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Abstract

In the context of global climate change, extreme weather events are expected to intensify,
threatening agricultural systems. Meanwhile, food demand is likely to grow due to increas-
ing human population. Accordingly, being able to assess and predict dynamic behaviours of
crops under changing climatic conditions is crucial to ensure food security. For that purpose,
photosynthesis is the key process to characterise. According to the literature, sun-induced flu-
orescence (SIF) represents a potential indicator of photosynthesis. Recently, the mechanistic
light response model (MLR) estimating gross primary production (GPP) from SIF has been
established. Firstly, this study aims to assess the relationship between SIF and GPP from the
MLR model perspective for a winter wheat canopy in Belgium. Secondly, the dynamics of the
main model parameters depending on environmental conditions have been studied. Continuous
measurements of micro-meteorological, flux and SIF data have been carried out for five months
by an ICOS station. Moreover, leaf-level gas exchange and fluorescence parameters have been
measured manually using a portable photosynthesis system. Similar temporal evolutions of SIF
and GPP in response to light have been observed, supporting the use of SIF as an indicator
of photosynthesis. The model provides a relatively moderate performance at half-hourly scale
which improved at daily scale. In particular, the model seems to correctly reproduce the SIF-
GPP relationship only under low light intensities and high soil moisture which is in agreement
with the main model assumption. Overall, these results point out the need for more accurate
characterization of the model underlying processes and parameters dynamics regarding envi-
ronmental conditions. Keywords. Photosynthesis, Sun-Induced Fluorescence, Gross Primary
Production, Winter Wheat, Edaphic Drought.

Résumé

Dans un contexte de changement climatique mondial, on s’attend à ce que les phénomènes
météorologiques extrêmes s’intensifient, ce qui représente une menace pour les systèmes agri-
coles. Parallèlement, la demande alimentaire devrait augmenter en raison de l’accroissement
de la population humaine. Par conséquent, il est crucial de pouvoir évaluer et prédire les com-
portements dynamiques des cultures dans des conditions climatiques changeantes pour garantir
la sécurité alimentaire. À cette fin, la photosynthèse est le processus clé à caractériser. Selon
la littérature, la fluorescence induite par le soleil (SIF) représente un indicateur potentiel de la
photosynthèse. Récemment, le modèle mécaniste de réponse à la lumière (MLR) estimant la
production primaire brute (GPP) à partir de la SIF a été établi. Premièrement, cette étude
vise à évaluer la relation entre SIF et GPP du point de vue du modèle MLR pour une culture
de blé d’hiver en Belgique. Deuxièmement, la dynamique des principaux paramètres du modèle
en fonction des conditions environnementales a été étudiée. Des mesures continues de données
micro-météorologiques, de flux et de SIF ont été effectuées pendant cinq mois par une station
ICOS. De plus, les paramètres d’échange gazeux et de fluorescence à l’échelle de la feuille ont
été mesurés manuellement à l’aide d’un système de mesure de la photosynthèse portatif. Des
évolutions temporelles similaires de SIF et GPP en réponse à la lumière ont été observées, ce
qui soutient l’utilisation de la SIF comme indicateur de la photosynthèse. Le modèle fourni une
performance relativement modérée à l’échelle de la demi-heure et une performance meilleure à
l’échelle journalière. En particulier, le modèle semble reproduire correctement la relation entre
SIF et GPP uniquement sous de faibles intensités lumineuses et une humidité du sol élevée, ce
qui est en accord avec l’hypothèse principale du modèle. Globalement, ces résultats soulignent
la nécessité d’une caractérisation plus précise des processus sous-jacents du modèle et de la
dynamique des paramètres en fonction des conditions environnementales.
Mots-clés. Photosynthèse, Fluorescence Induite par le Soleil, Production Primaire Brute, Blé
d’Hiver, Sécheresse Édaphique.
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1.1 Contextualisation

Nowadays, there is no doubt that human activities have caused an unprecedented increase in
greenhouse gases concentration since the Industrial revolution, increasing the global surface
temperature. As a result, the atmosphere as well as lands and oceans have warmed up in
the last decades. The impacts of these climate changes are already visible in many regions of
the world and are susceptible to get worse in future decades. Under those circumstances, it
is expected that extremes weather events will be more frequent and intense. Indeed, heavier
precipitation events are predicted by models across northern America and Europe as well as
longer and more intense drought events (Fischer and Knutti, 2015). These changes represent
a serious threat to agricultural systems, and thus to food security overall, with complex and
varying effects across regions and time (Schmidhuber and Tubiello, 2007; FAO, 2021). Moreover,
the worldwide human population is expected to increase to over 9 billion by 2050, especially
in the developing countries. Therefore, the food demand will grow, leading to a need for more
efficient production if the current type of diet is maintained, especially for cereal crops which
represent a large part of human food production (FORUM, 2009; United Nations Department of
Economic and Social Affairs, 2022). More precisely, the Food and Agriculture Organization of
the United Nations (FAO) predicts that the overall food production must increase by 70 %
by 2050 to respond efficiently to the growing food demand (FORUM, 2009; United Nations
Department of Economic and Social Affairs, 2022). Being able to grow local crops, such as
winter wheat, and understand their behaviour under a large range of environmental conditions
is therefore crucial, especially since climate events will generate great variations in local crop
yield and food supplies (Schmidhuber and Tubiello, 2007).

To ensure food security and provide steady local and global food supplies, dynamic be-
haviours of croplands linked to water cycle, carbon cycle and nutrient cycles under changing
climatic conditions must be assessed, understood and predicted. To reach this goal, it is essen-
tial to accurately describe the process of photosynthesis, by which plants use solar energy and
carbon dioxide (CO2) to synthesise photoassimilates. At large space scales, the photosynthesis
corresponds to the carbon exchanges between the biosphere and the atmosphere. Since the im-
pacts of global warming on the overall carbon sink are still partially unknown, it is all the more
important to be able to characterise photosynthesis under changing climatic conditions (Hall
and Rao, 1999; Rogers et al., 2017; Porcar-Castell et al., 2021). This is thus the key process
studied in this study by the way of the transfer of carbon from the atmosphere to cropland
plants. Because it is the combination of diverse factors and reactions, it is crucial to under-
stand which ones are the most sensitive to the upcoming climate events in order to prevent
their potential impacts on crop production.

Besides, this study focuses on winter wheat. In temperate regions, this is a dominant
cultivated crop that provides food for human and livestock consumption (Shewry, 2009). For
instance, in 2020 in Belgium, the cultivated area for winter wheat accounted for 60 % of the
total cultivated area for cereal grain crops and in 2021, this number increased by 6.2 % (Statbel,
2022). Moreover, winter wheat production is expected to increase in the future by 1.5 % each
year (FAO, 2022). Consequently, it is crucial to understand and predict the impacts of climate
change on such crop yields.

1.2 Photosynthesis and related processes

The reactions that make up the process of photosynthesis are divided into two major groups:
the light and the dark reactions (Porcar-Castell et al., 2014). First, the light reactions occur
during daytime (Taiz et al., 2015). They consist of the absorption of light energy leading
to the synthesis of energy-carrying molecules. Those are ATP (adenosine triphosphate) and
NADPH (nicotinamide adenine dinucleotide phosphate) which will be used afterwards as inputs
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into the dark reactions, occurring during both daytime and nighttime. Specifically, they are
reassembled in the Calvin cycle which reduces carbon dioxide to photoassimilates (Porcar-
Castell et al., 2014; Jonard et al., 2020). The absorption of light is achieved by chlorophyll
molecules, located in leaf cells. Their absorption spectrum ranges from 400 and 700 nm, known
as the photosynthetically active radiation (PAR). These pigment molecules are reassembled as
what is called ”light harvesting complex” and are linked to proteins named photosystems. In
particular, there are two photosystems controlling photosynthesis, namely PSI and PSII (Porcar-
Castell et al., 2014; Taiz et al., 2015). Photosystems contain reaction centers which collect the
excited energy and provide it to chemical reactions (Taiz et al., 2015). Finally, two types of
photosynthesis exist among plants. In the case of wheat, their photosynthesis is characterised
as ”C3” which means that the first carbohydrate synthesising contains three atoms of carbon
compared to photosynthesis ”C4” where this sugar contains four atoms of carbon (Moene and
Dam, 2014).

Climate changes and the related extreme events are to provoke many perturbations within
the photosynthesis processes whose effects are still unclear. First, the rise of temperature
can have multiple and contradictory effects. On one hand, high leaf temperature is likely to
limit plant growth and thus crop yield. On the other hand, when there are no limitations in
water supply, plants are able to adapt their growth functions to high temperatures, especially
C3 species. Hence, the yield of photosynthesis can be favored, except if temperature reaches
extreme values above the optimum for photosynthesis which is for now not the case (Sage and
Kubien, 2007; Yamori et al., 2014). Secondly, under high temperature, aridity is predicted to
increase and drought events might become more pronounced, leading to a strong limitation of
plant growth and a lowering of photosynthetic rates (Ahmad, 2016; Fakhet et al., 2021). Then,
regarding the increasing atmospheric CO2 concentration, the photosynthesis of C3 plants is more
likely to be stimulated. Nonetheless, the impacts of rising temperatures on plant metabolism are
expected to feed back on carbon processes. Overall, those combined effects on C3 plants remain
unclear (Kirschbaum, 2004; Taiz et al., 2015; Dusenge et al., 2019). As a consequence, predicting
how abiotic factors affect photosynthesis in a climate change context is critical. Fluorescence is
one of the methods which can be used to understand how these impacts are induced.

