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Abstract 16 

Functional-structural plant models (FSPM) aim to replicate the intricate ecophysiological and 17 

developmental responses of plants to their environment. These models are valuable for 18 

projecting plant behaviour in a changing climate but rely heavily on detailed measurements 19 

of structural and ecophysiological traits for their parameterization. However, collecting these 20 

measurements simultaneously and consistently at multiple scales remains a challenge, often 21 

limiting model parameterization and thorough evaluation, and thereby reducing confidence in 22 

model predictions. 23 

Here, we propose a comprehensive dataset of biophysical measurements from four oil palm 24 

plants grown (Elaeis guinnensis) in controlled environments. The dataset includes detailed 25 

reconstructions of the three-dimensional plant structures derived from terrestrial LiDAR point 26 

clouds and leaf-scale gas exchange measurements for parameterising leaf physiology. We 27 

also provide plant-scale gas exchange measurements (CO2 and H20) and leaf temperature 28 

data under multiple controlled environmental scenarios, including varying CO2 29 

concentrations, light, temperature and humidity conditions. Our aim is to create a digital twin 30 

of the four plants to facilitate FSPM robust evaluation, and help identify sources of model 31 

uncertainty. 32 

Keywords: response curve; FSPM; temperature; radiation; VPD; CO2  33 
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Introduction 34 

Biophysical plant models aim to mechanistically represent how plants acquire, process, and 35 

utilise biophysical resources—such as light, water, and carbon—across spatial and temporal 36 

scales by integrating fundamental physiological processes such as photosynthesis, 37 

transpiration or energy balance. These models are used by different communities of 38 

scientists interested in the simulation of plants at different scales: organ-to-plant with 39 

functional-structural plant models (Vos et al., 2010), plant-to-plot with individual process-40 

based models (e.g. Duursma and Medlyn, 2012 or Maréchaux and Chave, 2017), or earth 41 

models (e.g.  Krinner et al., 2005). 42 

Generally, these models use leaf-scale measurements to parameterise different sub-models, 43 

enabling the upscaling of such measurements to the plant or plot level, thereby simulating 44 

variables that are hard or impossible to directly measure (e.g. water and energy balance) and 45 

predicting system behaviour under current or new conditions (e.g. assessing climate change 46 

impacts). Evaluating a model becomes more challenging when numerous interconnected 47 

processes are simulated, as is often the case with biophysical processes in natural systems, 48 

and these interactions may act across different scales. Yet, despite their broad relevance, 49 

these models are often evaluated using data collected at a single scale—most commonly at 50 

the leaf or plot level—due to the rarity of datasets that capture both detailed organ-level 51 

measurements and integrated responses at the whole-plant scale. In practice, the challenge 52 

of acquiring coherent datasets that simultaneously capture plant geometry, physiological 53 

traits, and whole-plant gas exchange under controlled and well-documented conditions often 54 

restricts the thorough assessment of models. Consequently, most models remain untested or 55 

insufficiently evaluated at integrative levels, reducing our confidence in their predictions and 56 

their applicability to real-world scenarios. 57 

We argue that accessible databases allowing to evaluate biophysical models at different 58 

scales, from the leaf to the plant and plot are crucial for increasing confidence in model 59 

predictions. Those databases should include different experiments conducted in more to less 60 

controlled conditions, allowing the evaluation of models with more or less degrees of 61 

freedom, evaluating physics-based processes first, and coming to more biology-based 62 

processes. For example, the experimental data acquired by Schymanski and Or (2017) can 63 

help evaluate the energy balance (sensible and latent heat) components of models at the 64 

scale of an individual leaf, thanks to their experiment on highly controlled conditions using an 65 

artificial leaf. 66 

In this paper, we address the following critical gap by providing a comprehensive database of 67 

biophysical measurements in young oil palm plants (Elaeis guineensis) to evaluate 68 
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biophysical processes at leaf-to-plant scale under controlled conditions. Our dataset 69 

