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Abstract. In the future, higher plant cultivation will be a key component of Bioregenerative Life-Support
Systems. This will require a deep understanding of phenomena that play an important role at the core of
plant metabolism and of their interaction with the environment. Plants are complex organisms that must
be studied with the use of leaf replicas. This enables the study of physical phenomena at the leaf surface,
without biochemical or biological interactions nor genetic variability. To assess the influence of gravity, it
is a necessary step to develop precise mechanistic models of plant behaviour in space. This review article
presents the state-of-the-art of leaf replicas and concomitant phenomena, with a space gaze.

Résumé. À l’avenir, la culture de plantes supérieures sera un élément clé des systèmes de support de
vie biorégénératifs. Cela nécessitera une compréhension approfondie des phénomènes qui jouent un rôle
important au cœur du métabolisme des plantes et de leur interaction avec l’environnement. Les plantes
sont des organismes complexes qui doivent être étudiés à l’aide de répliques de feuilles. Ceci permet l’étude
des phénomènes physiques à la surface des feuilles, sans interactions biochimiques ou biologiques, ni
variabilité génétique. Pour évaluer l’influence de la gravité, il est nécessaire de développer des modèles
mécanistes précis du comportement des plantes dans l’espace. Cet article de synthèse présente l’état de l’art
des répliques foliaires et des phénomènes concomitants, pour une application spatiale.
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1. Introduction

The four pillars of life-support systems (LSS) are the provision of air, water, and food, as well
as waste treatment [1, 2]. For long-duration space exploration missions, it will be necessary to
recycle as much resources as possible and to grow food in situ [3]. Plants allow the supply of
fresh vitamins and nutrients which will be lacking after many months in space [4, 5]. They also
enable the recycling of oxygen and carbon into fresh nutrients and water sanitation through
photosynthesis [6]. Moreover, it is well accepted that they contribute to the crew well-being [7].

Plants have grown in low Earth orbit [8, 9] for decades, but many challenges still remain be-
fore it will be possible to grow them sustainably for food production [10–13]. Since plants are
reactive biological organisms, the elementary processes that govern their growth and develop-
ment need to be thoroughly understood before they can reliably be grown on a larger scale in
space and integrated within a bioregenerative LSS (BLSS) [12, 14]. This can be achieved with
a mechanistic, multi-layer, and multi-scale (in space and time) approach to allow the develop-
ment of knowledge-based models, which are prerequisites for implementing predictive models
and run simulations out of the standard parametric range (e.g., in reduced gravity). For example,
buoyancy-driven gas exchange at the leaf surface is altered in microgravity [15–18] and since it
drives biomass and oxygen production [19], its understanding is crucial for plant growth in space.

Gas and heat exchange is largely dependent on leaf and plant canopy boundary layer thick-
ness, which is a physical phenomenon linked to convective properties of the growth environ-
ment [17, 18, 20–22], which can be modelled independently of biological processes [23, 24]. It is
influenced by airflow movements, which depend on forced and free convection—a result of buoy-
ancy forces which therefore depends on gravity [17, 18]. Gas and heat exchange also depends on
the plant stomata size and density, which are dependent on plant species and their growth envi-
ronment [25–27].

The fact that plants present a genetic variability and are reactive systems [23,28,29] makes hard
to study a given phenomenon independently from the others, in a controlled way. Therefore, leaf
replicas have been developed and used to study strictly physical processes without influence of
plant biological processes, particularly in the context of heat and mass exchange [21, 22, 30–45].
Most of the studied leaf replicas are made of metal and/or felt sheets and can incorporate pores
to simulate stomata or resistors to study heat exchange. Their design depends on the hypotheses
and research questions of the study.

The objective of this review is to provide an overview of the state-of-the-art of existing leaf
replicas and their use to answer various questions pertaining to heat exchange and water trans-
port across plants. A focus will be on the specific context of developing mechanistic models of
plant gas exchange for applications in BLSS.

2. Challenges in using real plants

The high sensitivity of plants to their environment and their genetic variability makes it challeng-
ing to study their biophysical processes in spaceflight conditions, where volume and experiment
opportunities are limited.
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2.1. Plants are reactive systems

Plants need light (energy), water, carbon and nutrients and if these parameters are too far
from optimal conditions, abiotic stress can appear [46]. Another source of stress can be the
rapid changes in environmental physical parameters, such as temperature, light, or relative
air humidity. The stress associated with these factors occurs within seconds to minutes of the
parameter change and affects the metabolic processes of the plant which in consequence can
lead to reduced yield [47].

According to [48] active suppression of growth is part of the plant survival strategies in
response to adverse environments. The exact mechanisms, however, remain unknown, making it
hard to take stress factors into consideration while modelling the growth or while computing for
example the energy balance or transpiration rate.

Another factor which can affect the accuracy of the modelling is the plant morphology de-
scription. As it was highlighted in [49], the size and density of stomata can vary not only within
the same plant species but also within the same plant if the environment conditions slightly vary.
For example, small light or wind gradient can result in different stomatal densities between the
leaves of a single plant. Moreover, the opening and closing of stomata is closely related to the time
of day and to weather conditions [25, 50].

According to the plant needs, leaves can also modify the magnitude of absorbed solar
radiation—incident, reflected, and transmitted—by orientating the leaves towards or against the
sun and the wind [51]. As a consequence, untangling the biological and physical parameters is
not simple.

2.2. Sample size

The estimation precision of the energy components or mass exchange between the environment
and plants can also be affected by the variability of the collected samples, the variability of the
process and the heterogeneity of environmental conditions. It was proven that light gradients
across a growth chamber can cause significant differences in structure and physiology of the
leaves [52]. These results highlight the fact that sample size may significantly affect the accuracy
of ecophysiological trait estimates. To receive meaningful results, the sample size should be
adjusted to the required confidence level and margin of error, as well as to the expected variation
between individual results [53]. Taking all those factors into consideration, finding the optimal
plant size sample is a challenge in spaceflight conditions where mass and volume are limited.
Moreover, sample size might be limited by external factors like time, funding, or human capital.