1.2.1 Link between Photosynthesis and Fluorescence

Theoretical background

After absorbing a light particle, the pigment molecule is said to be ”excited” (Baker, 2008; Taiz
et al., 2015; Gu et al., 2019). In this state, the chlorophyll is highly unstable and will directly
lose some energy in the form of heat. From this point, the remaining excitation energy can be
dissipated in three modes through molecular interactions. This is the concept of ”quenching”
leading to the de-excitation of the chlorophyll molecule (Kasajima et al., 2009; Taiz et al.,
2015). The first one, called photochemical quenching (PQ), uses most of the incoming radiation
to fuel chemical reactions (Porcar-Castell et al., 2014; Frankenberg and Berry, 2017; Jonard
et al., 2020; Taiz et al., 2015). More precisely, this amount of energy will generate an electron
transport taking place from PSII to PSI, contributing to the synthesis of ATP and NADPH
(Baker, 2008; Porcar-Castell et al., 2014; Gu et al., 2019). In fact, this electron transport
represents an instantaneous and a quantifiable link between the light and the dark reactions
(Gu et al., 2019). The second quenching consists in the dissipation of the excitation energy in
the form of heat by different physiological processes, of which mainly are gathered under the
term non-photochemical quenching, or regulated disspation (NPQ). This is the predominant
defense mechanism utilised by plants to prevent damage to the photosynthetic machinery when
the radiation absorbed is very important (Yamori et al., 2014; Yamamoto et al., 1999; Meroni
et al., 2009; Porcar-Castell et al., 2014; Mohammed et al., 2019; Jonard et al., 2020). Next,
there is a dissipation of energy through the emission of chlorophyll-α fluorescence (ChlF), which
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means that a part of the energy initially absorbed is reemitted as light. Its emission wavelength
ranges from 640 to 850 nm, which corresponds to the red and far-red part of the spectrum, with
two peaks reaching approximately 685 and 740 nm (Aasen et al., 2019; Gu et al., 2019; Jonard
et al., 2020; Liu et al., 2022). These main three possible modes of excitation energy quenching
are in direct competition (Meroni et al., 2009; Gu et al., 2019). That is to say that if the rate of
one of them changes, then the rate of the two other processes will be inversely impacted (Baker,
2008; Cendrero-Mateo et al., 2015). For this reason, fluorescence is quantitatively connected
to photosynthesis and thus is an interesting proxy to estimate it as it, as pointed out by many
studies (Baker, 2008; Meroni et al., 2009; Frankenberg and Berry, 2017; Gu et al., 2019; Li et al.,
2020; Porcar-Castell et al., 2014). In reality, models estimating photosynthesis from fluorescence
had already been established in the past (Li et al., 2020; Porcar-Castell et al., 2021).

Over the last decades, there has been rapid development of fluorescence measurement meth-
ods through different spatial and temporal scales (Aasen et al., 2019; Jonard et al., 2020; Li
et al., 2020; Porcar-Castell et al., 2021). Thereupon, concrete improvements in understand-
ing and predicting photosynthesis dynamics have been achieved (Aasen et al., 2019; Gu et al.,
2019). Currently, two main methods of measurement exist, each using a different light source
to stimulate pigment molecules. The first one uses artificial light and is thus characterised as
”active”, such as the leaf-level pulse-modulated (PAM) fluorescence. It allows the study of
photosynthesis at the leaf level in situ as artificial light cannot be used at large scales (Goulas
et al., 2017; Aasen et al., 2019; Porcar-Castell et al., 2021). In contrast, the second method
uses natural light, sunlight, and is thus called ”passive” method (Gu et al., 2019; Jonard et al.,
2020; Porcar-Castell et al., 2021). Concerning the latter, commonly referred to as “Sun-induced
fluorescence” (SIF), it has been shown to be a good indicator, not only of photosynthesis across
different spatial scales, but also of transpiration and ecosystem productivity in general, even
though its measurement still contains a lot of unknowns (Jonard et al., 2020; Li et al., 2020;
Feng et al., 2021). Likewise, it represents an interesting tool to detect plant stress at large time
and spatial scales (Damm et al., 2010). Indeed, it can be used to predict drought events effects
on photosynthesis at the first stages of stress, better than common vegetation indices that are
not directly linked to the plant photosynthesis functioning (Zhang et al., 2016; Jonard et al.,
2020; Shen et al., 2022). As shown by many studies, during the last two decades, various SIF
sensors have been used on towers, satellites or aircrafts with resolutions from the leaf to the
landscape level (Zhang et al., 2016; Jonard et al., 2020; Porcar-Castell et al., 2021). Regarding
remote sensing instruments, their spatial resolution is becoming higher and many protocols have
been standardised (Aasen et al., 2019).

Since the fluorescence signal is added to the global reflected spectra of the vegetation,
different methods exist to retrieve SIF from the background reflected radiation. The main
ones are the Fraunhofer line depth method (FLD) and the Spectral fitting methods (SFMs).
Broadly speaking, the sensor scans some areas of the solar spectrum (Fraunhofer lines) and/or
the Earth’s atmosphere (telluric lines), in which the solar irradiance is attenuated due to the
absorption by gas. The main bands used are the oxygen A and B bands, with maximum
absorption at respectively 760 and 687 nm. Those are ”filled” with fluorescence radiation
emitted by leaves at similar wavelengths. As a matter of fact, there is an amplification of the
fluorescence signal within these lines (Moya et al., 2004; Porcar-Castell et al., 2014; Frankenberg
and Berry, 2017; Aasen et al., 2019; Mohammed et al., 2019).

From space, records have been performed with devices initially used to measure atmospheric
gases, which makes them not optimal (Jonard et al., 2020; Porcar-Castell et al., 2021). Now,
there also exists tropospheric instruments to monitor SIF with high spatial and temporal reso-
lutions (Li and Xiao, 2022). As an illustration, the first satellite mission that will specifically
focus on SIF monitoring, called the Fluorescence Explorer (FLEX) mission, will be launched in
2024 by the European Space Agency and will provide spatially continuous SIF data (Moreno
et al., 2006; Jonard et al., 2020; Porcar-Castell et al., 2021).
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Modelling photosynthesis from fluorescence

An important concept derived from photosynthesis, commonly used in studies, is the gross
primary production (GPP). It represents the part of the carbon biomass produced by plants
that is not used for respiration per unit of time. In other words, it accounts for the rate of uptake
of atmospheric CO2 by plants to fuel photosynthesis. Generally speaking, it characterises the
largest carbon flux from the atmosphere to terrestrial ecosystems (Beer et al., 2010; Zhang et al.,
2016; Gu et al., 2019).

Gross primary production is commonly estimated from CO2 flux measurements performed
at the atmosphere-ecosystem interface (on a flux tower), by using the Eddy-covariance (EC)
technique (Aubinet et al., 2012). Typically, a common method used to estimate GPP from
SIF measurements is to perform statistical regressions between tower-based GPP and remote-
sensed SIF for diverse plant types or ecosystems as similar patterns between GPP from SIF
and tower-based GPP are observed (Gu et al., 2019). Afterwards, the regressions are used to
estimate GPP at large scales from SIF satellite measurements (Liu et al., 2022). Although this
method relies on significant relationships between the two variables of interest, its robustness in
terms of physiological interpretation can be questioned, because it is not always supported by
physiological and structural explanations (Liu et al., 2022). The validity of these relationships is
then questionable when ecosystem or environmental conditions are not in the exact scope of the
measurements on which they are based. Moreover, the measurements of photosynthetic CO2

assimilation from the EC method at the plot level represent only a part of the spatial information
that SIF imaging methods can better provide (Porcar-Castell et al., 2021). Consequently,
estimating GPP directly from a mechanistic relationship from SIF measurements seems to be
an alternative at large scale since it is directly linked to photosynthesis processes intensity.

Models describing light and dark reactions have existed for decades. However, the ones per-
taining dark reactions are more detailed and documented, such as the Farquhar, von Caemmerer
and Berry (FvCB) model (Farquhar et al., 1980; Gu et al., 2019). This robust mechanistic model
is largely used to estimate gross primary production in terrestrial biosphere models (TBMs) for
C3 and C4 species (Rogers et al., 2017). Furthermore, with respect to dark reactions, the
light use efficiency (LUE) model is traditionally used to determine GPP from remote sensing
data, such as the incoming photosynthetically active radiation (PAR), considering GPP pro-
portional to the efficiency at which the absorbed radiation is used in photosynthesis processes
(Porcar-Castell et al., 2014; Gonsamo and Chen, 2018; Liang and Wang, 2020). Because the
emission of fluorescence is competing for the same excitation energy as photosynthesis, SIF can
be related to the LUE concept and even combined with this model to estimate GPP (Damm
et al., 2010; Guanter et al., 2014; Porcar-Castell et al., 2014; Yang et al., 2015; Guanter et al.,
2014). However, LUE is a concept which simplifies photosynthesis by relying on different as-
sumptions (Liang and Wang, 2020). In reality, it is composed of complex processes varying with
environmental conditions. These underlying mechanisms are for a large part still unknown and
the variations were usually taken into account by the use of empirical functions (Frankenberg
and Berry, 2017; Gu et al., 2019). Besides, it is important to note that this empirical model
only represents the potential amount of photosynthesis performed by the plants Chen et al.
(2021b). Indeed, it can lead to underestimations of the vegetation productivity at large scales,
or overestimations at low levels of incoming PAR (Turner et al., 2003; Liang and Wang, 2020).

