radiation, temperature, and wind
speed were used to drive the gas exchange predictions. We used
dry season weather conditions as input of the simulations to be
consistent with our measurements of leaf trait gradients that were
made during the dry season and that may differ in the wet season.
Subsequently, we estimated leaf gas exchange at all heights in the
canopy for sunlit and shaded leaves and integrated the values over
the entire canopy to estimate canopy-scale carbon assimilation
(A) and transpiration (T).

Eight different scenarios of vertical gradient parametrization
were investigated to test their impact on the canopy-scale fluxes.
The first scenario corresponded to current default FATES para-
metrization for a BET forest. The subsequent scenarios corre-
sponded to the progressive update of the parametrization to
correspond more closely to our observations, with the last being
the most complex with the greatest similarity to the gradients
measured in the forest. (1) FATES default parametrization for a
BET; (2) FATES parametrization adapted to the site, that is, top-
of-canopy photosynthesis traits Vcmax25, Jmax25, and Rdark25 were
set to the measured values. kn was derived following Lloyd
et al. (2010) as in FATES:

log knð Þ ¼ 0:00963V cmax25�2:43 Eqn 10

(3) kn was replaced by the measured value for Vcmax25 and used
for the three parameters Vcmax25, Jmax25, and Rdark25. (4) kn was
adapted to its measured values for Rdark25. (5) The observed
photosynthetic gradients were used (contrary to scenario 4, we
used the equation with the lowest AIC among Eqns 6, 7, or 8 to
describe Vcmax25, Jmax25, and Rdark25 variation). (6) Conductance
traits were set to their values measured on this site (g0, g1, and gsw,
dark) in place of FATES default parametrization. (7) Measured
vertical gradients of g1 were used. (8) In all the previous scenarios,
we considered that the triose phosphate utilization (TPU) was
never limiting photosynthesis in the FvCB model (McClain &
Sharkey, 2019; Gregory et al., 2021; Rogers et al., 2021). We
checked this assumption by adding a TPU limitation using esti-
mated gradients of Tp25 obtained on this site and comparing this
scenario with the previous one.

Results

Vertical gradients of leaf traits

Canopy height (H) varied between 18.2 and 33.6 m with a mean
of 25.8� 1.2 m (Fig. 4; mean� SE). Leaf area index at the top-
of-canopy for each vertical profile was close to zero (0.4� 0.1)
but could have higher values if taller neighbor trees were in view
of the sensor. Total canopy LAI measured near the ground (rd =
0.9) ranged between 4.70 and 8.64 with a mean of 6.2� 0.5.
Interestingly, the tallest vertical profile also had the lowest total
canopy LAI (Fig. 4b) and the total LAI was negatively correlated
with the height of the vertical profile. In general, LAI increased
linearly along the vertical profile from the top-of-canopy to the
ground.

Leaf composition and photosynthetic traits were variable verti-
cally (Figs 5, 6; Table 1). rd best explained the vertical variation
of the photosynthetic parameters and Na (lowest AIC for each
trait; Tables S3, S4). For LMA and LWC, h was a better descrip-
tor (Table S3), but using rd or h led to the same formulation to

Fig. 4 Relationship between the different indices of verticality, (a) LAI (leaf area index) and rd (relative depth from the top of the canopy), (b) LAI and h

(height), (c) rd and h. Each vertical profile (A–J) is represented by a different color. LAI was measured in only seven profiles (A–G). In panel (b), the lines
represent the linear regression between LAI and h. The slope of the regression was negatively correlated with the height at the top of the canopy of the
vertical profiles (P-value< 0.01).
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describe their vertical gradient (exponential variation for LMA
Eqn 8, quadratic equation for LWC Eqn 7; Table S3). We there-
fore describe the variation of P with rd hereafter. Note that
among the z indices, LAI was consistently the worst metric at
describing the vertical variation (Table S3). At our site and as
expected, rd and LAI were highly correlated (r= 0.89) but the
LAI measured near the ground (rd= 0.9) varied markedly
between vertical profiles with values ranging from 4.70 to 8.64.
Leaf area index did not explain the variation of the photosyn-
thetic traits measured at this level (P> 0.05, not shown).

Leaf mass per surface decreased exponentially with values
approximately twice as high at the top-of-canopy as near the
ground (189� 14 vs 89� 4 g m−2; Fig. 5a,b; Table 1). Na was
also higher at the top-of-canopy (3.09� 0.15 vs 1.88� 0.08;
Fig. 5c,d; Table 1), and its decrease with rd was best represented
by a quadratic model (Eqn 7) with a concave shape. LWC had

lower values at the top-of-canopy and increased with rd (55.9�
1.4 vs 66.74� 1.0; Fig. 5e,f; Table 1).