One of the examples of a limited space and time are studies done in microgravity conditions—
parabolic flights or outer space studies. Parabolic flight is one of the main sources of data on
heat and mass exchange and boundary layer in microgravity, mainly because of its relatively low
cost and availability, compared to studies in low Earth orbit. Additionally, most of the systems
which were tested in space did not have the possibility to measure all of the previously mentioned
parameters and phenomena on plants or leaf replicas because of the lack of humidity and/or
temperature control [54]. In parabolic flight studies, the periodic evolution of the gravity level
induces extra stresses to the plants. As described in the previous section, the influence of these
stresses is not yet fully detailed and understood, and this might introduce confounded factors to
the measurements.

Leaf replicas have been introduced in order to study physical processes occurring at the leaf
level in steady and transient states, without the bias caused by environmental stress factors or
genetic variability occurring on limited sample size. The collected data can be used for primary
validation of predictive models describing these processes without biochemical interaction.
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A model, which can accurately simulate physical processes, can later be extended or scaled to
the whole canopy level [51].

3. Leaf replicas used in recent literature

Different types of replicas have been used to study physical processes within plants. Depending
on the purpose, we identified three groups of replicas:

• Simple replicas made of one material (dry and wet),
• Complex replicas with simulated stomata,
• Replicas with internal heating.

The major topics analysed with replicas concerned the energy balance and transpiration rate and
the boundary layer conductance. The symbols and notations, used later in this section, to present
how leaf replicas can simplify the equations, are summarized in Table 1.

3.1. Energy balance

3.1.1. Description of the biophysical phenomena

The temperature of the environment is one of the major factors affecting almost all plant
processes like photosynthesis, respiration, biosynthesis, membrane transport, transpiration and
the volatilization of specific compounds [51]. Consequently, it is crucial to precisely understand
its role in all processes.

Leaves absorb most of the short-wave radiation emitted by the sun (Ephotons), from which
small fractions are reflected, transmitted, or used in metabolic processes. As a result, plants
developed mechanisms to dissipate the induced heat, to avoid getting overheated, so that these
heat loss mechanisms are crucial for their survival. Heat is also given off as a side effect of
photosynthesis through transpiration. The main components of plant energy balance are [55]:

• Emitting long-wave infrared radiation (Eray),
• Convection heat transfer (Econv),
• Latent heat transfer (Elat).

All of the energy balance components are presented on the Figure 1.
During metabolic processes plants also produce some energy and during photosynthesis

a certain amount of energy is consumed, however the amount of heat involved during these
processes is relatively small compared to the processes mentioned above and is usually neglected
in the calculations [51]. At steady state the conservation of energy implies that the sum of all
these energy components is equal to zero, but even a small change in one of the components of
the energy balance will cause a change in the leaf temperature. Mechanistic approaches to plant
energy balance models have been described in [20, 24]. In general, the energy balance can be
described using the following equation:

dTleaf

dt
= Ephotons −Eray −Econv −Elat

C pleaf
(3.1.1)

where C pleaf—the leaf specific heat capacity in J·K−1.
For discrete light spectrum (like the ones in use on ISS), the amount of energy absorbed by the

plants can be calculated using the equations described in [24]:

Ephotons = I maxNAhc
λmax∑

i=λmin

γi

λi
(3.1.2)
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Table 1. Summary of the symbols and notations

Name Symbol Unit
Light velocity c m·s−1

Molar air specific heat capacity at constant pressure Cp J·mol−1·K−1

Liquid water specific heat capacity at constant pressure C pH2O J·kg−1·K−1

Specific heat capacity of humid air Cs J·kg−1·K−1

Specific heat capacity of i component C i
p J·K−1

Diffusion coefficient for water DH2O m2·s−1

Heat diffusion coefficient D t m2·s−1

Convection energy Econv W
Latent energy Elat W

Short-wave radiation energy Ephotons W
Net longwave energy Eray W

Gravitational acceleration g m·s−2

Leaf conductance for water vapour GH2O mol·m−2·s−1

Boundary layer conductance for water g H2O
BL mol·m−2·s−1

Stomatal conductance for water g H2O
s mol·m−2·s−1

Boundary layer conductance for heat transfer g heat
BL m·s−1

Planck constant h J·s
Height of plant chamber H m

Maximum light absorption rate I max mol·s−1

Incident shortwave radiation Is W·m−2

Heat capacity k J·m−2·K−1

Heat transfer coefficient kt m·s−1

Leaf characteristic length L m
Leaf area L A m2

Water mass in the leaf mH2O kg
Avogadro number NA mol−1

Atmospheric pressure of the bulk air Pbulk Pa

Water partial pressure in bulk air pH2O
bulk Pa

Water partial pressure at the leaf surface pH2O
leaf Pa

Ideal gas constant R J·mol−1·K−1

Temperature T K
Bulk air temperature Tbulk K

Bulk air velocity Vbulk m·s−1

Forced convection velocity Vforced m·s−1

Free convection velocity Vfree m·s−1

Short wave absorbance α -
Percentage of the wavelength γi -

Boundary layer thickness δ m
Emissivity ε -

Incident photon wavelength λi m
Air density ρ kg·m−3

Water vapor molar density ρmol,H2O mol·m−3

Stefan–Boltzmann constant σ W·m−2·K−4

Water transpiration rate ϕH2O mol·s−1

Water latent heat of vaporisation Λmol J·mol−1

Subscript i refers to leaf, replica, black replica, white
replica, dry replica, wet replica, heated replica respectively

ileaf, irep, iblack, iwhite,
idry, iwet, iheated

-
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Figure 1. Leaf energy balance components.

where I max—maximum light absorption rate, NA—Avogadro number, h—Planck constant, c—
light velocity, λmin/max—respectively the lowest and highest wavelengths of the light source, γi —
percentage of the wavelength λi .