In the last few years, new models have been developed, notably with regards to light reac-
tions. By contrast with empirical models, these new ones are mechanistic, which means that
their parameters are based on reliable and concrete physiological and physical information. Gu
et al. (2019) developed the mechanistic light response model (MLR) considering the key mech-
anisms linking ChlF emissions and photosynthesis for C3 and C4 plants from the concept of
light use efficiency (LUE), later modified by Liu et al. (2022). Their results showed that the
modeled GPP obtained from SIF quantifies the photosynthesis of the vegetation canopy with
good accuracy at both half-hourly and daily scales when compared to the EC tower-based one
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(Liu et al., 2022). Both models use modelled parameters from environmental conditions at the
canopy scale (Gu et al., 2019; Liu et al., 2022). The determination of these parameters is key
for the quality of the GPP simulated. They can be estimated through manual fluorescence
measurements in the field, which thus is likely to enhance the robustness of the model.

1.3 Objectives

Passive fluorescence measurements (SIF) represent a powerful tool to estimate GPP because
it contains information on the electron transport taking place between the two photosystems
(Baker, 2008; Gu et al., 2019; Kramer et al., 2004). However, there are still an important num-
ber of unknowns and challenges to overcome when modelling photosynthesis from fluorescence
measurements. Their relationship indeed depends on many environmental and physiological
factors and varies between vegetation types and species (Meroni et al., 2009; Goulas et al.,
2017; Gu et al., 2019; Feng et al., 2021; Porcar-Castell et al., 2021). For instance, incoming
radiation, phenology stages of the plant and even temperature can affect the relationship be-
tween SIF and GPP (Zhang et al., 2016; Goulas et al., 2017; Li et al., 2020; Shen et al., 2022).
More importantly, stress, notably drought events, can considerably impact the relationship by
decoupling the dynamic of the two variables and thus make SIF less convenient to monitor pho-
tosynthesis (Damm et al., 2010; Wohlfahrt et al., 2018; Jonard et al., 2020; Porcar-Castell et al.,
2021; Martini et al., 2022; Shen et al., 2022). Accordingly, the dependence of the parameters
intervening in the model with regards to environmental conditions is an essential aspect to take
into account when it comes to modelling photosynthesis over multiple and varying ecosystems
(Kramer et al., 2004; Cendrero-Mateo et al., 2015; Gu et al., 2019).
Against this background, the aim of this thesis is twofold:

1. assessing the relationship between SIF and GPP from the perspective of the MLR model
for a winter wheat canopy,

2. characterising the dynamics of the model parameters with regards to environmental con-
ditions.
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Chapter 2

Material and Methods
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2.1 Study site

2.1.1 Description

The study was conducted on a site located in Lonzée, in the province of Namur, at about 50
km SE of Brussels in Belgium (50°33’05.7”N 4°44’46.1”E, 167 m asl). This location is equipped
with a meteorological station, recording data since 2004, and an Eddy covariance (EC) system.
In 2017, the station was integrated into the European Integrated Carbon Observation System
(ICOS) network and is labelled as Class 2 station since then (ICOS).

The studied plot is a cultivated area of approximately 12 ha. It is a rather flat zone with
a maximum slope of 1.2 % oriented WSW. The climate of this region is temperate maritime,
corresponding to the Cfb class in the Köppen classification (Köppen, 1884) and the mean
precipitation and temperature are respectively of 743 mm and 10.2°C (ICOS). Dominant wind
directions are coming from the NE and SW directions with a fetch of 200 and 240 m. The soil
of the plot on which fluorescence measurements were conducted, in the SE direction from the
ICOS station, is a Luvisol (FAO classification) divided into three major horizons whose edaphic
properties are referred to in Table 2.1 (Buysse et al., 2017).

Table 2.1: Edaphic properties of the soil horizons in the plot located in the SE direction from
the ICOS station in Lonzée, based on measurements carried out in 2017.

Depth (cm) Organic matter (g.kg−1)
Clay
(%)

Sand
(%)

Silt
(%)

θfc
(%)

θwp
(%)

Bulk density
(g.cm−3)

0 - 40 18.65 11.12 8.38 80.50 38.10 12.10 1.40
40 - 80 6.85 16.70 6.60 76.70 44.00 16.40 1.44
80 - 120 3.12 19.70 5.60 74.70 48.50 22.20 1.49

2.1.2 Crop management

The site has been cultivated for more than 75 years. For at least two decades, the agricultural
practice applied has been a 4-year rotation composed successively with sugar beet (Beta vulgaris
L.), winter wheat (Triticum aestivum L.), potato (Solanum tuberosum L.) and winter wheat
(Triticum aestivum L.) again (Aubinet et al., 2009; Belgium). Concerning this present study,
the winter wheat crop (Triticum aestivum L. var LG skyscraper) was sown on October 10th 2021
and harvested the week of July 18th 2022. For the purposes of the study, the wheat canopy
has been considered as a single canopy layer. At the moment, data referring to agricultural
treatments are not available.

2.2 Micro-meteorological and biomass measurements

2.2.1 Micro-meteorological data and carbon fluxes

The majority of the measurements were performed by sensors implemented on the station in
the center of the cropland (cf. Figure 2.2). Sensors collecting meteorological data as well
as photosynthetic flux radiation are described in detail in (Buysse et al., 2017) except those
measuring soil water content, soil temperature and Normalized Difference Vegetation Index
(NDVI). First, soil profile of water content and temperature were measured at a sub-plot situated
in the SE direction from the ICOS station, at about 10 m from the place where fluorescence
has been measured. The soil conditions of these two locations were assumed similar. Soil water
content was measured by a transistor and a capacitance sensor (EnviroSCAN Probe, Sentek
Sensor and Stepney, SA, AU) at five different depths: 5, 15, 25, 55 and 85 cm. Aberrant
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Figure 2.1: The Fluorescence Box
(FloX) located in the SE direction
from the ICOS station in Lonzée.

Figure 2.2: The ICOS station located
in the centre of the winter wheat crop
in Lonzée.

fluctuations, potentially caused by temperature effects, have been corrected by considering only
the maximal soil water content for each concerned day (Campbell Scientific, 2016). Likewise,
soil temperature was measured by a platinum resistance thermometer (Temperature Profile
Probe MTPP and PT100D Digital Thermometer, MicroStep spol. s r.o, Bratislava, SK) at six
depths: 1, 5, 15, 25, 55 and 85 cm. Then, NDVI was measured by a NDVI sensor situated at
2.15 m high (Labo ESE Unif Paris). All data were averaged with a 30-minute timestamp and
UTC+1 time reference has been used in the data files after treatment.

2.2.2 Biomass data

Twelve campaigns of plant biomass measurements were performed at the Lonzée site. Soil
samples were taken close to the ICOS station with the random sampling method according to
two modality: on seeding lines and midway between them. For both, from five to six cores
were collected, totalling around ten cores per sampling day. Each core has been divided into
samples corresponding to the following layers: 0-15, 15-30, 30-45, 45-60, 60-80 and 80-100
cm. Afterwards, soil samples were left for setting in salted water for one hour in order to
be able to separate clay from tissues and to retrieve living roots. After collecting the roots,
they were placed in a heat chamber (65°C) for at least three hours and weighed. These dry
weight measurements were used to compute the root biomass (g.m−2) present in each sample
by dividing them by the soil sample surface, equivalent to the auger cross section. After that,
the specific root biomass was determined for the following depths: 15, 30, 60, 80 and 100 cm
by means of a fitted sigmoid function between the depth and the cumulative root biomass from
the surface. Subsequently, these values were used to parameterize cubic curves reprensenting
the temporal evolution of the proportion of root biomass for 10cm-deep soil layers (cf. Figure
2.3) These transformations are required to compute relative extractable water over the studied
period (see section 2.2.3).

2.2.3 Quantification of soil relative extractable water

The relative extractable water (REW) was determined for each time step (30-minute interval)
over the studied period from the following equation:

REWt =
EW

AW
=

Σαi(θt,i − θwp,i)
Σαi(θfc,i − θwp,i)

(2.1)

where EW is the amount of extractable water (mm), AW the potential maximum amount of
available water (mm), i the soil layer index, α the proportion of root biomass compared to the
total one, Θwp and Θfc the soil water content at wilting point and field capacity and Θt the soil
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water content (SWC). The underlying assumption of the method is that the water uptake is
proportional to the root biomass. To compute α, the mean proportion of root biomass for each
day was computed for six soil layers (0-10, 10-20, 20-30, 30-40, 40-80, 80-120 cm) by using, and
eventually summing, values of corresponding 10-cm depth layers from the temporal evolution
of layer proportion of root biomass established previously (cf. Figure 2.3, section 2.2.2). The
centres of these six layers correspond to the SWC measurements depths. Any data with negative
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Figure 2.3: Evolution of the percentage of root biomass per soil layer from day of year (DOY)
75 to 170.

REW, probably caused by natural uncertainty on the determination of soil water content at
field capacity and wilting point, has been set to 0 (3.451 % of the data set).