encompasses detailed 3D reconstructions of plant structure, leaf-level gas exchange 70 

measurements that inform fundamental physiological parameters, and concurrent whole-71 

plant flux data acquired under controlled dynamically varying climatic conditions. By bridging 72 

the scales from individual leaves to the entire plant, this database allows modellers to both 73 

calibrate their biophysical models at a fine spatial resolution and evaluate their predictive 74 

accuracy at a more holistic level: the whole plant. In doing so, we take a crucial step toward a 75 

new generation of open-access databases that empower researchers to rigorously 76 

benchmark biophysical models, ultimately improving their robustness, reliability, and utility. 77 

Plant material and pre-experiment growing conditions 78 

Four oil palm plants (Elaeis guineensis Jacq.) from two genetic origins were studied: Deli x 79 

Lame crossing (P1, P2 & P4) and a Deli x Yamgambi crossing (P3). The plants were sown 80 

on May 11th 2020 and cultivated in a greenhouse from CIRAD’s Abiophen platform 81 

(Montpellier, France). The air temperature was controlled at 26°C during the day and 21°C 82 

during the night, relative humidity at 70%, photosynthetically active radiation (PAR) at 600 83 

µmol m-2 s-1, and air CO2 concentration ([CO2]) at around 400 ppm. The plants were irrigated 84 

every two to three days to prevent water stress. On February 25th 2021, the plants were 85 

transferred to the microcosm’s experimental platform of the European Ecotron of Montpellier 86 

(https://www.ecotron.cnrs.fr). 87 

Microcosms 88 

Set-up 89 

Two microcosms growth chambers of dimensions 114 cm width x 113 cm depth x 152 cm 90 

(~1.5 m3) height were used for the two-month experiment. The microcosms allowed for a 91 

precise control of radiation in the visible spectrum (PAR) with four LED lamps, air 92 

temperature (5-50±0.5°C), relative humidity (20-90±3%), and CO2 concentration (10-93 

2000ppm). The monitoring microcosm was used to measure the biophysical processes of a 94 

single plant in response to different climate conditions with varying air temperature, relative 95 

humidity and radiation. The storage microcosm was used to store the three other plants 96 

waiting for their turn in the monitoring microcosm. 97 

Monitoring 98 

The monitoring microcosm was operated as an open CO2 gas exchange system. The flow 99 

rate of dry air at the inlet was measured and regulated at 4.9 Nm3 h-1 using a mass flow 100 

regulator (F-202AV, Bronkhorst, The Netherlands). The net CO2 flux was measured 101 

continuously by sequentially measuring the inlet and outlet of the chamber every 5 minutes 102 

https://www.ecotron.cnrs.fr/
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using a Valco selector (EUTA-SD4MWE, VICI, Switzerland) and a Picarro G2101-i (Picarro, 103 

USA) CO2 analyser. For each position of the selector, the first two minutes were discarded, 104 

and the last three minutes were averaged. The air sampling at the inlet circulated first 105 

through a 30-litre buffer volume with a flow rate regulated at 1.5 l min-1 using a needle valve, 106 

while the outlet was directly measured. 107 

The monitoring microcosm was also equipped with a photosynthetically active radiation 108 

sensor (PAR, Figure 1), air temperature and humidity sensors, a thermal camera on the top 109 

left corner pointing towards the centre of the chamber to measure leaf temperature, and a 110 

precision scale to monitor weight. The thermal camera and the precision scale were 111 

controlled by a Raspberry Pi (https://www.raspberrypi.org/) board that triggered a camera 112 

shot every minute and automatically logged the stream of data from the scale. Data from all 113 

other sensors were automatically logged by the microcosm facility. 114 

The pot of the plant was sealed before entrance into the monitoring microcosm to avoid 115 

water loss to the atmosphere, enabling the computation of plant transpiration from weight 116 

loss. Plants were automatically watered every six hours to maintain non-limiting soil water 117 