For continuous light spectrum (like the sun), the absorbed energy can be described as:

Ephotons =
∫ λmax

λmin

I ·NAhc

λ
dλ. (3.1.3)

By assuming the plant canopy and the surroundings have similar emissivity, and according to
the Stefan–Boltzmann law, the net radiation energy for the leaf can be calculated using following
equation:

Eray = εσ(T 4
leaf −T 4

bulk)L A (3.1.4)

where ε—emissivity coefficient value usually between 0.94 and 0.99 for plants, σ—Stefan–
Boltzmann constant, Tleaf—leaf temperature, Tbulk—bulk air temperature and L A—leaf area.

Although heat exchanged via transpiration is one of the main components of the energy
balance, subsequent leaf cooling is a consequence of the stomatal opening required to sustain
photosynthesis and leading to water evaporation through them, rather than a mechanism to
control leaf temperature. Without latent energy loss however, the leaf temperature could rapidly
rise to lethal level [56].

The latent heat flux can be calculated using the following equation:

Elat =ΛmolϕH2O (3.1.5)

whereΛmol—water latent heat of vaporisation and ϕH2O—water transpiration rate.
Another component of plant heat balance is the convective heat transfer which is related to the

air flow around the leaf. Heat and mass diffuse through the leaf boundary layers and are modelled
by the boundary layer conductance [52]. It can be described with the following equation [24]:

Econv =Cp kt
Pbulk

RTbulk
(Tleaf −Tbulk)L A (3.1.6)
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where Cp —molar air specific heat capacity at constant pressure, Pbulk—atmospheric pressure of
the bulk air, Tleaf—leaf surface temperature, L A—leaf area, kt —heat transfer coefficient defined
as a function of heat boundary layer thickness and heat diffusion coefficient:

kt = D t

δ
(3.1.7)

where δ—boundary layer thickness D t —heat diffusion coefficient.
Because of the phenomena described in this article appear in a gas phase—the Prandtl and

Schmidt numbers are close to unity, the heat and mass boundary layers described here later, are
assumed to be equal and named δ hereafter.

The boundary layer thickness can be calculated using following equation:

δ= 2

ξ

√
υL

Vbulk
(3.1.8)

where ξ—empirical coefficient, usually varying between 1–1.33, υ—air kinetic viscosity, L—leaf
characteristic length, Vbulk—bulk air velocity.

Where bulk air velocity is defined in the following way:

Vbulk =Vfree +Vforced (3.1.9)

where Vfree—free convection velocity, Vforced—forced convection velocity.
Free convection velocity is a function of gravity:

Vfree =
√

2g H
∆ρ

ρ
(3.1.10)

where g —gravitational acceleration, H—height of the chamber ∆ρ—density gradient between
the surface of the leaf and bulk air ρ—air density. Detailed description of this model can be found
in [24].

For studies conducted in microgravity, the lack of natural convection must be considered, as
it significantly affects the energy balance components [56]. The studies in microgravity will allow
to understand this phenomenon and test the accuracy of the model.

3.1.2. Associated replicas

To study the energy balance of a leaf, many researchers used dry replicas (Table 2). The idea
was to use a dry reference surface with properties (radiative and aerodynamic) similar to a real
leaf and to place it in the same environment as a real plant or other replicas in order to assess
the net energy flux due to light energy exchanges [31, 32]. The source of the energy provided to
the replica was an external light source [32–34] or internal heating by using resistors [35, 36]. The
use of dry replicas eliminates the latent heat term from the energy balance equations and thus
enables their simplification; it also allows to remove from the equation most of the effects of the
surrounding environment like for example long wave radiation.

Dry replicas were used to estimate the convective heat transfer in normal conditions—for dif-
ferent airflows [32,38], leaf temperatures [35,36], or gravity conditions [32,33] without secondary
effects of the stress on other energy balance components.

The shapes of the leaf replicas were usually mimicking the shape of real leaves tested in
parallel, such as those of barley wheat, strawberry or sweet potato [31, 32, 36]. Dry replicas were
made from copper [32], brass sheet [35], Perspex [36] or aluminium sheet [31,34]. Scientists were
searching for materials with optical properties close to the ones of real leaves [32, 35, 36].

Vialet-Chabrand and Lawson however have highlighted in [31] that the reference materials did
not have exactly the same optical and thermal properties as real leaves, and this may introduce
a bias in estimating the heat balance parameters. The authors suggested to directly include
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Table 2. Summary of the energy balance studies done with replicas

Studied
phenomena

Type of
replica

Reference Tested
parameters

Used sensors Environment

Energy
balance

Dry replica [31] Day/night
transition

IR camera,
thermocouples,

light sensor

Controlled

Pair of
dry/wet
replica

[32] Wind speed,
irradiance

Thermocouples Controlled

[33] Gravity, wind
speed

IR camera Controlled

[34] Wind speed Thermocouples,
anemometer,

scale

Controlled

Heated
replica/non

heated replica

[35] Wind speed Thermocouples,
anemometer

Controlled

[36] Wind speed,
wind angle

IR camera,
thermocouples,

radiometer

Controlled

Replica with
stomata

[30] Wind speed,
humidity,

irradiance,
pores density

IR camera,
thermocouples,
heat flux sensor

Controlled

[31] Day/night
transition

IR camera,
thermocouples,

light sensor

Controlled

differences in thermal and optical properties in the energy balance equations and predict the
leaf thermal kinetics from a reference material instead of mimicking leaf properties [35]:

dT leaf

dt
=

C prep dT rep

dt − (E leaf
photons −E rep

photons)+ (E leaf
ray −E rep

ray )+ (E leaf
conv −E rep

conv)+E leaf
lat

C p leaf
(3.1.11)

The terms are as explained above. The superscript leaf is of the real leaf, the subscript rep for
replica.