2.2.4 Quantification of vapor pressure deficit

Vapor pressure deficit (VPD, kPa) has been computed for each time step from the relative
humidity (RH, %) and the air temperature (Tair, °C) with the following equations (Allan et al.,
1998):

esat(Tair) = 0.61078× exp

(
17.27 · Tair
237.7 + Tair

)
(2.2)

V PD = esat(Tair)× (1− RH

100
) (2.3)

(2.4)

2.2.5 Monitoring to the winter wheat crop development

Green area index (GAI) was measured eight times throughout the study period, based on the
basic ICOS procedure (Gielen et al., 2018). More precisely, the air bodies of around five to
six randomly selected plants were collected on one-metre transects on the seed rows. After
cleaning and weighing, the living leaves fraction was scanned by using the Digimizer software
(version 5.7.2, MedCalc Software Ltd, Belgium) and GAI was estimated from it. Later, a
sigmoid function has been fitted on GAI observations to obtain its temporal evolution in order
to estimate it over the study period. The BBCH stages were estimated from the DAISY model
(Hansen et al., 1991). The evolution of these stages and of the GAI for the cultivated winter
wheat crop are illustrated in Figure 2.4.
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Figure 2.4: Evolution of the green area index (GAI) and the principal growth stages of the
cultivated winter wheat according to the BBCH scale for cereal crops (Meier, 2018) from day
of year (DOY) 51 to 181. Vertical lines indicate the beginning of each principal growth stage
referenced.

2.3 Fluorescence measurements

2.3.1 Sun-induced fluorescence measurements

The Fluorescence Box (FloX) field spectrometer measures sun-induced fluorescence, upwelling
and downwelling pohtosynthetically active radiation (PAR) together with upwelling and down-
welling radiance by the means of optical fibres. Spectrally resolved reflectance at 750 and 760
nm and vegetation indices were obtained after raw data processing (JB hyperspectral devices,
Düsseldorf, Germany). The FloX is equipped with two spectrometers (QE Pro, Ocean Optics,
USA) focusing on different spectra. The first one (FLUO) has a spectral resolution of about 0.3
nm and performs measurements within the fluorescence spectrum, which ranges from 650 to 800
nm, covering the O2A and O2B bands (red and near-infrared zone). The second one (FULL)
focuses on the visible and near-infrared zones and has a spectral resolution of 1.5 nm. They
had a field of view upwards and downwards of about 180° and 20° (De Cannière et al., 2021;
UG, 2022). The two devices were located at 2.10 m high and were performing measurements
over a 4-m2 area (cf. Figure 2.1). The device was set up on March 8th 2022 and dismantled on
July 18th 2022.

2.3.2 Fluorescence measurements with the LI-6400XT Portable Photosyn-
thesis System

Leaf level fluorescence and gas exchange measurements were conducted manually with the LI-
6400XT Portable Photosynthesis System equipped with a 6400-40 Leaf Chamber Fluorometer
(LI-COR Biosciences, Inc, Lincoln, Nebraska) from April 10th to around July 1st which corre-
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Table 2.2: Principal parameters measured with the LI-6400XT Portable Photosynthesis System
(Baker, 2008; LI-COR Biosciences, Inc, 2011).

Symbol Corresponding measured fluorescence parameter

F ′o Minimal fluorescence of a light-adapted leaf
Fs Steady-state fluorescence of a light-adapted leaf
Fm Maximal fluorescence during a saturating light flash on a dark-adapted leaf
Fv Variable fluorescence
Fo Minimal fluorescence of a dark-adapted leaf
qP Photochemical quenching
NPQ Non-photochemical quenching
Fv
Fm

Maximal quantum yield of PSII photochemistry ΦPSIImax

ΦPSII PSII photochemical quantum yield
Ci Sub-stomatal CO2 concentration (µmolCO2.mol

−1)
A Photosynthetic rate (µmolCO2.m

−2.s−1)
gw Conductance to H2O (µmolH2O.m

−2.s−1)
PARi In-chamber photosynthetic active radiation (µmol.m−2.s−1)

sponds approximately to fifteen days before the crop harvest. Between these two dates, mea-
surements have been conducted on the field at least two days per week and with varying weather
and environmental conditions. The chosen leaves for the measurements were the youngest and
the most exposed ones. Those measured on the same day were to be of about the same colour
and of the same anatomy in order to prevent other factors, such as different nitrogen contents,
to impact fluorescence and gas exchange measurement. The preparation checklist was applied
according to the device manual (LI-COR Biosciences, 2011) (page 4-2 to 4-4). Then, the cal-
ibration steps were applied as explained in details from page 4-4 to 4-6 in the device manual
(LI-COR Biosciences, 2011). During measurements, the flow rate has been set to 500 µmol.s−1,
the reference CO2 to 400 µmol.mol−1 and the light source to the Track Ambient PAR mode
in order to obtain incident PAR equivalent to ambient value. Concerning the air water vapour
concentration, the relative humidity was set as close as possible to the ambient one by putting
the dessicant on full bypass. The measured fluorescence and photosynthetic parameters are
presented at Table 2.2. The handlings were divided in two phases : the dark and the light one.
At first, the leaf was placed in the dark. After an adaptation time of at least 5 minutes, flu-
orescence parameters of dark-adapted leaves were measured following a non actinic saturation
flash, which means that its intensity was not sufficient to launch photosynthesis. Then, the
lamp was turned on and set on tracking the ambient PAR value. After a minimum of 20 min
to reach a steady state fluorescence and gas exchange, a saturation flash followed by a dark
pulse was imposed to the leaf and the rest of the fluorescence parameters could be measured.
For every measured fluorescence and pohotsynthetic parameters, values outside 1.5 times the
interquartile range over the whole dataset were considered outliers and removed. In addition,
data corresponding to a negative ratio of carbon assimilation (A) on stomatal conductance (gs),
obtained from the leaf conductance to H2O (gw/1.6), were also removed. Furthermore, the light
response curve of photosynthetic rate (A) has been modelled by the Mitscherlich from incoming
PAR (PARi) as follows:

A = a× (1− exp(−b× (PARi − c))) (2.5)

12



2.4 Gross primary production estimation from Eddy covariance
measurements

Gross primary production (GPP) was estimated over the study period from flux-tower measure-
ments by using the Eddy-covariance (EC) method (Wohlfahrt et al., 2012). The REddyProc
package (Max Planck Institute for Biogeochemistry, Germany, https://cran.r-project.org/
package=REddyProc) has been used to discard biased flux measurements corresponding to peri-
ods of low turbulent mixing by using the u∗ correction method (u∗ < 0.19895 m.s−1), to gap fill
data, to obtain the gross CO2 assimilation (GPP) and the ecosystem respiration (Reco) thanks
to flux partitioning. The flux data post-processing methods used in the REddyProc package
are described in Wutzler et al. (2018). More precisely, post-processed data with quality flag
of 0 or 1, corresponding respectively to the original data and to the most reliable data, were
kept, while the rest was discarded. These quality flags were determined by the steady-state test
(Mauder et al., 2021, Chapter 6). Similarly to Liu et al. (2020), only daytime data (PAR > 20
µmolPhoton.m−2.s−1) and data corresponding to non-rainy days (Precipitation = 0 mm) have
been used in the analysis.

2.5 Gross primary production modelling from Sun-induced flu-
orescence

2.5.1 Description of the model

Gross primary production has been modelled thanks to the mechanistic light response model
(MLR) established by Gu et al. (2019). The rate of the linear electronic transport J (µmol.m−2.s−1)
has been estimated from SIF and fluorescence parameters as follows (Gu et al., 2019; Liu et al.,
2022):

J = qL ×
ΦPSIImax(1 + kDF )

(1− ΦPSIImax)
× SIFTOT FULL PSII (2.6)

where qL is the fraction of photosystem 2 (PSII) reaction centres that are open (-), ΦPSIImax

is the maximal photochemical quantum yield of PSII (-), kDF is a constant of de-excitation of
the chlorophyll molecules (-) and SIFTOT FULL PSII is the sun-induced fluorescence emitted by
all the leaves of the canopy over the full range of the fluorescence emission spectrum (from 640
to 850 nm) and comprising only the fluorescence emitted by PSII (µmol.m−2.s−1). One should
note that SIFTOT FULL PSII does not correspond to the measured SIF (SIFTOC 760) and was
determined from the latter by a method described in section 2.6. kDF has been computed as the
ratio between kD and kF. kD characterizes heat loss while kF represents the energy quenching
via the fluorescence (Liu et al., 2022). Usually, these two parameters, considered as intrinsic
properties of chlorophyll molecules, can be considered as constant under unstressed conditions
(Porcar-Castell et al., 2014; Liu et al., 2022). Thus kDF has been assumed to be equal to 19,
as in the MLR model version presented by (Gu et al., 2019). ΦPSIImax represents the maximal
PSII efficiency at which absorbed energy is used for photochemical reactions (Baker, 2008).
It is assumed to be constant and conserved over all plant species under unstressed conditions
(Porcar-Castell et al., 2014; Janka et al., 2015; Gu et al., 2019). When J is obtained, GPP can
be estimated by applying the FvCB model for C3 species (Farquhar et al., 1980; Gu and Sun,
2014):

GPP =
Ci − Γ∗

4Ci + 8Γ∗
× J (2.7)

where Ci is the sub-stomatal CO2 concentration (µmolCO2.mol
−1) and Γ∗ is the chloroplastic

CO2 compensation point (µmol.mol−1). In this formulation of the MLR model, Ci is considered
equal to Cc because the mesophyll conductance is assumed to be infinite. According to the CO2
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diffusion model based on Fick’s law, Ci is given by:

Cc ≈ Ci = Ca −
A

gs
(2.8)

where Ca is the atmospheric CO2 concentration (µmolCO2.mol
−1), A is the CO2 assimilation

rate (µmolCO2.m
−2.s−1) and gs is the stomatal conductance (mol.m−2.s−1). At a first attempt,

Ci has been estimated for each time step (30-minute interval) by a model depending only on air
temperature. Indeed, Ci and especially A and gs have been observed to vary with air and leaf
temperature for different plant species (Weston and Bauerle, 2007; Janka et al., 2015; Urban
et al., 2017; Huang et al., 2021).