availability. 118 

 119 

 120 

Figure 1: Oil palm plant in the monitoring microcosm. The pot was sealed to avoid water loss to the atmosphere. 121 
A precision scale was positioned under the pot to estimate plant transpiration from variations in plant weight. 122 
Sensors for photosynthetically active radiation, temperature, and relative humidity were installed in the chamber 123 
to regulate the environmental conditions. The head of the leaf gas exchange analyser was positioned in the 124 
chamber to conduct either CO2 response curves in the storage microcosm or to follow leaf assimilation during 125 
specific scenarios (WalzOpen or WalzClose tests) in the monitoring chamber. 126 
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Plant-level CO2 and H2O gas exchanges  127 

The net flux of CO2 was calculated from the inlet and outlet fluxes following (Eq1): 128 

            )   (Eq1) 129 

Where N is the net flux of CO2, in µmol s-1, D is the flow rate of air at the inlet of the chamber, 130 

in µmol s-1, Cin and Cout are the mixing ratio of CO2 corrected for dilution by water vapour, 131 

respectively at the inlet and outlet of the chamber, in µmol mol-1. 132 

Because the pot of the plant was sealed, any variation in the weight measured from the scale 133 

could be attributed to plant transpiration. Large increases in pot weight were used as 134 

indicators of irrigation. Transpiration was then estimated using two different methods. The 135 

first method measured the difference in pot weight between the start and end of a specified 136 

time interval. The second, known as the regression method, determined transpiration by 137 

calculating the slope of a linear regression fitted to all weight measurements within that 138 

interval. 139 

Scenarios 140 

The climate conditions in the microcosm were defined based on the average daily variation 141 

observed at a weather station in Pekanbaru, Indonesia, where the conditions are optimal for 142 

oil palm cultivation. The base conditions consisted of a constant [CO2] at 400 ppm, daily 143 

fluctuations of air temperature from 22°C to 33°C, relative humidity from 82% to 51%, and 144 

PAR from 0 to approximately 300 µmol m⁻² s⁻¹ at mid-height within the chamber and ~1000 145 

µmol m⁻² s⁻¹ below the light source. The climate conditions were fixed to the base conditions 146 

in the storage microcosm for the whole duration of the experiment. 147 

Varying daily conditions were simulated based on the base conditions by adjusting the CO2 148 

concentration, radiation, temperature, and relative humidity. The resulting climate scenarios 149 

were as follows (Figure 2): 150 

 “400 ppm”: base conditions 151 

 “600 ppm”: base conditions with 600 ppm [CO2]; 152 

 “800 ppm”: base conditions with 800 ppm [CO2]; 153 

 “Cloudy”: base conditions with decreased PAR radiation, set to 130 µmol m² s⁻¹ at mid-154 

day and mid-height within the chamber; 155 

 “Cold”: base conditions with -30% °C; 156 

 “Hot”: base conditions with +30% °C; 157 

 “DryCold”: base conditions with +30% of relative humidity and -30% °C; 158 
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 “DryHot”: base conditions with -30% of relative humidity and +30% °C; 159 

 160 
 161 

Figure 2: Monitoring radiation, air temperature, and relative humidity over time for the eight climate scenarios. 162 
Each transparent line represents a day of measurement. Photosynthetically active radiation was measured at the 163 
chamber's centre height. The reference scenario is the ‘400ppm’ scenario. 164 

Each plant was sequentially placed in the monitoring microcosm for one or several days, 165 

resulting in the design of the experiment presented in Figure 3. The scenarios with potential 166 

negative impacts on plant function due to extremely high temperatures were performed on 167 

each plant's last days of measurements. Some repetitions of scenarios were performed to 168 
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estimate changes in plant function over time. 169 

 170 
Figure 3: Climate scenarios set in the monitoring microcosm and the sequence of measurements. Grey cells 171 
indicate dates on which the plant is in the storage microcosm. Points indicate the date of leaf gas exchange 172 
measurement (black crosses) and dates of 3D reconstruction of plants (red points). 173 