The photosynthetic parameters Vcmax25, Jmax25, Rdark25, and
Tp25 decreased from the top-of-canopy to the ground (Fig. 6;
Table 1). Vcmax25 and Jmax25 varied in a similar way to Na with a
slope of decrease which was zero at the top-of-canopy (b = 0;
Table 1) and higher near the ground (c< 0; Table 1). Rdark25 var-
iation was best described by a linear model, and Tp25 with a
quadratic model with a convex shape (Table 1).

All the traits showed strong horizontal variability, that is, a
strong variation for a given rd position (Figs 5, 6). This was
due to both variation within a given profile (Figs 7, S1–S6)
and variation among profiles as shown by the relatively high
standard deviation of the random effects (σ, σα, and σb;
Table 1) compared with the values of the fixed effect (a, b,
and c; Table 1). In addition, for most traits, the rate of change

Fig. 5 Vertical gradients of leaf traits; leaf
mass area (LMA) (a, b), leaf nitrogen content
expressed per unit leaf area (Na) (c, d), and
leaf water content (LWC) (e, f). Left-hand
panels (a, c, e) show leaf traits plotted
against relative depth from top of the canopy
(rd) and right-hand panels (b, d, f) show the
data plotted against leaf area index (LAI).
Each black point represents an estimation of
a leaf trait (LMA, Na, and LWC) by the
spectroscopic models presented in Fig. 3. The
blue lines and gray shaded area represent the
mean value and its confidence interval
estimated by the model with the lowest
Akaike information criterion for each variable
in Table 1.
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in values from the top to the bottom of the canopy varied
considerably among profiles (Fig. 7), but typically converged
on a consistent value near the ground (Fig. 7; Vcmax25 =
39.5� 2.6 μmol m−2 s−1). This was also the case for the other
photosynthetic parameters and for LMA and Na (Figs S1–S5).
As a result, we tended to observe that each trait showed a con-
sistent threshold in their values that was similar across all pro-
files, and this occurred at the highest relative canopy depths
(rd= 0.9).

We evaluated whether the ratios between Jmax25, Tp25, Rdark25,
and Vcmax25 were influenced by the position within the canopy
(Table 2; Fig. S7). The ratio Jmax25 : Vcmax25 was constant with
canopy position at 1.96� 0.02. However, the ratio between
Rdark25 or Tp25 and Vcmax25 changed vertically. At the top-of-
canopy, Rdark25 : Vcmax25 was of 0.015� 0.001 (Table 2) and
declined linearly to approximately half near the ground (0.008�
0.001 for rd = 0.9; Table 2). For Tp25 : Vcmax25, the vertical struc-
ture was best described by a quadratic model that predicted the

Fig. 6 Vertical gradients of photosynthetic
parameters normalized to 25°C, the maximum
carboxylation capacity (Vcmax25) (a, b),
maximum electron transport rate (Jmax25) (c,
d), triose phosphate utilization rate (Tp25) (e,
f), and the nonphotorespiratory respiration
rate (Rdark25) (g, h). Left-hand panels (a, c, e,
g) show leaf traits plotted against relative
depth from top of the canopy (rd) and right-
hand panels (b, d, f, h) show the data plotted
against leaf area index (LAI). Each black point
represents an estimation of a photosynthetic
trait by the spectroscopic models presented by
Lamour et al. (2021d). The blue lines and gray
shaded area represent the mean value and its
confidence interval estimated by the model
with the lowest Akaike information criterion
for each variable in Table 1.
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highest value at the top-of-canopy (0.115� 0.01; Table 2) and
the lowest value in the mid-canopy (0.09� 0.005 for rd= 0.5).

Similarly, we evaluated whether the ratio between the photo-
synthetic parameters Vcmax25, Jmax25, Rdark25, and Tp25 and Na

was variable within the canopy (Table 2; Fig. S8). The ratio was
constant for Vcmax25 and Jmax25 and varied vertically for Rdark25
and Tp25. The leaves of the lower part of the canopy had a ratio
between Rdark25 and Na two times lower than sunlit leaves
(0.36� 0.02 μmol g−1 s−1 for rd= 0 vs 0.18� 0.02 μmol g−1 s−1

for rd = 0.9).
Vertical patterns in measured leaf conductance traits were also

analyzed. Conductance measured after a period of dark acclima-
tion (gsw,dark) was constant vertically (0.013� 0.002mol m−2 s−1).
g0 was not significantly different from zero and was not impacted
by z (Table 3). Stomatal slope (g1) displayed vertical structuring,
with higher values near the ground than at the top-of-canopy
(b= 1.13� 0.5; Table 3; Fig. S9). The variable h best explained
variation in gsw (lowest AIC; Table 3).