Equation 2.7 is used to predict GPP when the photosynthesis is limited by the regenera-
tion of the metabolite RuBP (ribulose-1,5-bisphosphate), in the specific case when NADPH is
insufficient in the first stages of the Calvin cycle due to low incoming PAR intensity. In case
of high incoming light, the electron transport chain becomes overloaded, leading to the satu-
ration of the CO2 assimilation rate. At this point, an increase of irradiance will not have any
effect on photosynthesis, and only Rubisco (ribulose 1,5-bisphosphate carboxylase/oxygenase)
can become a limiting factor (Farquhar et al., 1980; Sharkey et al., 2007; Gu and Sun, 2014).

2.5.2 Estimation of the parameters

Fraction of PSII open reaction centers

The reaction centres, located in the photosystems, are the location where the photochemical
reactions take place after having received the excitation energy from the chlorophyll molecules
(Reed, 1969). When a reaction centre is said to be “open”, it means that it is able to reduce
CO2 by using the excitation energy. Hence, qL represents the number of reaction centers that
are functional. In particular, this parameter is based on the lake model which considers that all
reaction centers of PSII are encased in a matrix with the pigment proteins and that each of the
fucntional ones is able to receive the excitation energy from the surrounding pigment molecules
as well as to transfer it to other reaction centres (Baker, 2008; Gu et al., 2019; Porcar-Castell
et al., 2021). qL has been estimated with the following formula (Kramer et al., 2004; Baker,
2008; Kasajima et al., 2009):

qL = qP ×
F ′o
Fs

(2.9)

where qP is the photochemical quenching (-), F ′o is the minimal fluorescence of a light-adapted
leaf and Fs is the steady-state fluorescence of a light-adapted leaf. All these variables were
measured by the LI-6400XT Portable Photosynthesis System measurements. Unrealistic qL

values (higher than 1) have been removed.
In the perspective of deducing directly GPP from SIF data, obtaining the qL value from

very easy measurable parameters is essential. qL is mainly affected by the incoming PAR with a
strong influence producing diurnal pattern (Baker, 2008; Zivcak et al., 2014; Janka et al., 2015;
Cendrero-Mateo et al., 2015; Chang et al., 2021). Therefore, the setting of a model describing
the evolution of qL with increasing PAR has been attempted in this work, based on leaf-level
measurements, in order to be able to estimate qL for any PAR levels. Four models have been
tested: a linear model, a cubic model, an exponential model proposed by Chang et al. (2021)
and a power law model. The quality of each regression has been assessed by determining the
determination coefficient (R2), the corrected Akaike’s Information Criterion (AICc), the relative
mean square error (RMSE) and an F-test in order to check if the model generates a significantly
better fit than the intercept-only model, considering a confidence level of 95 %.
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Non-photochemical quenching

Non-photochemical quenching represents one of the thermal dissipation mechanisms which pro-
tect the photosynthetic machinery from the damages caused by an excess of absorbed energy
when CO2 assimilation saturates at high PAR levels (Yamamoto et al., 1999; Horton, 2013;
Mohammed et al., 2019). Even though this parameter is not used in the MRL model proposed
by Gu et al. (2019) to obtain GPP, it is used in the reworked version proposed by Liu et al.
(2022) and is, all things considered, a noteworthy parameter to study given that it is involved
in the energy partitioning of the plant as well as in its energetic regulatory mechanisms. So,
there is a marked interest in being able to deduce its value from easily measurable parameters.
Similar to qL, NPQ is affected by environmental conditions (Cendrero-Mateo et al., 2015; Janka
et al., 2015; Gu et al., 2019; Chang et al., 2021), and so, four models describing the evolution
of NPQ with increasing PAR have been fitted in this work and compared to each other to find
the most realistic one. The models tested are the linear model, the cubic model, a model of
exponential saturation (Ritchie, 2008) and a model based on the Hill equation proposed by
Serôdio and Lavaud (2011).

Chloroplastic CO2 concentration point

The chloroplastic CO2 compensation point is the chloroplastic CO2 concentration when photo-
synthesis is compensated by photorespiration and no net assimilation occurs (Farquhar et al.,
1980). Γ∗ is temperature-dependent and increases with rising temperature (Bernacchi et al.,
2001). Its response to air temperature has been modeled with the following equation (Katul
et al., 2010):

Γ∗ = 36.9 + 1.18× (Tair − 25) + 0.036× (Tair − 25)2 (2.10)

where Tair is the air temperature (°C). This parameterization has been validated for a very
large number of plant species.

2.6 Downscaling from measured SIF to total broadband SIF

The SIF measured was the one retrieved by using the Spectral fitting method (SFM) from the
oxygen (O2A band) absorption lines at 760 nm (SIFTOC 760, mW.m

−2.nm−1.sr−1). Only far-
red SIF has been used because it has been observed to be more closely related to GPP than
red SIF and it potentially contains information associated with both the top of the canopy and
the lower layers (Goulas et al., 2017; Jonard et al., 2020). Moreover, in the red region, SIF
is more subject to re-absorption (Liu et al., 2016a; Chang et al., 2021). This measurement
corresponds to a fluorescence emission per surface of land area (m2) composed of bare soil
and vegetation. In order to model J and GPP through equations 2.6 and 2.7, the broadband
SIF emitted from all the leaves within the footprint area and by considering only the PSII
contribution (SIFTOT FULL PSII, µmol.m

−2.s−1) has been estimated from the SIF measurements
(SIFTOC 760). The different steps to establish this correspondence are described in the following
sections and are similar to the method described by (Liu et al., 2022).

2.6.1 Retrieval of the contribution of photosystem II from the SIF measured
at the top of the the canopy

Far-red SIF is composed of fluorescence emitted from PSII and PSI (Mohammed et al., 2019;
Liu et al., 2016a). Nevertheless, the link between fluorescence and photochemistry is the actual
rate of the electron transport J originating from PSII to PSI (Baker, 2008; Kasajima et al., 2009;
Frankenberg and Berry, 2017; Gu et al., 2019; Porcar-Castell et al., 2021). Therefore, the contri-
bution of PSII to SIF at 760 nm at the top of the canopy (SIFTOC 760 PSII, mW.m

−2.nm−1.sr−1)
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has been estimated as follows:

SIFTOC 760 PSII = SIFTOC 760 × fPSII (2.11)

where fPSII (%) is the contribution of the PSII fluorescence to the measured signal at the top
of the canopy:

fPSII =
m2 × ε

m1 +m2 × ε
(2.12)

The parameters m1 and m2 were taken equal to 0.00561 and 0.00917 similarly to Liu et al.
(2022). Then, ε, a factor controlling the fluorescence emission from PSII, has been estimated
from the ratio of the maximal (Fm) and the minimal fluorescence (F0) of a dark-adapted leaf
measured manually by the LI-6400XT Portable Photosynthesis System (Liu et al., 2022):

ε =
ΦF

ΦF0
(2.13)

2.6.2 Estimation of the total SIF emitted from PSII at 760 nm

To obtain the SIF flux density emitted by PSII from all the leaves at 760 nm (SIFTOT 760 PSII,
mW.m−2.nm−1), SIFTOC 760 PSII has been downscaled from the top of the canopy to the pho-
tosystem level by:

SIFTOT 760 PSII = π × SIFTOC 760 PSII

fesc PC
(2.14)

where fesc PC is the probability of SIF photons to escape from PSII up to the top of the canopy
at 760 nm and π which permitted to integrate SIFTOC 760 PSII over the hemispherical space (Liu
et al., 2022). fesc PC has been computed from the multiplication of the leaf escape probability
of SIF photons at 760 nm (fesc PL) by the leaf albedo (0.9) considered quite stable in the NIR
region (cf. Equation 2.16). fesc PC allowed the conversion of the SIF measurement done at the
top of the canopy to a value of SIF per area of leaves. Indeed, fesc PC represents, in a sense, the
proportion of the canopy within the footprint of the SIF sensor. In fact, a low value of fesc PC

means that the canopy is covering a small proportion of the land area while a value close to 1
corresponds to a highly developed canopy. In other words, the probability that a SIF photon
escapes the canopy and reaches the sensor is maximum when the canopy is fully developed.

fesc LC =
NIRv

fAPAR
(2.15)

fesc PC = 0.9× fesc LC (2.16)

fesc LC has been estimated from fAPAR, accounting for the fraction of PAR radiation absorbed
by the leaves, and NIRv, which is obtained by multiplying NDVI by the canopy reflectance in
the NIR region, here taken at 760 nm (Equation 2.15). All values of NDVI outside the range
expanding from 0 to 1 have been removed because values higher than 1 and lower than -1 don’t
have a physiological meaning and values lower than 0 generate a negative probability (fesc LC)
which is impossible. fAPAR has been computed from the the wide dynamic range vegetation
index (WDRVI), itself determined from NDVI (Liu et al., 2022):