Another approach to simplify energy balance is by using dry and wet replicas with similar ther-
mal capacity. Measuring the temperature difference between them in the same environmental
conditions enables the computation of the latent heat flux from the wet replica. Indeed:

C prep

(
dT dry

dt
− dT wet

dt

)
= (E dry

photons −E wet
photons)− (E dry

ray −E wet
ray )− (E dry

conv −E wet
conv)− (E dry

lat −E wet
lat )

(3.1.12)
The terms are as explained above. The superscript dry is of the dry replica, the subscript wet

for wet replica.
Since the short-wave incoming radiation energy, the long-wave energy and the convection
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energy are the same for both replicas, the equation can be derived only with the modelling of the
latent energy flux:

C prep

(
dT dry

dt
− dT wet

dt

)
= E wet

lat (3.1.13)

By using replica with stomata together with dry replica it is possible to calculate the latent energy
flux of the leaves with the specified size of stomata by applying Equation (3.1.13).

Heated replicas combained with not heated ones were used to calculate the convection energy.
If the replica did not have an external source of energy (other than the heater in one of them)
and if the temperature of the not heated one is equal to the temperature of the environment the
Equation (3.1.12) can be simplified to:

C p
dT heated

dt
=−E heated

conv (3.1.14)

The terms are as explained above. The superscript heated is of the heated replica.

3.2. Transpiration

3.2.1. Description of the biophysical phenomenon

The transpiration rate (ϕH2O) from the Equation (3.1.5) can be calculated using the following
equation:

ϕH2O =Λmol
GH2O

Pbulk
(pH2O

leaf −pH2O
bulk )L A (3.2.1)

where Pbulk—bulk air total pressure, pH2O
leaf —water partial pressure at the leaf surface, pH2O

bulk —
water partial pressure in bulk air and L A—leaf area, GH2O—leaf conductance for water vapour
defined as:

GH2O = g H2O
BL + g H2O

s

g H2O
BL · g H2O

s

(3.2.2)

where g H2O
s —stomatal conductance for water and g H2O

BL —boundary layer conductance for water
vapour, defined as a function of boundary layer thickness, where boundary layer thickness
depends on the gravity. For the detailed equations, please refer to [24].

The leaf conductance for diffusion of water vapour depends on the stomatal and boundary
layer conductance. The boundary layer conductance depends on their thicknes which depends
on the gravity as it was described in Equations (3.1.8)–(3.1.10), so transpiration is another com-
ponent which is strongly affected by a reduced or the absence of gravity and therefore needs to
be studied.

3.2.2. Associated replicas

In the studies of transpiration rates, a few types of replicas have been used (see Table 3). The
simplest approach was to use a wet replica together with a real leaf to determine the air water
vapor resistance [22, 37].

When a wet replica was combined with a dry one, the resistance value could later be used to
calculate the transpiration rate of the real leaf [34]. One of the early studies of the transpiration
used two aluminium sheets, a bare one and one with a wet filter glued to it [34]. Both replicas
had thermocouples sticked to the surface and were placed on a scale to measure the evaporation
rate. The goal of the study was to determine the air water vapor resistance. Currently the simple
wet replicas were mostly made from wet cloth or paper and placed on a supporting structure.
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Table 3. Summary of the transpiration studies done with replicas

Studied
phenomena

Type of
replica

Reference Tested
parameters

Used sensors Environment

Transpiration
rate

Wet replica
combined

with real leaf

[22] Wind speed IR camera,
thermocouples,

hygrometer

Controlled

[37] Gravity IR camera,
thermocouple,
leaf porometer,

hygrometer

Controlled

Wet replica [38] Light intensity IR camera Controlled

Pair of
dry/wet
replica

[34] Wind speed Thermocouples,
anemometer,

scale

Controlled

Vessel with
the perforated

structure on
the top

[39] Pores size,
pores density

Scale, humidity
sensors

Controlled

[40] Pores size,
pores density,

pore
geometry

Scale,
anemometer,

humidity sensor,

Controlled

[41] Pores size,
pores density,

leaf angle

Scale,
thermocouples,

anemometer,
humidity sensor,
pressure sensor

Controlled

Replica with
stomata

[30] Wind speed,
humidity,

irradiance,
pores density

IR camera,
thermocouples,
heat flux sensor

Controlled

[31] Day/night
transition

IR camera,
thermocouples,

light sensor

Controlled

When they were compared with dry replicas it was possible to calculate the transpiration rate by
applying equation:

ϕH2O = C p

Λmol

(
dT dry

dt
− dT wet

dt

)
(3.2.3)

The terms are as explained above.
The simple wet replica however, did not have pores, so the evaporation was not limited by

them and it was similar to the evaporation from a free surface [34]. Hence, the evaporation energy
from such replicas is overestimated compared to the one of a real leaf. To solve this problem
another type of replica was developed. In the literature two types of replicas with artificial stomata
are described. The first one consists of a petri dish or other small vessel with a micro-perforated
foil, or a plate placed on it [39–41]. The main purpose of these studies was to investigate the
influence of the size, the density, the shape of pores and the angle of the leaf on the evaporation



Joanna Kuzma et al. 11

rate and relate it to the influence of stomata on leaf transpiration. The replicas were put on a
scale or were weighted periodically [39–41] to measure the change in weight over time. This kind
of setup allowed an accurate evaluation of the rate of evaporation, but the thermal and buffer
properties of this type of replica are significantly different from those of real leaves. This is due to
different surface areas, materials and thicknesses, flat shapes, not flexible structures, and greater
heat capacities (due to the thick water layer in the vessel with water).