Impact of the gas exchange parameter vertical gradients
on canopy-scale CO2 assimilation and transpiration
simulations

We provide an example of diurnal canopy gas exchange simula-
tions in Fig. 8 corresponding to scenario 7 (Table 4) that consid-
ered the empirical gradients of photosynthetic and conductance
traits observed in this forest. Maximum A and gsw were simulated
between 09:00 and 10:00 h at the top-of-canopy when the irradi-
ance and humidity were high and the leaf temperature moderate.

As expected, simulated A and gsw were also highly variable verti-
cally (Fig. 8) and the top three layers of the canopy, that repre-
sented 15% of the total number of layers, were responsible for
47% and 36% of the total CO2 assimilated and water transpired
by the leaves summed over the whole canopy over 24 h.

Canopy-scale CO2 assimilation (A) and transpiration (T)
fluxes are presented in Table 4 for each scenario of vertical gradi-
ents. The values of the different scenarios (Table 4; Fig. S10) can
be used to estimate the effect of the different simplifying assump-
tions that are usually made in TBMs. Using the site top-of-
canopy values for Vcmax25, Jmax25, and Rdark25 as well as kn
(Eqn 10) was critical and increased A by 17% (scenario 2 vs sce-
nario 1). Adapting kn so it corresponded to the values measured
for Vcmax25 had a low overall impact on A and changed it by 3%
(scenario 3 vs scenario 2). However, when the site kn was used for
Rdark25, A increased by 13% (scenario 4 vs scenario 3) as a result
of lower Rdark in the understory (Fig. S10). Using the best model
fit to represent the gradients in Vcmax25, Jmax25, and Rdark25 only
marginally impacted A compared with using an exponential
decrease with a kn adapted to the site (scenario 5 vs scenario 4).
Overall, considering the default photosynthesis parametrization
for the site (scenario 2) compared with the measured gradients
(scenario 5) changed A by 12%.

Using the measured g1 in place of the default g1 had a limited
effect on A (−6%) but markedly impacted T (−22%, scenario 6
vs scenario 5; Table 4). The addition of g1 variation with rd
(Table 4) increased T by 21% as a result of increasing gsw inside
the canopy (scenario 7 vs scenario 6; Table 4). The effect on A
was however limited (+4%).

Table 1 Vertical variation in leaf traits (P).

P Eqn a σα b σβ c σ AIC

LMA 6 182.9***� 11.5 33.7 −112.4***� 15.2 42.0 – 31.1 2290
7 185.9***� 12.1 33.9 −134.7***� 30.2 42.4 24.5ns� 28.6 31.0 2291
8 189.3***� 13.7 40.8 −0.84***� 0.10 0.26 – 30.5 2285

Na 6 3.23***� 0.14 0.39 −1.35***� 0.19 0.48 – 0.50 364
7 3.09***� 0.15 0.37 −0.31ns� 0.45 0.47 −1.14*� 0.45 0.49 360
8 3.25***� 0.16 0.44 −0.49***� 0.07 0.18 – 0.50 367

LWC 6 54.5***� 1.3 3.0 12.2***� 1.7 3.0 – 6.2 1530
7 55.9***� 1.4 2.9 1.4ns� 5.4 2.8 11.8*� 5.7 6.2 1528
8 54.5***� 1.2 2.9 0.21***� 0.03 0.05 – 6.2 1530

Vcmax25 6 74.6***� 3.5 9.3 −34.2***� 5.1 11.9 – 14.7 1939
7 70.9***� 3.8 9.1 −6.7ns� 13.2 12.1 −30.3*� 13.4 14.5 1936
8 74.9***� 3.7 9.6 −0.54***� 0.08 0.19 – 14.8 1943

Jmax25 6 141.2***� 5.7 15.1 −61.1***� 8.8 21.7 – 23.2 2155
7 133.0***� 6.1 14.8 0.2ns� 21.0 22.1 −67.6**� 21.1 22.7 2147
8 141.7***� 5.9 15.3 −0.51***� 0.07 0.18 – 23.5 2160

Tp25 6 7.28***� 0.45 1.28 −4.48***� 0.59 1.51 – 1.50 878
7 7.72***� 0.47 1.25 −7.76***� 1.37 1.48 3.60**� 1.36 1.48 873
8 7.53***� 0.46 1.26 −0.86***� 0.08 0.14 – 1.50 874