WDRV I =
(a+ 1) ·NDV I + (a− 1)

(a− 1) ·NDV I + (a+ 1)
(2.17)

fAPAR = Ψ× (0.616 ·NDV I + 0.726) (2.18)

with a and Φ equal to 0.2 and 0.79 respectively.
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2.6.3 Reconstitution of broadband SIF

The broadband SIF is obtained by integrating over the emission spectrum the dependance of SIF
emission by PSII on wavelength. Then, the major step to reconstitute the broadband SIF was
to determine SIF emitted by PSII from the whole canopy at a given wavelength (SIFTOT λ PSII,
mW.m−2.nm−1) from SIFTOT 760 PSII. To convert SIFTOT 760 PSII into SIFTOT λ PSII, a factor,
called the ”band conversion ratio” (fc(λ)), has been estimated. For this purpose, a total of
6720 fluorescence spectra at photosystem level from 640 to 850 nm have been simulated by the
Soil Canopy Observation of Photosynthesis and Energy model (SCOPE; version 1.73) (van der
Tol et al., 2009).The different spectra correspond to different leaf structural and biochemical
properties as well as distinct sun rays properties and canopy structures. The variation of
these properties have been taken identical to those used by Liu et al. (2022). Moreover, the
simulation took also into account the hemispherical integration and the reabsorption effect
impacting chlorophyll fluorescence. Then, a basis spectrum describing the distribution of the
SIF spectrum has been extracted from the simulated dataset using the SVD method (Zhao
et al., 2014). This analysis showed that the first principal component (PC1) explained more
than 99.99 % of the variation of the fluorescence spectra at photosystem level. In other words,
the spectral shape of PSII fluorescence stayed stable to a certain extent with varying leaf and
canopy structural properties. For this reason, the PSII full spectrum (SIFTOT λ PSII) have been
expressed as a linear combination of the first singular vector (v1) corresponding to PC1 (Zhao
et al., 2014):

SIFTOT λ PSII =
SIFTOT 760 PSII

v1(760)
× v1(λ) (2.19)

The ratio of v1 and v1(760) is representing fc(λ) which has been used to weight the SIF mea-
surements done at 760 nm (SIFTOT 760 PSII) with respect to the full fluorescence spectrum (see
Appendix A.1). The last step to obtain SIFTOT FULL PSII was to integrate this spectrum over
the wavelength range of interest and to perform an unit conversion :

SIFTOT FULL PSII =

∫ 850

640
SIFTOT 760 PSII × fc(λ)× λ · 106

h · c ·NA · 103 · 109
(2.20)

with λ the wavelength (nm), h, the Planck constant (6.63 × 10−34 J.s), c, the speed of light
(3 × 108 m.s−1), and NA, the Avogadro number (6.02 × 1023 µmol−1). Finally, outliers of the
resulting SIF have been removed by using the interquartile range method.

2.7 Computer resources

All handling described and performed on data have been done using the computing language
Python (Python 3.8.8). The main libraries used are Lmfit, Matplotlib, Numpy, Pandas, Sklearn
and Scipy, especially the integrate and optimize packages for this latter.
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Figure 3.1: Evolution of the air temperature (T air) from day of year (DOY) 51 to 181. Light
pink points represent half-hourly observations while purple triangles indicate daily means.

3.1 Micro-meteorological and photosynthetic conditions over
the course of the studied period

In this paper, the timescale will be further defined as day of year (DOY). As shown in Figure
3.1, Tair has gradually increased over the studied period with minimal values close to 0°C found
between DOY 51 and 100, a pronounced drop between DOY 90 and 100, and maximal values
between DOY 160 and 181. Similarly, VPD is globally increasing throughout the study period as
seen in Figure 3.2. Minimal values are found between DOY 51 and 100, in particular between
DOY 80 and 100. Both Tair and VPD reached a maximal value at DOY 169, respectively
of 30.346 °C. and 2.630 kPa. Broadly speaking, an aerial drought stress can be considered
happening when VPD reaches values above approximately 1.5 or 2 kPa (Urban et al., 2018;
Paul-Limoges et al., 2018; Fakhet et al., 2021; Martini et al., 2022). This is the case for the
fews pics located from DOY 120 to 181. In contrast, no heatwave has been detected according
to the thresholds suggested by IRM (a) and Perkins and Alexander (2013). SWC dynamics
over the measurement period, as well as the precipitation and REW evolutions, are shown at
Figure 3.3. Over the whole study period (127 days), it rained a total of 161.85 mm, which is
lower (∼30 %) than the mean value of 234.40 mm accounting for the same period over the years
1991-2020 (IRM, b). A maximal value of 8.16 mm has been reached at DOY 142. Regarding soil
water content, it has globally declined over the study period. For SWC at 5, 15, 25 and 35 cm
depth, this decrease was quite sharp since DOY 100 and was afterwards punctuated by sudden
increases due to precipitation events. In deeper soil layers, this decrease is softened because root
biomass is lower and thus, water collection is reduced. Moreover, SWC at 55 and 85 cm depth
stabilised after precipitation events, probably because upper plant roots extracted the majority
of the incoming water, preventing it from reaching deeper SWC sensors and reducing the need
to collect water in deep layers. The REW, mainly driven by surface water contents, is following
the same pattern. From about DOY 110, REW is plummeting to values below 0.4. With such

19



60 80 10
0

12
0

14
0

16
0

18
0

DOY

0.0

0.5

1.0

1.5

2.0

2.5
VP

D
 [k

Pa
]

Half-hourly
Daily max

Figure 3.2: Evolution of the vapour pressure deficit (VPD) from day of year (DOY) 51 to 181.
Light blue points represent half-hourly observations while dark blue triangles indicate daily
means.

low REW, there are strong risks of edaphic drought, as already noted for European forest and
maize (Jiang et al., 2018; Gourlez de la Motte et al., 2020). Afterwards, from DOY 140 to 181,
REW, despite sudden increase caused by precipitation, reaches 0 several times and remains
mostly below 0.4. This can be explained, as for soil water content by the potential important
uptake of incoming water by roots in the first soil layers. Overall, these observations indicate
a relative drought stress from DOY 120 to the end of the study period, especially for periods
without precipitation events. The temporal evolution of incoming PAR, GPPEC and GAI is
shown in Figure 3.4. Generally speaking, GPPEC has increased, reaching a maximal value
of 18.714 gC.m-2.d-1 at DOY 133, then stabilised before finally slightly decreasing. Overall,
the general GPP dynamic over the study period is synchronous with the evolution of PAR and
GAI, indicating the surface where photosynthesis can take place. From Figure 2.4, three canopy
development dynamics has been identified, comprising different phenological stages: from GAI
0 to 2, including plant germination and leaf development, then for GAI ranging from 2 to
6 which covers tillering and stem elongation and finally, GAI above 6, from booting to fruit
development. These thresholds have been used in the following analysis (cf. section 3.4.5 on
page 34). The light response curve of the photosynthetic rate (A) and its fit are represented at
Figure 3.5. The photosynthetic rate increases with incoming radiation, before saturating at a
value close to 20 µmolCO2.m

−2.s−1. Prior to this value, A is assumed to be only limited by the
regeneration of the metabolite RuBP (ribulose-1,5-bisphosphate), itself limited by insufficient
ATP and NADPH in the first reactions of the Calvin cycle. During this period, most of the
absorbed light energy is used by photochemical reactions and A is directly linked to the electron
transport chain between photosystems II and I. In other words, this energy is dissipated through
photochemical quenching. Subsequently, with the increase of PAR, the CO2 assimilation rate
gradually levels out due to more electrons saturating the electron transport chain. As a result,
A value remains stable regardless of the increasing irradiance. On this part of the curve, A

20



60 80 10
0

12
0

14
0

16
0

18
0

DOY

10

15

20

25

30

35

40

45
So

il 
w

at
er

 c
on

te
nt

 [%
]

0

1

2

3

4

5

6

7

8

Pr
ec

ip
ita

tio
n 

[m
m

]

0.0

0.2

0.4

0.6

0.8

1.0

R
E

W
 [-

]

SWC5
SWC15
SWC25
SWC35
SWC55
SWC85
P
REW

Figure 3.3: Evolution of the soil water content (SWC) from day of year (DOY) 51 to 181
at 5, 15, 25, 35, 55 and 85 cm depth. The evolutions of precipitation (P) and the relative
extractable water (REW) are also represented. The soil water content at 35 cm has been
linearly interpolated between SWC25 and SWC55 at each time step.

is limited by Rubisco which can be affected by stress conditions (Farquhar et al., 1980; Sage
and Kubien, 2007; Sharkey et al., 2007; Galmés et al., 2013; Mathur et al., 2014; Porcar-Castell
et al., 2014). The PAR threshold describing the beginning of the plateau has been estimated at
1350 µmolPhoton.m−2.s−1. Because some uncertainties are associated with the determination
of this curve, a range of ± 150 µmolPhoton.m−2.s−1 has been considered when using the PAR
threshold in the following analysis.