In order to solve this problem Schymanski et al. proposed another type of replica, which in-
cludes pores that are similar to stomata in terms of size [30]. This replica consists of a capillary
filter paper glued onto aluminium tape with a water supplying tube and thermocouples sand-
wiched between the layers. On one side of the replica, the aluminium foil had artificial stomata
with defined dimensions—similar in size to real stomata. The non-transpiring side was covered
with black aluminium tape. The studies were conducted in a closed chamber and the evapora-
tion rate was measured based on the parameters of the air coming in and out of the measure-
ments area with the humidity sensor, anemometers, and thermocouples. The replica was tested
for various humidity and wind speed conditions and with several pore densities. This setup al-
lowed to study evaporation rate together with the energy balance. The replica was mainly devel-
oped to study the energy balance at steady state. This type of replica was slightly modified later
by Vialet-Chabrand and Lawson to make measurements in dynamic conditions [31]. This replica
was made of an aluminium plate which was covered by black tape with known absorbance and
emissivity on non-transpiring side like in the previously described replica. The transpiring side of
the leaf was covered with a felt fabric enclosed in a plastic microporous sheet, where pores had a
known diameter depth and density. The felt sandwiched between the aluminium layers was sat-
urated with water, so the only factors affecting the transpiration were the size and density of the
pores and the environmental conditions (fluctuating light environment, wind speed or humid-
ity). These factors together with the angle of the leaf facing the flow were studied in detail. This
replica was studied together with two dry replicas of same absorbance but different emissivity.
This allowed the calculation of every component of the leaf energy balance separately by mea-
suring the difference in the temperature between all the replicas. The whole calculation proce-
dure is described in [31].

3.3. Boundary layer

The boundary layer is a representation model of the thin layer of air that develops close to a leaf
in presence of an air flow and where the physical parameters like velocity, temperature, H2O and
O2 concentrations are modified by diffusion [57].

3.3.1. Description of the biophysical phenomenon

The boundary layer conductance for water (g H2O
BL ) can be described using the following

equation:

g H2O
BL = DH2Oρmol,H2O

δ
(3.3.1)

where: DH2O—diffusion coefficient for water, ρmol,H2O—water vapor molar density, δ—boundary
layer thickness, described with the Equation (3.1.8). For more details please, refer to [24].

It was shown in [22] that increased ventilation causes a reduction in the leaf boundary layer
resistance. This phenomenon is quite significant in microgravity, where there is no free convec-
tion, and the thickness of the boundary layer goes to infinity if there is no forced convection [24].
A detailed description of the model of the boundary layer with the gravity as a parameter can be
found in Poulet et al. [24].
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3.3.2. Associated replicas

The experiments to study the boundary layer conductance can be divided into two groups
(Table 4): experiments performed in a controlled, laboratory environment [22,30,31,33,35,36,44]
and experiments in a natural environment—like field, forest or a greenhouse [21, 42–44].

Most of the experiments carried out in the field used a similar design for the leaf replica. They
were made of highly polished brass sheets [21,42,44] or flexible Mylar1 sheet [43]. The shape and
size of the replicas were adjusted to the shape and size of the average leaf of the studied plant
or tree. In between the sheets or on the bottom part the heaters were glued. The heater was or
isolated with enamel coating [21], or double-sided adhesive tape [42, 45] or glued with double-
sided adhesive tape with epoxy resin [44], Sellotape [35] or moulded into the leaf replica [36].
The thermocouples were attached to the replica to measure the mean temperature of the replica
surface and the dynamic of the temperature change. In the field experiments, replicas were
attached to the real plant. In some studies, the replicas were used in pairs and were alternatively
heated [42, 43] or one was heated and the other not [21, 44]. Similar replicas have been used to
calculate the boundary layer conductance in controlled environment [35, 36, 44, 45]. In these
tests, the main goal was to calculate the boundary layer conductance as a function of the leaf
temperature and airflow [35, 36, 44, 45] and study the corelation between the boundary layer
conductance and the angle of the wind [36]. The thickness and shape of the leaf were similar
to the real leaves. In the experiment described by Schymanski et al. [30] the replica described
in Section 3.2.2 was used, to test the leaf conductance as a function of wind speed and vapour
pressure in steady state.

To simulate boundary layer parameters, Vialet-Chabrand and Lawson in [31] has proposed
another approach (described as well in the Section 3.2.2). Using two dry replicas at the same
time with identical thermal properties but covered with a different colour (black and white to
differentiate their optical properties), allows to calculate heat boundary layer conductance in the
dynamic conditions by applying equation below:

g heat
BL =

k
(

dT white

dt − dT black

dt

)
+ Is (αblack −αwhite)−2σ(εwhiteT white4 −εblackT black4

)

2ρCs (T white −T black)
(3.3.2)

where g heat
BL —boundary layer conductance, Is —incident shortwave radiation, α—short wave

absorbance, ρ—air density, k—heat capacity of the replica, Cs —specific heat capacity of humid
air.

The main goal of this experiment was to develop a procedure and model to calculate the stom-
atal conductance in transient regime by using replicas. A good understanding of the processes
at the leaf level can pave the way to scaling up and modelling a whole canopy instead of sin-
gle leaves by using mechanistic equations. The complexity of this topic is described in the next
section.

4. Scaling-up gas exchange from the leaf to the canopy level with an energy balance

For the scaling-up of the physical phenomena from the leaf level to the canopy level, it is
fundamental to determine among all the interactions within the plants, especially the ones that
are strongly affected by the surroundings, as in most cases changing from one scale to another is
not linear. For example, the prediction of canopy transpiration is different from the results which
would be obtained by summing up individual leaf responses because each leaf significantly
affects the surrounding environment by changing e.g., the wind speed, the irradiance, or the
relative humidity. Therefore, the transpiration rate predicted for a canopy from a single leaf model
would be overestimated. In addition, the change in irradiance is exponentially decreasing with
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Table 4. Summary of the energy balance studies with replicas

Studied
phenomena

Type of
replica

Reference Tested
parameters

Used sensors Environment

Boundary
layer

conductance

Wet replica [22] Wind speed IR camera,
thermocouples,

hygrometer

Controlled

Pair of 2 dry
replicas

[31] Day/night
transition

IR camera,
thermocouples,

light sensor

Controlled

Pair of
dry/wet
replica

[33] Gravity, wind
speed

IR camera Controlled

Heated
replica

[21] Day/night
transition,

leaf position

IR camera,
thermocouples,

light sensor

Greenhouse

[42] Wind speed IR camera,
thermocouples,

light sensor

Greenhouse

[43] Wind speed,
time of the

day

IR camera,
thermocouples

Field experiment

[44] Wind speed Thermocouples,
humidity

sensor,
anemometer,

scale

Field
experiment,
controlled

[35] Wind speed Thermocouples,
anemometer

Controlled

[45] Temperature
gradient,

wind speed

Thermocouples,
cameras

Controlled

[36] Wind speed,
wind angle

IR camera,
thermocouples,

radiometer

Controlled

Replica with
stomata

[30] Wind speed,
humidity,

irradiance,
pores density

IR camera,
thermocou-

ples, heat flux
sensor

Controlled

[31] Day/night
transition

IR camera,
thermocouples,

light sensor

Controlled
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the leaf area index, and this significantly reduces the amount of light absorbed by the leaves
which are not directly exposed to the sun [51].