Rdark25 6 1.04***� 0.06 0.15 −0.78***� 0.07 0.17 – 0.21 −15.36
7 1.01***� 0.06 0.16 −0.54**� 0.20 0.19 −0.27ns� 0.20 0.21 −15.08
8 1.07***� 0.06 0.15 −1.08***� 0.11 0.24 – 0.22 −8.48

a represents the intercept of the model, that is, P at the top of the canopy. σα is the SD associated with the random vertical profile effect (v) on a. b is the
coefficient associated with the relative depth from the top-of-canopy (rd) and σβ is the SD of the random effect of v on b. c represents the coefficient asso-
ciated with rd2 and σ is the SD of the residual. The values after the sign � represent the SE of the estimation. *, P< 0.05; **, P< 0.01; ***, P< 0.001; AIC,
Akaike information criterion; ns, not significant.
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Including a TPU limitation in the FvCB photosynthesis model
did not change A and T (scenario 8 vs scenario 7), showing that
TPU did not limit photosynthesis in our simulations.

Discussion

In this study, we measured vertical profiles of leaf physiological
and chemical traits through the combined use of traditional mea-
surements and leaf spectroscopy. This allowed us to estimate the

parameters at higher vertical resolution than previous studies that
only used the slower traditional methods (Kitajima et al., 1997;
Carswell et al., 2000; Domingues et al., 2005, 2014; Kumagai
et al., 2006; Kosugi et al., 2012). We tested some of the assump-
tions that are made within TBMs and evaluated their impact on
simulated canopy scale A and T. We showed that the assumption
of an exponential decrease in Na and Vcmax25 with LAI did not
adequately describe the observed gradients. Instead, we found a
shallower decrease in trait values in the upper canopy than closer

Fig. 7 Vertical gradients of the carboxylation capacity normalized to 25°C (Vcmax25) for each vertical profile a–j (corresponding to (a–j)), where the x-axis
ordinates are the relative depth from the top of the canopy (rd). Each point represents an estimation of Vcmax25 by spectroscopy (Lamour et al., 2021d).
The blue line corresponds to the regression of a two-degree polynomial and the shaded interval represents the SE of the regression line.
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to the ground. Contrary to assumptions, the ratio Rdark25 :
Vcmax25 at the ground was approximatively half that at the top-
of-canopy. However, we confirmed that Vcmax25 closely followed
the vertical gradients of Na and that the ratio between Jmax25 and
Vcmax25 was constant within the canopy, consistent with model
assumptions. We also found that g1 showed a strong vertical var-
iation, with much lower values near the top-of-canopy than near
the ground. Terrestrial biosphere models currently assume there
is no vertical gradient in stomatal parameters. Finally, we showed
that simplifications made to represent the gradients of photosyn-
thetic and conductance parameters result in underestimation of
both A and T in this forest (Table 4).

Challenging the common assumption of an exponential
decrease in Na and the photosynthetic parameters with LAI

The exponential decrease in the photosynthetic parameters with
LAI (Eqn 8) was obtained theoretically using an optimality
approach where the photosynthetic capacity is optimized to the
light conditions within-individual plant canopy (Field, 1983;
Hirose & Werger, 1987; Chen et al., 1993; Meir et al., 2002;
Lloyd et al., 2010). However, this approach does not consider a
possible limitation on leaf-scale photosynthesis by warmer and
drier conditions typically found at vegetation top-of-canopy
(Fetcher et al., 1985; Miller et al., 2021), as well as the water
potential gradient from the soil to canopy top (Thomas & Baz-
zaz, 1999; Buckley, 2021). The combination of saturating irradi-
ance that maximizes A in the upper canopy layers is countered by
greater stomatal limitation of A resulting from a higher VPD and

a potentially supra-optimal leaf temperature that in combination
could explain the trend that we obtained in this study, that is, a
moderate decrease at the top-of-canopy and a steeper one near
the ground. In addition, most optimization approaches do not
consider the impact of leaf age dynamics on these vertical gradi-
ents. Previous work has shown that in the tropics, leaf longevity
varies substantially between shade and sunlit leaves, which also
then impacts leaf physiology (Kitajima et al., 1997; Reich
et al., 2004; Xu et al., 2017; Wu et al., 2019) and can also impact
the theoretical shape of photosynthetic gradients (Kitajima
et al., 1997; Niinemets, 2007; Niinemets et al., 2015).