Leaf-level CO2 and H2O gas exchanges 174 

Leaf gas exchange measurements were performed with a Walz GFS-3000 portable gas 175 

analyser with a Walz PAM-Fluorometer 3056-FL and a cuvette area of 8 cm2. One leaf per 176 

plant was regularly measured in the storage microcosm during the experiment (responses 177 

curves, Figure 3) before and after the climatic scenarios. At each date, the leaf 178 

photosynthesis response to CO2 (A~Ci curves) was measured, followed by the 179 

photosynthesis response to photosynthetic photon flux density (A~PPFD curves) and 180 

stomatal conductance response to vapour pressure deficit (Gs~VPD).  181 

The A~Ci curves were performed at a saturating PPFD of 1500 µmol m⁻² s⁻¹, a controlled 182 

cuvette air temperature of 25°C, a relative humidity of 65%, a constant air flow rate through 183 

the cuvette of 750 mL min-1, and changing [CO2] from 400 to 50 ppm, then from 400 to 2000 184 

ppm in 13 steps total. 185 

The light curves were performed after an acclimation to ambient CO2 of 6 minutes after the 186 

A-Ci curves. The temperature and relative humidity were maintained the same as for the A-187 

Ci curves and the light was changed in 9 steps from 1500 µmol m² s⁻¹ of PAR to 10 µmol m² 188 

s⁻¹ of PAR.  189 

The Gs~VPD curves were measured in 7 steps from 0.7 kPa to 2.5 kPa at 1500 µmol m² s⁻¹ 190 

of PAR and 400 ppm [CO2]. The VPD was controlled by changing the relative humidity (from 191 

75% to 30%) and the air temperature (from 23°C to 27°C). 192 

These response curves can be used to estimate the parameters of coupled leaf 193 

photosynthesis and transpiration models (Busch et al., 2024). In the dataset, we used the 194 

A~Ci curves to estimate the Farquhar-von Caemmerer-Berry (FvCB) of C3 photosynthesis 195 

(Farquhar et al., 1980) parameters at a reference temperature of 25°C using the 196 

temperature-dependent parameters from Kumarathunge et al., (2019), except for the rate of 197 
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decrease of the function above the optimum for the rate of electron transport (Hdj) and rubisco 198 

activity (Hdv) that were taken from Dreyer et al. (2001) and Medlyn et al. (2002). The 199 

estimated parameters included the maximum rate of rubisco carboxylation (Vcmax), the 200 

maximum potential electron transport rate (Jmax), the rate of mitochondrial respiration (Rd) 201 

and the triose phosphate utilisation rate (TPU,  Figure 4a). Response curves to VPD were 202 

used to estimate the parameters of Medlyn's stomatal conductance model (Medlyn et al., 203 

2011), i.e. the residual stomatal conductance (g0) and the slope parameter (g1, Figure 4b), 204 

although other models could be used. 205 

 206 

Figure 4: Calibration of photosynthesis and stomatal conductance models from leaf gas exchange responses 207 
curves. A) A~Ci response curve fitted with the Farquhar-von Caemmerer-Berry (FvCB) model. B) The Gs~VPD 208 
(Dl) response curve is fitted with Medlyn's stomatal conductance model (Medlyn et al., 2011). 209 

The last week of the experiment, additional measurements were conducted on two plants 210 

(Figure 3) to assess the correlations between leaf-level gas exchanges and plant-level gas 211 

exchanges. The aim was to investigate whether leaf gas exchange is influenced by overall 212 

plant conditions, mainly focusing on the light environment. The plant was placed in the flux 213 

chamber, with one leaf attached to the Walz leaf gas analyser. The conditions within the 214 