The plant canopy generates a resistance to air movements, which in consequence reduces
wind speed within the canopy and in turn lowers the boundary layer conductance of certain
leaves, as compared to what would be expected based on a single leaf of similar dimension
and submitted to the same environmental parameters. Transpiration also affects the local water
vapour pressure around the leaf. When stomatal conductance increases, water vapour pressure
around the leaves increases as well and therefore reduces transpiration (see Equation (3.2.1)).
In consequence transpiration increases less than what would be expected from the increase in
stomatal conductance alone [58].

A good model for scaling-up from leaf to the canopy level will be based on mechanistic
processes that develop at a lower scale. Hence, it is necessary to determine mechanistic model
of a single leaf behaviour under specific environmental conditions, and for that it is necessary to
start with a leaf replica.

This approach will help to address the questions which still have not been completely an-
swered, like for example: can we use a big leaf model to calculate gas exchange and energy bal-
ance of a whole plant? Or it is necessary to combine individual gas exchange of each leaf and their
individual microclimate in the energy balance at the canopy level?

Answering these questions is mandatory for developing safe, reliable, and robust LSS based
on plants and to reach a full control of them.

5. Conclusions—how can leaf replicas help us to fill the gap in modelling

Understanding physical processes behind stomatal conductance in space environment, linked to
energy and mass balances through mechanistic models, should enable a better comprehension
of plant gas exchange in greater details. To achieve this, it is crucial to quantify how the boundary
layer thickness varies in changing conditions, like space, or fluctuating conditions associated to
parabolic flights. Microgravity strongly affects the physical exchanges at the leaf surface, being
the first step of a cascade of biological events that are a consequence of these out-of-range
conditions. To achieve a detailed understanding of physical processes at the leaf surface, replicas
are necessary. This will allow the development of safe and controllable life-support systems based
on living organisms.

The integration of mechanistic models at the leaf level will have to be scaled at the whole
canopy in order to use knowledge-based description of mass, heat and energy exchange instead
of empirical models, that were not developed for closed or space environments. This is the path
for the development of reliable higher plant chambers in space environments.

Conflicts of interest

Authors have no conflict of interest to declare.

Acknowledgements

The authors would like to acknowledge CNES and the MELiSSA Foundation for funding JK’s PhD,
in the frame of which this study was done.

The authors wish to thank deeply the reviewers for the time they spent on the review and the
judicious comments they gave.



Joanna Kuzma et al. 15

References

[1] M. K. Ewert, T. T. Chen, C. D. Powell, Life Support Baseline Values and Assumptions Document, 2022, NASA/TP-
2015218570/REV2, NASA JSC. (English only) https://ntrs.nasa.gov/citations/20210024855.

[2] P. Eckart, “Fundamentals of life support systems”, in Spaceflight Life Support and Biospherics, Springer, Netherlands,
Dordrecht, 1996, p. 79-173.

[3] R. M. Wheeler, “Agriculture for space: people and places paving the way”, Open Agric. 2 (2017), p. 14-32.
[4] G. D. Massa, J. T. Richards, L. E. Spencer, M. E. Hummerick, G. W. Stutte, R. M. Wheeler, G. L. Douglas, T. Sirmons,

“Selection of leafy green vegetable varieties for a pick-and-eat diet supplement on ISS”, in 45th International
Conference on Environmental Systems ICES-2015-252, Bellevue, Washington, July, 2015.

[5] C. M. Johnson, H. O. Boles, L. E. Spencer, L. Poulet, M. Romeyn, J. M. Bunchek, R. Fritsche, G. D. Massa, A. O’Rourke,
R. M. Wheeler, “Supplemental food production with plants: a review of NASA research”, Front. Astron. Space Sci. 8
(2021), article no. 734343.

[6] R. M. Wheeler, “Plants for human life support in space: from Myers to Mars”, Gravitat. Space Res. 23 (2010), p. 25-36.
[7] R. Odeh, C. L. Guy, “Gardening for therapeutic people-plant interactions during long-duration space missions”,

Open Agric. 2 (2017), p. 1-13.
[8] D. M. Porterfield, G. S. Neichitailo, A. L. Mashinski, M. E. Musgrave, “Spaceflight hardware for conducting plant

growth experiments in space: The early years 1960–2000”, Adv. Space Res. 31 (2003), p. 183-193.
[9] G. D. Massa, R. M. Wheeler, R. C. Morrow, H. G. Levine, “Growth chambers on the International Space Station for

large plants”, Acta Hortic. 2 (2016), no. 1, p. 215-222.
[10] M. S. Anderson, D. Barta, G. Douglas, B. Motil, G. Massa, R. Fritsche, C. Quincy, M. Romeyn, A. Hanford, “Key gaps

for enabling plant growth in future missions”, in AIAA SPACE and Astronautics Forum and Exposition, American
Institute of Aeronautics and Astronautics, Orlando, FL, 2017.

[11] E. Kordyum, K. H. Hasenstein, “Plant biology for space exploration – Building on the past, preparing for the future”,
Life Sci. Space Res. 29 (2021), p. 1-7.