In this study, we showed that rd better explained the vertical
patterns than LAI for most of the traits (Tables S3, S4). Within
an individual tree canopy, light availability is thought to be the
main driver of leaf trait variation (Niinemets, 2010; Coble
et al., 2017) and LAI is used as a proxy for the light availability.
Other studies have also shown that the height itself could explain
the variability of leaf traits as it creates hydraulic constraints that
lower the leaf turgor, reduce the cell expansion, and modulate the
leaf morphology and physiology (Koch et al., 2004; Cavaleri
et al., 2010; Zhang et al., 2012). This would explain, in part, the
lower LWC at the top-of-canopy. Furthermore, Thomas & Baz-
zaz (1999) noted that the asymptotic height of species was a
strong driver of variability in photosynthetic parameters. In addi-
tion, understory species are known to have low growth rates and
low plasticity to changes in environmental conditions (Kitajima
et al., 1997; Valladares et al., 1997). These effects could explain
why understory species had a low Vcmax25, that was independent
from the LAI, and this could explain the better description of the

Table 2 Vertical gradients of the ratio between the photosynthetic parameters and the maximum carboxylation capacity of rubisco normalized to 25°C
(Vcmax25) or the nitrogen concentration per unit leaf area (Na) obtained with Eqns 6 or 7 and rd as the vertical index.

P Eqn a σα b σβ c σ AIC

Jmax25 :Vcmax25 6 1.96***� 0.02 0.10 0ns 0.12 – 0.16 −164
Tp25 : Vcmax25 7 0.115***� 0.01 0.027 −0.128***� 0.024 0.030 0.116***� 0.024 0.026 −997
Rdark25 :Vcmax25 6 0.015***� 0.00 0.002 −0.008***� 0.001 0.002 – 0.004 −1822
Vcmax25 :Na 6 23.08***� 0.81 3.67 0ns 4.78 – 6.20 1536
Jmax25 :Na 6 44.44***� 1.30 7.56 0ns 10.39 – 9.98 1761
Tp25 :Na 7 2.67***� 0.23 0.59 −2.93***� 0.69 0.69 2.53***� 0.69 0.75 556
Rdark25 :Na 6 0.36***� 0.02 0.06 −0.20***� 0.03 0.07 – 0.10 −347

a represents the intercept of the model, that is, the value of the ratio at the top of the canopy. σα is the SD associated with the random vertical profile effect
(v) on a. b is the coefficient associated with rd and σβ is the SD of the random effect of v on b. c represent the coefficient associated with rd2 and σ is the SD
of the residual. *, P< 0.05; **, P< 0.01; ***, P< 0.001; ns, not significant. The values after the sign � represent the SE of the estimation. AIC, Akaike
information criterion.

Table 3 Effect of the vertical indices z on the conductance parameters g0 and g1 of the USO conductance model (Eqn 9).

z g0 a σα g1 b σβ σ AIC

– 0ns – 0.011 3.63***� 0.18 – 1.76 0.019 −495
rd 0ns 0ns 0.012 3.19***� 0.26 1.128*� 0.513 1.73 0.019 −497
h 0ns 0ns 0.011 4.45***� 0.34 −0.052*� 0.019 1.68 0.019 −500

a and b represent the fixed effect of z on g0 and g1, respectively. σα and σβ are the SD associated with the sample random effect on g0 and g1,
respectively, and σ is the SD of the residuals. The models including a vertical effect (z), either the relative depth from the top-of-canopy (rd), or the height
(h) of the measurement improved the prediction (P< 0.03) compared with the simpler model without z (row with ‘–’ for z). The values after the sign �
represent the SE of the estimation. *, P< 0.05; **, P< 0.01; ***, P< 0.001; AIC, Akaike information criterion; ns, not significant.
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gradients using rd than LAI. Some TBMs include a minimum
limit in Vcmax25 and Na values for the understory strata of dense
canopy (Krinner et al., 2005; Koven et al., 2020). This approach
seems reasonable considering our observations and is also sup-
ported by other work that showed a lower limit for Na, and
photosynthetic capacity that any species can attain (Meir
et al., 2002; Lloyd et al., 2010).

Assumption of a constant ratio of Jmax25, Rdark25, and Tp25
with Vcmax25 within the canopy

We showed that Jmax25 : Vcmax25 was constant within the canopy.
This is in agreement with previous global studies which
showed that the relationship between these two photosynthetic
variables holds in multiple environmental conditions (Walker

et al., 2014). However, we also showed that Rdark25 : Vcmax25 was
dependent on vertical position and that leaves in the understory
lose less CO2 through respiration than expected compared with
upper canopy leaves. Studies on the vertical variation of Rdark25
are scarce in the tropics (Niinemets, 2014), which limits our abil-
ity to compare our results with other studies. However, our
observations are consistent with the observations from Weera-
singhe et al. (2014) in an Australian tropical forest that compared
the respiration rate of top-of-canopy leaves with their counterpart
near the ground on the same trees and other understory plants.
They showed that the ratio of Rdark25 to photosynthesis at satura-
tion irradiance (Asat) was 1.8 times higher at the top-of-canopy.
Our canopy gradient measurements extend their finding through
the canopy, with the same order of magnitude as what they mea-
sured. Our measurement of Vcmax25 in place of Asat should