Walz’s head remained constant in terms of temperature, [CO2] and relative humidity, while 215 

the light was either at saturation (1500 mol m-2 s-1; WalzClosed test) or following the 216 

ambient conditions of the microcosm by removing the light component from the head 217 

(WalzOpen test). During both tests, the climate conditions within the microcosm followed the 218 

reference scenario (400 ppm), but the light ranged from darkness to peak photosynthetically 219 

active radiation (PAR) levels (Figure S1). 220 

Leaf temperature  221 

Vcmax: 49.61 

 Jmax: 114 

 TPU: 8.18 

 Rd: 0.45

Plant 2 Leaf 5   2021−03−03

0 500 1000 1500

0

5

10

15

20

25

Ci (ppm)

A
n
 (

m
m

o
l 
m

 -
2
 s

-
1
)

FvCB

Obs

A

g0: 0.01 

 g1: 2.57

Plant 2 Leaf 5   2021−03−03

0.005 0.006 0.007 0.008 0.009

0.07

0.08

0.09

0.10

0.11

0.12

A/(CaDl
0.5

) (ppm)

g
s
 (

m
o
l 
m

 -
2
 s

-
1
)

Medlyn

Obs

B



 9 

Leaf temperature was measured with a FLIR Vue™ Pro R thermal camera triggered by a 222 

Raspberry Pi to take one image every second automatically. The camera was installed on 223 

the top left corner of the chamber and oriented toward the centre of the microcosm to ensure 224 

optimal coverage of the plant canopy. Images were continuously recorded from March 2nd to 225 

May 3rd and later processed to extract regions corresponding to identifiable leaves from each 226 

frame. For every image, fixed masks were defined to isolate the maximum consistently 227 

visible area of each leaf, accounting for slight movements induced by wind inside the 228 

chamber (Figure 5). Leaf temperatures were calculated after adjusting for air temperature 229 

and relative humidity within the chamber. Finally, the mean, maximum, minimum and 230 

standard deviation of the temperatures within each mask were computed. 231 

 232 

Figure 5: A) Masks of leaf area for estimating leaf temperature. The mask is located at the centre of the leaf to 233 
avoid capturing image pixels that may not consistently represent the leaf due to internal chamber wind. The 234 
colours represent the different masks of the monitored leaves. B) Temperatures of leaves and the air temperature 235 
(black points) over a day.  236 

Leaf chlorophyll content 237 

The chlorophyll content of leaves was measured with a SPAD chlorophyll meter (SPAD-502; 238 

Minolta, Ltd., Japan). At the beginning of the experiment (February 16th and 23th), SPAD 239 

readings were taken on every leaf of all the plants. Then, SPAD measurements were 240 

repeated on all leaves of each plant prior to conducting leaf gas exchange measurements in 241 

the microcosm. 242 

Plants architecture 243 

LiDAR scans of the four plants were conducted every week throughout the entire period of 244 

flux measurements. At least three viewpoints were captured for the co-registration process to 245 
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enabled detailed reconstruction of each leaf for each date—particularly in the densely 248 

overlapping central regions—without interference from adjacent foliage.  249 

Plant reconstructions were carried out manually in Blender (Blender Online Community, 250 

2022). Using plane meshes fitted to the leaf point clouds via the poly build tool with automatic 251 

vertex merging (Figure 6A), each organ was reconstructed separately and exported as a 252 

`ply` file. 253 

To overcome the challenge of distinguishing overlapping leaves in the central region, we 254 

leveraged the individual leaf reconstructions to guide the plant-scale point clouds 255 

reconstructions. Starting with the latest LiDAR scan (which was closest in time to the 256 

individual leaf scans), we integrated these detailed leaf models into the overall 257 

reconstruction. Then, proceeding chronologically backward, we manually modified and 258 

adjusted the meshes to fit the point clouds of preceding dates, using the later reconstructions 259 

as references. This sequential, reference-based approach enhanced the consistency and 260 

accuracy of the reconstructions over time (Figure 6B).  261 

 262 
Figure 6: 3D reconstruction from LiDAR point clouds. A) Building plane meshes on point cloud with the poly build 263 
tool of Blender. B) Full reconstruction of the 3D mock-up from points cloud. 264 