[12] F. J. Medina, A. Manzano, A. Villacampa, M. Ciska, R. Herranz, “Understanding reduced gravity effects on early plant
development before attempting life-support farming in the Moon and Mars”, Front. Astron. Space Sci. 8 (2021), article
no. 729154.

[13] L. Poulet, K. Engeling, T. Hatch, S. Stahl-Rommel, Y.-A. Velez Justiniano, S. Castro-Wallace, J. Bunchek, O. Monje,
M. Hummerick, C. L. M. Khodadad, L. E. Spencer, J. Pechous, C. M. Johnson, R. Fritsche, G. D. Massa, M. W.
Romeyn, A. E. O’Rourke, R. W. Wheeler, “Large-scale crop production for the Moon and Mars: current gaps and
future perspectives”, Front. Astron. Space Sci. 8 (2022), article no. 733944.

[14] L. Poulet, J.-P. Fontaine, C.-G. Dussap, “Plant’s response to space environment: a comprehensive review including
mechanistic modelling for future space gardeners”, Bot. Lett. 163 (2016), p. 337-347.

[15] Y. Kitaya, M. Kawai, J. Tsuruyama, H. Takahashi, A. Tani, E. Goto, T. Saito, M. Kiyota, “The effect of gravity on surface
temperature and net photosynthetic rate of plant leaves”, Adv. Space Res. 28 (2001), p. 659-664.

[16] Y. Kitaya, H. Hirai, T. Shibuya, “Important role of air convection for plant production in space farming”, Biol. Sci.
Space 24 (2010), p. 121-128.

[17] D. M. Porterfield, “The biophysical limitations in physiological transport and exchange in plants grown in micro-
gravity”, J. Plant Growth Regul. 21 (2002), p. 177-190.

[18] O. Monje, G. W. Stutte, G. D. Goins, D. M. Porterfield, G. E. Bingham, “Farming in space: Environmental and
biophysical concerns”, Adv. Space Res. 31 (2003), p. 151-167.

[19] E. Peiro, A. Pannico, S. G. Colleoni, L. Bucchieri, Y. Rouphael, S. De Pascale, R. Paradiso, F. Gòdia, “Air distribution
in a fully-closed higher plant growth chamber impacts crop performance of hydroponically-grown lettuce”, Front.
Plant Sci. 11 (2020), article no. 537.

[20] S. J. Schymanski, D. Or, “Wind increases leaf water use efficiency”, Plant Cell Environ. 39 (2016), p. 1448-1459.
[21] K. Kimura, D. Yasutake, A. Yamanami, M. Kitano, “Spatial examination of leaf-boundary-layer conductance using

artificial leaves for assessment of light airflow within a plant canopy under different controlled greenhouse condi-
tions”, Agric. For. Meteorol. 280 (2020), article no. 107773.

[22] Y. Kitaya, J. Tsuruyama, T. Shibuya, M. Yoshida, M. Kiyota, “Effects of air current speed on gas exchange in plant
leaves and plant canopies”, Adv. Space Res. 31 (2003), p. 177-182.

[23] S. J. Schymanski, D. Or, M. Zwieniecki, “Stomatal control and leaf thermal and hydraulic capacitances under rapid
environmental fluctuations”, PLoS One 8 (2013), article no. e54231.

[24] L. Poulet, C.-G. Dussap, J.-P. Fontaine, “Development of a mechanistic model of leaf surface gas exchange coupling
mass and energy balances for life-support systems applications”, Acta Astronaut. 175 (2020), p. 517-530.

[25] O. Monje, B. Bugbee, “Radiometric method for determining canopy stomatal conductance in controlled environ-
ments”, Agronomy 9 (2019), article no. 114.

[26] G. Thakur, S. Schymanski, I. Trebs, K. Mallick, M. Suils, O. Eiff, E. Zehe, “Bridging the gap between leaf surface and

https://ntrs.nasa.gov/citations/20210024855


16 Joanna Kuzma et al.

the canopy air space: Leaf size matters for heat transfer resistance at canopy-scale”, in EGU General Assembly 2022,
Vienna, Austria, 23–27 May 2022, EGU22-4268, 2022.

[27] C. Amitrano, Y. Rouphael, A. Pannico, S. De Pascale, V. De Micco, “Reducing the evaporative demand improves
photosynthesis and water use efficiency of indoor cultivated lettuce”, Agronomy 11 (2021), article no. 1396.

[28] F. E. Rockwell, N. M. Holbrook, A. D. Stroock, “The competition between liquid and vapor transport in transpiring
leaves”, Plant Physiol. 164 (2014), p. 1741-1758.

[29] S. Vialet-Chabrand, T. Lawson, “Thermography methods to assess stomatal behaviour in a dynamic environment”,
J. Exp. Bot. 71 (2020), p. 2329-2338.

[30] S. J. Schymanski, D. Breitenstein, D. Or, “Technical note: An experimental set-up to measure latent and sensible heat
fluxes from (artificial) plant leaves”, Hydrol. Earth Syst. Sci. 21 (2017), p. 3377-3400.

[31] S. Vialet-Chabrand, T. Lawson, “Dynamic leaf energy balance: deriving stomatal conductance from thermal imaging
in a dynamic environment”, J. Exp. Bot. 70 (2019), p. 2839-2855.

[32] Y. Kitaya, M. Kawai, J. Tsuruyama, H. Takahashi, A. Tani, E. Goto, T. Saito, M. Kiyota, “The effect of gravity on surface
temperatures of plant leaves: Effect of gravity on leaf temperatures”, Plant Cell Environ. 26 (2003), p. 497-503.

[33] A. Tokuda, Y. Kitaya, H. Hirai, H. Hashimoto, Y. Inatomi, “Effects of gravity on stem sap flow and water and heat
exchange in the leaves of sweetpotato”, Int. J. Microgravity Sci. Appl. 35 (2018), no. 3, p. 350302-1-350302-6.

[34] A. S. Thom, “The exchange of momentum, mass, and heat between an artificial leaf and the airflow in a wind-tunnel”,
Q. J. R. Meteorol. Soc. 94 (1968), p. 44-55.