3.2 SIF dynamics

In figure 3.6, it can be observed that SIFTOT FULL PSII and GPPEC are exhibiting a relatively
similar pattern of global increase until approximately DOY 130, before decreasing while oscil-
lating. This is consistent with the rise of incoming PAR together with the development of the
wheat canopy (cf. Figures 2.4 and 3.4). Such observations have already been done for different
plant species including wheat (Mohammed et al., 2019; Yang et al., 2015; Goulas et al., 2017;
Li et al., 2020; Pierrat et al., 2022). The fact that the narrowband (760 nm) measured SIF
(SIFTOC 760) exhibits the same seasonal dynamic (data not shown) confirms the strong reliance
of SIF on PAR (Chang et al., 2021). In the case of this study, the evolution of SIFTOT FULL PSII

is also linked to the canopy development because it depends on fesc PC, a parameter related to
NDVI and fAPAR (see section 2.6.2, page 16). On a diurnal scale, PAR is increasing, reaching
a maximal value at midday, which induce GPP and SIF to grow during the first half of the
day and then decline till the end of the day, as shown in Appendix A.2. Diurnal GPPEC and
SIFTOT FULL PSII evolutions are strongly correlated (PCC = 0.923, see Appendix A.2) (Yang
et al., 2015, 2018; Chang et al., 2021; Chen et al., 2021b). Indeed, GPP and SIF are driven by
some common environmental variables, essentially the fraction of absorbed PAR (Yang et al.,
2018; Gu et al., 2019; Chang et al., 2021; Chen et al., 2021b). As PAR is increasing, more en-
ergy becomes available for the plant carbon assimilation, which is the main pathway to dissipate
energy when light is not-saturating, but also, to a lesser extent, for fluorescence emission and
heat dissipation, as the three processes are complementary (Baker, 2008; Porcar-Castell et al.,
2014; Cendrero-Mateo et al., 2015; Frankenberg and Berry, 2017; Gu et al., 2019; Jonard et al.,
2020). Indeed, below typical high PAR levels, SIF is expected to be positively related to GPP,
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Figure 3.4: Evolution of cumulative incoming photosynthetically active radiation (PAR), the
daily total gross primary production based on the Eddy-covariance technique (GPP EC) and
estimated green area index (GAI) from day of year (DOY) 51 to 181. Vertical lines indicate the
beginning of each principal growth stage referenced.

driven by NPQ which dissipates the excessive energy. This might explain the positive seasonal
correlation between GPP and SIF at the canopy scale (Porcar-Castell et al., 2021). Despite
these commonalities, differences exist between SIFTOT FULL PSII and GPPEC. From DOY 51 to
70, SIF is relatively high compared to the GPP dynamic and this phenomenon is not observed
with measured SIFTOC 760 (data not shown). This is explained by the fact that the canopy is
not fully developed yet so GPPEC is low and is increased by small values of fesc PC accounting
for the low vegetation proportion within the sensor footprint (see section 2.6.2 on page 16 and
Figure 3.10). Accordingly, there is an increase of total emitted SIF (SIFTOT 760 PSII) compared
to what is emitted by the top of the canopy (SIFTOC 760) (cf. Equation 2.14, page 16). Then,
around DOY 178 and 181, SIFTOT FULL PSII is unexpectedly very low for high GPP values.
For this reason, these data have been considered as outliers and excluded from the analysis.
Likewise, missing data between DOY 159 and 165 and at the end of the study period are due
to sensor malfunctions.

3.3 Model parameters

3.3.1 Fraction of PSII open reaction centers and non-photochemical quench-
ing

Continuous functions describing the fluctuations of the model parameters with environmental
conditions are needed to model GPP from SIF measurements. Here, different parameterizations
to estimate qL from incoming PAR are shown in Figure 3.7. All the models provide a signifi-
cantly better fit the an intercept-only model and have close values of AICc, R2 and RMSE (cf.
Appendix A.1). Nevertheless, the model providing the smallest AICc, is the power law model.
However, the use of this model can lead to extreme values of qL for low values of PAR. But since
data corresponding to such situations are excluded (PAR < 20 µmol.m−2.s−1), the issue does
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Figure 3.5: Light response curve of CO2 assimilation rate (A) measured by the LI-6400XT
Portable Photosynthesis System. The curve has been modelled using the Mitscherlich model
fitted on the mean of A per PAR classes of 100 µmolPhoton.m−2.s−1 width. The saturating
value of PAR (PARsat) has been estimated from the asymptote (a) of the model and its standard
deviation (σa) (PARsat = ln

(
σa
a

)
×
(−1
b

)
+ c), giving a PARsat of 1350 µmolPhoton.m−2.s−1.

not arise in this study. Besides, it provides a correct physiological dynamic of qL. As shown in
previous studies, qL decreases with incoming PAR and stabilises at high PAR values, a dynamic
directly related to the evolution of CO2 assimilation rate seen in Figure 3.5. In the dark, all
reaction centres are considered open, which means that their electron acceptor is fully oxidised
and ready to accept electrons. With increasing incoming PAR, more and more reaction centres
are reduced because of the absorbed energy and hence, the fraction of open reaction centres
declines until the PAR range corresponding to the carbon assimilation saturation, leading to a
stabilisation of qL (Kramer et al., 2004; Baker, 2008; Gu et al., 2019). As seen in Figure 3.7, qL

stabilises at approximately 0.4 for PAR values higher than approximately 1000 µmol.m−2.s−1.
It means that the maximum percentage of reduced reaction centres is 60 %. In the model
version coming from Gu et al. (2019) and used in this study, qL enables the estimation of J
(cf. Equation 2.6, page 13) while in the revised version proposed by Liu et al. (2022), NPQ
is used instead of qL. For reasons already described previously (cf. section 2.5.2 on page 15),
it is an interesting parameter to parametrize in order to understand the plant photosynthetic
behaviour. Observed NPQ is linearly increasing with incoming PAR, as seen in the literature
(Cendrero-Mateo et al., 2015; Janka et al., 2015; Gu et al., 2019; Chang et al., 2021). Five
models have been tested to parametrize NPQ from incoming PAR (cf. Appendix A.3). Sim-
ilarly to qL, parameters assessing the quality of the regression are close (cf. Appendix A.1).
However, the model characterised by the smallest AICc is the exponential saturation model
(Ritchie, 2008).
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(SIFTOT FULL PSII) and tower-based gross primary production (GPPEC) from day of year (DOY)
51 to 181. Only values accounting for days of non-precipitation and incoming PAR higher than
20 µmolPhoton.m−2.s−1 are shown.

3.3.2 Maximal photochemical PSII quantum yield

PSII photochemical quantum yield (ΦPSII) and maximal PSII photochemical quantum yield
(ΦPSIImax) dynamics with respect to incoming PAR are shown at Figure 3.8. ΦPSII decreases
with incoming PAR. Indeed, as light energy is absorbed by the plant, more and more energy is
allocated to photochemical reactions, until the saturation of the electron in the transport chain.
From this point on, excess energy is dissipated either as heat or fluorescence (Baker, 2008;
Meroni et al., 2009; Endo et al., 2014; Zha et al., 2017; Gu et al., 2019). In our case, ΦPSIImax

varies within a narrow range between 0.7 and 0.85 which is consistent with values found in the
literature (Yamasaki et al., 2002; Baker, 2008; Dongsansuk et al., 2013; Janka et al., 2015; Zha
et al., 2017; Urban et al., 2018). As a result, the mean of the observed values has been used in
the MLR model (0.762).

3.3.3 Sub-stomatal concentration of CO2

Figure 3.9 illustrates the variation of sub-stomatal CO2 concentration (Ci) of the wheat leaves
with respect to Tair. Firstly, as Tair increases from low values up to around 22°C, Ci seems to
stabilise around 225 µmol.mol−1. Then, Ci rises to over 300 µmol.mol−1 when Tair decreases
below 22°C. Low temperatures are mainly observed in the morning with the major part at
relatively low values of incoming PAR. During these periods, photosynthesis (A) is weak and
the stomatal conductance (gs) relatively stable. Thus, the ratio A/gs is low and, according to
Equation 2.8 (page 14), leads to high Ci . Similar behaviours have been observed in different
genotypes of rice and wheat (Huang et al., 2021). A general increase of Ci is also observed when
PAR decreases (data not shown) confirming the reasoning presented. On the contrary, greater
values of temperatures are usually observed during mid-daytime, and correspond to high values
of incoming PAR, when A stays high and stomata are steadily largely open. Hence, A/gs is
changeless, leading to the stabilisation of Ci. Overall, the range in which Tair is varying, with
an isolated minimal value at 131 µmol.mol−1 and a maximum at 375 µmol.mol−1, remains
relatively small. Some other studies have shown similar outputs with intercellular CO2 con-

24



0

25
0

50
0

75
0

10
00

12
50

15
00

17
50

20
00

Incoming PAR [µmolPhoton. m 2. s 1]

0.3

0.4

0.5

0.6

q L
 [-

]
Linear
Cubic
Power law
Chang model
mean per PAR classes
observed data

Figure 3.7: Evolution of qL with the incoming PAR. Empty dots represent punctual mea-
surements and black dots are qL averages per PAR classes, with twelve classes of 100
µmolPhoton.m−2.s−1 width. Linear, cubic, power law models are shown as well as the ex-
ponential model proposed by Chang et al. (2021). R2 and p-values are mentioned in Appendix
A.1.

centration varying slightly or increasing under stress, but still remaining in a certain range,
expanding from about 150 to 300 µmol.mol−1 for spring and winter wheat (Liu et al., 2016a;
Chen et al., 2022). The response of Ci to air temperature over the studied period has been
modelled by a two-segment function: a linear Ci decrease when Tair rises from low values fol-
lowed by a constant plateau for high temperatures, assumed to be equal to average Ci above
the breaking point temperature.