Fig. 8 Simulation of leaf gas exchange inside
the canopy over the course of a day, where
the y-axis ordinates are the relative depth
from the top of the canopy (rd). For the
simulations, the weather conditions at the
top of the canopy were set to the average
hourly values measured during the dry
season (Fig. 1b). The leaf area index (LAI) on
the ground was set to the average LAI
measured in the forest (LAI= 6.2). The
gradients of photosynthetic and conductance
parameters followed the one measured
during the measurement campaign (Scenario
7; Table 4). (a) Absorbed irradiance for an
average leaf (Qabs). (b) Wind speed inside
the canopy. This variable was modeled using
an exponential decrease from the top of the
canopy (Buckley et al., 2014). These data are
important for the calculation of the boundary
layer and the leaf energy balance. (c)
Calculated leaf temperature (Tleaf). (d)
Calculated leaf surface humidity (RHleaf). (e)
Net CO2 assimilation rate (A) for an average
leaf. Negative values correspond to cases in
which the respiration rate was higher than
the photosynthesis rate. (f) Leaf water
conductance (gsw) for an average leaf.
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facilitate the implementation of such gradients in TBMs. One
potential physiological explanation for higher Rdark25 : Vcmax25 in
the upper canopy is the higher probability for photoprotection
and photodamage at the top-of-canopy. This would result in
higher respiratory costs, most notably for the recovery from
photodamage through energetically expensive repair cycles (Aro
et al., 1993; Murata & Nishiyama, 2018). Interestingly, in an
early version of FATES model, the understory vegetation was
often predicted to die, in contradiction with empirical observa-
tions of slow growth rate and long lifetime (Koven et al., 2020).
FATES was therefore modified to allow plants to reduce their
maintenance respiration when they reduce their carbon storage
due to carbon starvation. Here, we showed an alternate explana-
tion of the unexpected death of understory species in FATES,
namely an overestimation of Rdark25 in the lower canopy.

Assumption of constant g1 conductance parameter

Stomatal conductance increases with A (Eqn 2), and a high gsw at
the top-of-canopy is consistent with a greater investment in
photosynthetic capacity at the top-of-canopy as observed pre-
viously (Fig. 6; Wong et al., 1979; Roberts et al., 1990; Rijkers
et al., 2000; Kosugi et al., 2012). However, this does not reflect

the vertical variation of g1, which is a key driver of uncertainty in
TBMs (Ricciuto et al., 2018).

Here, we showed that g1 decreased with increasing height. In
terms of water-use efficiency, this means that leaves at the top-of-
canopy are more water-use efficient and transpire less water to
assimilate a given amount of carbon dioxide (Cowan & Farqu-
har, 1977; Medlyn et al., 2011). It is usually assumed that g1 is
constant in the canopy but recently, Buckley (2021) showed that
optimality models that consider hydraulic and nitrogen limita-
tions in addition to optimal water-use-efficiency, simulate higher
g1 for shaded leaves compared with sunlit leaves – consistent with
our observations. This is also consistent with observations of an
increase in water-use efficiency with tree height commonly found
using carbon isotope discrimination measurements (McDowell
et al., 2011; Brienen et al., 2017).

Domingues et al. (2014) studied vertical variation in the g1
parameter in an Amazonian forest. They found that g1 was verti-
cally structured, with higher g1 in overstory trees than in mid-
canopy or understory trees, the opposite relationship to the one
we report here. They observed a low sensitivity of gsw to changes
in VPDleaf, particularly for understory species, and, as a result,
they suggested that Eqn 2 may not be suitable to model the sto-
matal behavior of these species. However, it is unclear whether

Table 4 Effect of the vertical parametrization of the photosynthetic and conductance gradients on canopy-scale CO2 assimilated (A, g CO2m
−2 yr−1) and

transpiration (T, l H2Om−2 yr−1).