[35] J. Grace, F. E. Fasehun, M. Dixon, “Boundary layer conductance of the leaves of some tropical timber trees”, Plant
Cell Environ. 3 (1980), p. 443-450.

[36] G. Wigley, J. A. Clark, “Heat transport coefficients for constant energy flux models of broad leaves”, Bound.-Layer
Meteorol. 7 (1974), p. 139-150.

[37] H. Hirai, Y. Kitaya, “Effects of gravity on transpiration of plant leaves”, Ann. N. Y. Acad. Sci. 1161 (2009), p. 166-172.
[38] A. Tokuda, Y. Kitaya, H. Hirai, “Development of a simple thermal method for measuring sap flow in plants for space

experiments”, Biol. Sci. Space 32 (2018), p. 17-21.
[39] M. A. Zwieniecki, K. S. Haaning, C. K. Boyce, K. H. Jensen, “Stomatal design principles in synthetic and real leaves”,

J. R. Soc. Interface 13 (2016), article no. 20160535.
[40] I. P. Ting, W. E. Loomis, “Diffusion through stomates”, Am. J. Bot. 50 (1963), p. 866-872.
[41] J. N. Cannon, W. B. Krantz, F. Kreith, D. Naot, “A study of transpiration from porous flat plates simulating plant

leaves”, Int. J. Heat Mass Transf. 22 (1979), p. 469-483.
[42] N. Katsoulas, A. Baille, C. Kittas, “Leaf boundary layer conductance in ventilated greenhouses: An experimental

approach”, Agric. For. Meteorol. 144 (2007), p. 180-192.
[43] V. J. Stokes, M. D. Morecroft, J. I. L. Morison, “Boundary layer conductance for contrasting leaf shapes in a deciduous

broadleaved forest canopy”, Agric. For. Meteorol. 139 (2006), p. 40-54.
[44] A. J. Brenner, P. G. Jarvis, “A heated leaf replica technique for determination of leaf boundary layer conductance in

the field”, Agric. For. Meteorol. 72 (1995), p. 261-275.
[45] M. Kitano, H. Eguchi, “Buoyancy effect on forced convection in the leaf boundary layer”, Plant Cell Environ. 13

(1990), p. 965-970.
[46] G. R. Cramer, K. Urano, S. Delrot, M. Pezzotti, K. Shinozaki, “Effects of abiotic stress on plants: a systems biology

perspective”, BMC Plant Biol. 11 (2011), article no. 163.
[47] H. Kollist, S. I. Zandalinas, S. Sengupta, M. Nuhkat, J. Kangasjärvi, R. Mittler, “Rapid responses to abiotic stress:

priming the landscape for the signal transduction network”, Trends Plant Sci. 24 (2019), p. 25-37.
[48] H. Zhang, Y. Zhao, J.-K. Zhu, “Thriving under stress: How plants balance growth and the stress response”, Dev. Cell

55 (2020), p. 529-543.
[49] S. H. Eckerson, “The number and size of the stomata”, Bot. Gaz. 46 (1908), p. 221-224.
[50] R. M. Wheeler, A. H. Fitzpatrick, T. W. Tibbitts, “Potatoes as a crop for space life support: effect of CO2, irradiance,

and photoperiod on leaf photosynthesis and stomatal conductance”, Front. Plant Sci. 10 (2019), article no. 1632.
[51] H. Lambers, F. S. Chapin, T. L. Pons, “The plant’s energy balance”, in Plant Physiological Ecology, Springer, New York,

NY, 2008, p. 225-236.
[52] F. Valladares, S. J. Wright, E. Lasso, K. Kitajima, R. W. Pearcy, “Plastic phenotypic response to light of 16 congeneric

shrubs from a panamanian rainforest”, Ecology 81 (2000), p. 1925-1936.
[53] M. Pérez-Llorca, E. Fenollosa, R. Salguero-Gómez, S. Munné-Bosch, “What is the minimal optimal sample size for

plant ecophysiological studies?”, Plant Physiol. 178 (2018), p. 953-955.
[54] P. Zabel, M. Bamsey, D. Schubert, M. Tajmar, “Review and analysis of over 40 years of space plant growth systems”,

Life Sci. Space Res. 10 (2016), p. 1-16.
[55] S. L. Ustin, S. Jacquemoud, “How the optical properties of leaves modify the absorption and scattering of energy and

enhance leaf functionality”, in Remote Sensing of Plant Biodiversity (J. Cavender-Bares, J. A. Gamon, P. A. Townsend,
eds.), Springer International Publishing, Cham, 2020, p. 349-384.



Joanna Kuzma et al. 17

[56] L. Poulet, J.-P. Fontaine, C.-G. Dussap, “A physical modeling approach for higher plant growth in reduced gravity
environments”, Astrobiology 18 (2018), p. 1093-1100.

[57] H. Schlichting, K. Gersten, “Fundamentals of boundary-layer theory”, in Boundary-Layer Theory, Springer, Berlin,
Heidelberg, 2017, p. 29-49.

[58] P. G. Jarvis, K. G. McNaughton, “Stomatal control of transpiration: scaling up from leaf to region”, in Advances in
Ecological Research, vol. 15, Elsevier, 1986, p. 1-49.


	1. Introduction
	2. Challenges in using real plants
	2.1. Plants are reactive systems
	2.2. Sample size

	3. Leaf replicas used in recent literature
	3.1. Energy balance
	3.1.1. Description of the biophysical phenomena
	3.1.2. Associated replicas

	3.2. Transpiration
	3.2.1. Description of the biophysical phenomenon
	3.2.2. Associated replicas

	3.3. Boundary layer
	3.3.1. Description of the biophysical phenomenon
	3.3.2. Associated replicas


	4. Scaling-up gas exchange from the leaf to the canopy level with an energy balance
	5. Conclusions—how can leaf replicas help us to fill the gap in modelling
	Conflicts of interest
	Acknowledgements
	References