Each time a plant was placed in the microcosm to undergo a climate scenario sequence, we 265 

selected the LiDAR point cloud that best represented these dates for reconstruction. Due to 266 
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the slow development of the plants. Ultimately, four dates were chosen to capture the 267 

evolution of the plant architecture for each plant (Figure 3). 268 

In the final step, each ply file was converted into an Open Plant Format (OPF, Griffon and de 269 

Coligny, 2014), a portable file that stores both plant topology and geometry and is commonly 270 

used in simulation models of biophysical processes. The plant topology was defined by six 271 

symbols: Plant, Pot, Bulb, Stipe, Leaf and Spear.  272 

The quality of the virtual reconstructions was assessed by comparing the area of each virtual 273 

leaf to measurements obtained with a leaf area meter (Licor LI-3100C) at the end of the 274 

experiment. The results demonstrated a high level of agreement between the measured and 275 

reconstructed leaf areas (Figure 7).  276 

 277 

Figure 7: Evaluation of 3D reconstructions based on leaf area. Numbers indicate the leaf number, and colours 278 
refer to the plants. The inset represents the total plant leaf area estimated from 3D mesh and measured with the 279 
leaf area meter. 280 

Mapping photosynthetically active radiation in the microcosm 281 

We conducted specific measurements to assess the spatial heterogeneity of light within the 282 

microcosm using a PAR sensor device (Sunscan, Delta-T, Figure 8). This device is equipped 283 

with 60 sensors, each spaced 1.6 cm apart, which allows for a fine-scale mapping of the light 284 

environment.  285 
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Measurements were performed under three distinct conditions: i) in an empty microcosm to 286 

capture both direct and diffuse radiation; ii) in an empty microcosm with black felt applied to 287 

the walls to suppress scattered light (Figure 8A); and iii) in the microcosm with a plant 288 

present (Figure 8B).  289 

For the empty chamber, light was measured at four vertical heights (21 cm, 51 cm, 81 cm, 290 

and 111 cm from the light source) to capture the vertical distribution of radiation. In the 291 

presence of a plant, measurements were taken at the top of the pot (105.4 cm from the light 292 

source), and at mid-canopy level (91.5 cm from the light source). At each of these heights, 293 

we conducted a horizontal mapping by measuring light at eleven positions spanning from 10 294 

cm to 90 cm across the chamber starting from the left side, with additional measurements at 295 

5 cm and 95 cm to capture edge effects. The pot was placed in the centre of the chamber, 296 

approximately 56 cm from the lateral and back walls, and a black net was positioned on the 297 

chamber floor in all conditions to minimize light reflections. The light source consisted of four 298 

LED spots, with its spectral distribution detailed in Supplementary Material Figure S2. 299 
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 300 

Figure 8: Mapping light distribution within the microcosm using a SunScan (Delta-T) with 60 light sensors. A) 301 
Radiation levels vary based on the distance from the light source and the optical properties of the walls and soil 302 
(covered or not with black felt to prevent diffusion). B) Monitoring radiation transmission beneath the plant. The 303 
colours represent the intensity of photosynthetically active radiation (PAR) in µmol m

-2
 s

-1
. 304 

Data and code availability 305 

The raw data and scripts used to generate the final database are detailed and accessible on 306 

Zenodo (Vezy et al., 2025), the code is also accessible via a Github repository 307 

(https://github.com/PalmStudio/Biophysics_database_palm), and we also provide a 308 
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companion website (https://palmstudio.github.io/Biophysics_database_palm) showing how 309 

computations were made and the main results. The code to trigger the FLIR camera and for 310 

logging the precision scale data is also available on dedicated Zenodo repositories (Vezy, 311 

2025a, 2025b). 312 
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