Scenario Photosynthetic parameters Conductance parameters A T

1. Original FATES parametrization Vcmax25 zð Þ ¼ 50e�0:142LAI zð Þ

Jmax25 zð Þ ¼ 1:67Vcmax25 zð Þ
Rdark25 zð Þ ¼ 0:0142Vcmax25 zð Þ

g0 zð Þ ¼ 0:01
g1 zð Þ ¼ 4:1
gsw,dark ¼ 0:01

10 890 (−) 1045 (−)

2. Adapted top-of-canopy values and estimation
of kn based on Eqn 10

Vcmax25 zð Þ ¼ 70:9e�0:174LAI zð Þ

Jmax25 zð Þ ¼ 133e�0:174LAI zð Þ

Rdark25 zð Þ ¼ 1:04e�0:174LAI zð Þ

g0 zð Þ ¼ 0:01
g1 zð Þ ¼ 4:1
gsw,dark ¼ 0:01

12 776 (+17%) 1219 (+17%)

3. Adapted top-of-canopy values and estimation
of kn based on Vcmax25 fitting

1
Vcmax25 zð Þ ¼ 70:9e�0:46rd zð Þ

Jmax25 zð Þ ¼ 133e�0:46rd zð Þ

Rdark25 zð Þ ¼ 1:04e�0:46rd zð Þ

g0 zð Þ ¼ 0:01
g1 zð Þ ¼ 4:1
gsw,dark ¼ 0:01

12 358 (−3%) 1267 (+4%)

4. Adapted kn for Rdark25
1 Vcmax25 zð Þ ¼ 70:9e�0:46rd zð Þ

Jmax25 zð Þ ¼ 133e�0:46rd zð Þ

Rdark25 zð Þ ¼ 1:04e�1:04rd zð Þ

g0 zð Þ ¼ 0:01
g1 zð Þ ¼ 4:1
gsw,dark ¼ 0:01

13 968 (+13%) 1301 (+3%)

5. Measured gradients for Vcmax25, Jmax25 and
Rdark25

Vcmax25 zð Þ ¼ 70:9�6:7rd zð Þ�30:3rd zð Þ2
Jmax25 zð Þ ¼ 133:0=70:9ð ÞVcmax25 zð Þ
Rdark25 zð Þ ¼ 1:04�0:78rd zð Þ

g0 zð Þ ¼ 0:01
g1 zð Þ ¼ 4:1
gsw,dark ¼ 0:01

14 313 (+2%) 1324 (+2%)

6. Adapted top-of-canopy conductance
parameters

Vcmax25 zð Þ ¼ 70:9�6:7rd zð Þ�30:3rd zð Þ2
Jmax25 zð Þ ¼ 133:0=70:9ð ÞVcmax25 zð Þ
Rdark25 zð Þ ¼ 1:04�0:78rd zð Þ

g0 zð Þ ¼ 0:0
g1 zð Þ ¼ 3:19
gsw,dark ¼ 0:013

13 408 (−6%) 1038 (−22%)

7. Adapted conductance gradients Vcmax25 zð Þ ¼ 70:9�6:7rd zð Þ�30:3rd zð Þ2
Jmax25 zð Þ ¼ 133:0=70:9ð ÞVcmax25 zð Þ
Rdark25 zð Þ ¼ 1:04�0:78rd zð Þ

g0 zð Þ ¼ 0:0
g1 zð Þ ¼ 3:19þ 1:13rd zð Þ
gsw,dark ¼ 0:013

13 965 (+4%) 1257 (+21%)

8. Added triose phosphate utilization limitation Vcmax25 zð Þ ¼ 70:9�6:7rd zð Þ�30:3rd zð Þ2
Jmax25 zð Þ ¼ 133:0=70:9ð ÞVcmax25 zð Þ
Rdark25 zð Þ ¼ 1:04�0:78rd zð Þ
Tp25 zð Þ ¼ 7:72�7:76 zð Þ þ 3:60rd zð Þ2

g0 zð Þ ¼ 0:0
g1 zð Þ ¼ 3:19þ 1:13rd zð Þ
gsw,dark ¼ 0:013

13 965 (0%) 1257 (0%)

An illustration of the data used to calculate A and T is given in Fig. 8 for scenario 7. The percentage given in the A and T columns corresponds to the
changes in A and T between scenario n and scenario n− 1. gsw,dark is the minimum conductance value used in the simulations.
1The measured top-of-canopy values for Vcmax25, Jmax25, and Rdark25 corresponded to the values estimated by the best models in Table 1. Note that kn for
Vcmax25, Jmax25, and Rdark25 in scenarios 3 and 4 slightly differ from b estimated with the exponential model (Eqn 8) in Table 1. For example, kn equals to
0.54 in Table 1 for Vcmax25 while we use 0.46 in this table. This is because in Table 1, a and b were estimated simultaneously. In this table, we only fitted kn
(i.e. b in Table 1) and considered that a was fixed to the top-of-canopy value used in scenario 2, for consistency.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

This article has been contributed to by U.S. Government employees and their work is in the public domain in the USA.

New Phytologist (2023) 238: 2345–2362
www.newphytologist.com

New
Phytologist Research 2357

 14698137, 2023, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18901 by B

rookhaven N
ational L

ab, W
iley O

nline L
ibrary on [20/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



this effect impacted the estimation of g1 or whether environmen-
tal and species differences explain the opposite relationship we
found.

Our estimations of g1 were made using steady-state measure-
ments of leaf gas exchange on excised branches. Several studies
have shown that excision can bias stomata measurement (San-
tiago & Mulkey, 2003; Missik et al., 2021), yet other studies did
not show an excision effect when sufficient time is given for sto-
mata to fully stabilize and when the risk of embolism is reduced
(Leakey et al., 2006; Wolz et al., 2017; Verryckt et al., 2020;
Davidson et al., 2022). In this study, we took precautions to
avoid xylem embolism by cutting the branches predawn, when
the leaf water potential was typically >−0.8 mPa (Davidson
et al., 2023), and made measurements within the time period
where we were confident that excision would not affect measured
values of g0 and g1 (see Davidson et al., 2023). Therefore, we
believe it is unlikely that the gradients in g1 we report here are
due to excision, given that they are consistent with both theory
and the isotopic measurements detailed above (McDowell
et al., 2011; Brienen et al., 2017; Buckley, 2021). One of the
values of our work is that we provide measurements of g1 varia-
tion with height, which describes a new axis of variation in g1 that
could be used to further parameterize stomatal models. This is in
contrast to carbon discrimination techniques, which do not
quantitatively estimate g1 and cannot be directly used for model
parametrization (Medlyn et al., 2017). Further conductance mea-
surements made at various heights in tropical forests, ideally on
intact branches to avoid a possible excision effect, and in steady-
state conditions, would help assess the generality of our findings.

Effect of these assumptions on canopy-scale fluxes of
carbon and water

As highlighted by previous work (Zaehle et al., 2005; Bonan
et al., 2011; Walker et al., 2014), we found that accurate estima-
tion of the photosynthetic parameters at the top-of-canopy is cri-
tical for model representation of A and T and that 15% of the
total vegetation in the upper canopy accounted for nearly 50% of
canopy scale A. However, once top-of-canopy parameterization is
constrained, we showed that updating the kn coefficient resulted
in a marked modification of A and T. This was due to a decou-
pling between kn for Vcmax25 and Rdark25. The Vcmax25 : Rdark25
ratio was consistent with model assumptions at the top-of-
canopy but almost half of model assumptions at the bottom of
the canopy. Better representation of Rdark25 in TBMs is needed,
not only to better account for vertical variation (this study and
Weerasinghe et al., 2014) but also to better account for nocturnal
variation (Bruhn et al., 2022). We also showed that the gradients
for Vcmax25 and Rdark25 were not exponential, but also that chan-
ging the shape of the gradients only had a marginal effect on A
and T (+2%). Further studies will be needed to validate whether
this shape is observed in other sites, but it seems that even if the
functional shape is not precisely represented, this has a low
impact on the prediction of A and T. Finally, as with other leaf
traits, we showed that it was key to correctly estimate g1 at the
top-of-canopy as well as its gradient.

Our study highlights some sources of uncertainty in models at
the canopy scale and identifies key gradients that could be better
represented in TBMs. The challenge for TBMs is to know
whether the trends we observed are representative of other tropical
sites, and indeed other biomes. There are high expectations from
optimality models that prediction of photosynthetic parameters is
possible from environmental variables (Ali et al., 2016; Smith
et al., 2019; Franklin et al., 2020). Such approaches were mainly
used to predict photosynthetic parameters in different growth
environments, but they could be expanded to include considera-
tion of leaf longevity and hydraulic constraints to inform prognos-
tic trait gradients within canopy. Other approaches could also
make it possible to estimate g1 gradients within canopies (Buck-
ley, 2021). Currently, TBMs used in earth system models to pre-
dict future climate mainly consider geographically separated PFTs
with usually low or no overlap within the same site (Fisher
et al., 2015, 2018). Recent dynamic vegetation models such as
FATES have the ability to simulate different cohorts of plants with
different parametrization that can cohabit and compete within the
same site and that can occupy different strata in the canopy. In this
condition, and even if each cohort is parametrized with Lloyd
et al. (2010) model, the overall canopy-scale gradients could be dif-
ferent from an exponential decrease due to the mixing of the differ-
ent cohorts vertically. To our knowledge, gradients predicted by
such cohort models were not compared with experimental mea-
surements. We welcome the use of our publicly available data by
the community (Lamour et al., 2021a,b,c) to compare gradients
with predictions by optimal or cohort models.
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