3.3.4 Temporal variations of factors used in the model and to estimate
SIFTOT FULL PSII

The temporal evolution of the model parameters and those used for SIFTOT FULL PSII estimation
over the studied period is shown at Figure 3.10 and 3.11. To begin with, Γ∗ remains stable
from DOY 51 to 120. From this last date, it is gradually increasing until DOY 181, occasionaly
reaching high values, with a maximum of 46.279 µmol.mol−1 at DOY 169. Since Γ∗ is only
modelled from Tair through a quadratic model, its fluctuations are due to the observed general
increase of Tair (cf. Figure 3.1). Next, the reflectance emitted at 760 nm (cf. Figure 3.10,
C) gradually increased from DOY 60 to 110, reaching maximal value of 1, before declining to
around 0.6 and finally dropping to 0.2. R760 seems to be also affected by low Tair values between
DOY 90 and 100 but it can also be due to sensor malfunction additionally. NDVI, NIRv and
fAPAR have a bell-shaped evolution from DOY 70 to to 181 according to the development of the
wheat crop canopy, as shown in Figure 3.11. The three parameters increased as of approximately
DOY 70, certainly because of the substantial leaf development of the canopy, reaching a peak
around DOY 120 and then steadily decreasing until DOY 181, as the crop became senescent.
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Figure 3.8: Evolution of observed photosystem II photochemical quantum yield (ΦPSII) and
maximal photochemical quantum yield (ΦPSIImax) with respect to incoming PAR.

Low values of NIRv are observed between DOY 90 and 100 (cf. Figure 3.10, C). This is due
to the R760 dynamics observed over the study period (cf. Figure 3.10, C), since it is directly
computed from it (see 2.6.2, page 16). Then for fesc PC, computed from NIRv and fAPAR (cf.
Equation 2.16, page 16), there is a gradual rise from DOY 60 to 120 to a maximal value of
1 where plants are fully developed (cf. Figure 2.4). Afterwards, fesc PC steadily declined until
approximately DOY 155 before plummeting to 0.2 at DOY 181. This last drop can be related
to the beginning of the canopy senescence. A small decline of the values was observed between
DOY 90 to 100, caused by the decrease NIRv during this period (cf. Figure 3.1). Compared
to other studies, the overall evolution of fesc PC is quite similar even though maximal values
reached are much higher, which can be due to a specific set up of the instrumentation and
the wheat variety (Chang et al., 2021; Liu et al., 2022). Half-hourly qL values are retracing
a diurnal behaviour with high values in the morning and at the end of the day and minimal
values reached at midday. It is driven directly by daily variations of incoming PAR (Gu et al.,
2019; Chang et al., 2021). Finally, an averaged fPSII value was used for the modelling of GPP
because its temporal evolution is low in relative value (0.871, see Appendix A.4). Overall, the
shape of the parameters evolution is close to what is observed in Liu et al. (2022)

3.4 GPP modelling performance and affecting factors

3.4.1 Comparison of observed and estimated GPP

Figure 3.12 shows the comparison between the modelled (GPPSIF) and the observed (GPPEC)
for half hourly scale values. Their relationship is described by a significant positive linear
correlation, with a relative mean squared error of 4.399 µmol.m−2.s−1. The model itself explains
40 % of the GPPEC variance (R2-MLR = 0.410). Higher values of both GPP are found under
high PAR values, which is consistent with the light response curve in Figure 3.5. However, the
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Figure 3.9: Dynamic of sub-stomatal CO2 concentration (Ci) with respect to air temperature
(Tair). For Tair lower than 23.8 °C (corresponding to a Ci of 227.542 µmol.mol−1), a linear
model is used to describe Ci evolution, with the corresponding p-value. For air temperatures
higher than this threshold, the model is the mean of the observed Ci found in this part. This
figure accounts for all the values of REW observed.

value of the slope of the linear relationship is 0.731 which indicates that the model does not
correctly predict the sensibility of PAR. Besides, data points are quite dispersed around the 1:1
line. At the daily scale (cf. Figure 3.13), R2-MLR is higher with a lower RMSE, showing that
observed and estimated data are closer in average and indicating that the model has difficulties
reproducing the diurnal cycle. These results are similar to Liu et al (2022) but they have found
a stronger linear relationship between GPPSIF and GPPEC at half-hourly scale by using the
MLR model on a wheat canopy, and an improved model performance at daily scale, which is
consistent with Figure 3.13. The lower R2-MLR of this study compared to Liu et al. (2022)
could be explained by their distinct methodology. Although their study is based on the MLR
model, NPQ and photochemical yield (ΦP ) have been used instead of qL and ΦPSIImax, which
can possibly impact the prediction performance. Moreover, in Liu et al. (2022), chloroplastic
CO2 concentration has been obtained from an iteration process, based notably on the net
CO2 assimilation rate measurements, while in our work, Ci, has been estimated only from air
temperature. In addition, kDF has been fixed to 19, whereas in Liu et al. (2022), it has been set
to 9. The latter seems to have a significant impact on the prediction since its value has been
tuned (set to 9) to optimise the model performance. Now, regarding the reconstitution of total
PSII broadband SIF, the measured SIF at 760 nm shows an almost similar temporal variation
as in Liu et al. (2022), as it can bee seen in Appendix A.5. However, values of fesc PC were found
higher from DOY 110 to 181, probably because of a quite smaller fAPAR and higher NIRv. Gu
et al. (2019) showed that higher fesc PC could modify the relationship between SIF and GPP.
Finally, fPSII has been set to its mean value (0.871; Appendix A.4), while in Liu et al. (2022), it
varies over the studied period staying under 0.7. All these differences, together with the climatic
and environmental conditions, may influence the results, particularly the fact that the winter
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Figure 3.10: Evolution of the parameters used to estimate GPPSIF and SIFTOT FULL PSII from
day of year (DOY) 51 to 181: (A) the chloroplastic CO2 compensation point (Γ∗), (B) the
escape probability of SIF photons from photosystem scale to canopy scale (fesc PC), (C) the
reflectance at 760 nm (R760) and (D) the modelled fraction of open reaction centres from
incoming PAR, (qL). Light blue points indicate half-hourly estimated values and dark green
triangles account for daily mean values. Only values corresponding to incoming irradiance
higher than 20 µmolPhoton.m−2.s−1 and absent precipitation are shown.

wheat canopy at Lonzée experienced an edaphic drought between DOY 120 and 181, while in Liu
et al. (2022), irrigation was applied when the SWC was lower than the field capacity (60 %). A
sensitivity analysis has been performed to assess the sensitivity of the model to qL, Γ∗ and Ci (cf.
Equations 2.6 and 2.7, page 13). The results are summarised in Table 3.1 on page 33. The main
factor affecting the MLR R2 is qL. Indeed, since it is directly multiplying SIF in the Equation
10, qL has a strong effect on J, given a certain SIF and PAR levels, and impacts the SIF-GPP
relationship, as shown in Gu et al. (2019). Potentially, model predictions may be influenced
by Γ∗ and Ci. According to Table 3.1, their variations only modified the model performance
to a limited degree even though their combined fluctuations in Equation 2.7 (page 13) might
affect the model performance. One should note that, as mentioned in section 2.5.1 (page 14),
the presented model is valid when carbon assimilation is limited by the RuBP regeneration
(Gu and Sun, 2014). Assuming this condition, the underestimation observed in Figures 3.12
and 3.13 might result from the use of the model at high PAR levels, when photosynthesis is
only limited by Rubisco. Nevertheless, Liu et al. (2022) observed a strong linear relationship
between estimated and observed GPP even at every PAR level. To better understand relatively
poor predictions and to highlight the best using conditions of the MLR model, the relationship
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Figure 3.11: Evolution of daytime values of normalized difference vegetation index (NDVI), the
product of NDVI with the reflectance at 760 nm (NIRv), and the fraction of PAR radiation
absorbed by plants (fAPAR) from day of year (DOY) 51 to 181. Only values measured from
7.30 AM to 7.00 PM, accounting for incoming irradiance higher than 20 µmol.m−2.s−1 and
non-rainy days are shown.

between SIF and GPP has been investigated with regard to phenological stages, REW and PAR
levels.

3.4.2 SIF-GPP relationship

Different studies have shown that GPP is positively correlated with SIF, especially far-red SIF
(Yang et al., 2015; Liu et al., 2016b; Goulas et al., 2017; Gu et al., 2019; Mohammed et al., 2019).
Linear positive relationships have been observed for coarse temporal scales (Mohammed et al.,
2019; Gao et al., 2021; Pierrat et al., 2022), under certain light conditions (Porcar-Castell et al.,
2014; Zhang et al., 2016; Frankenberg and Berry, 2017; Gu et al., 2019) and, in some studies, for
specific phenological stages of the vegetation (Goulas et al., 2017; Yang et al., 2018; Shen et al.,
2022). Under drought stress conditions, different responses of SIF have been observed leading
to a positive or negative relationship with GPP (Chen et al., 2022; Shen et al., 2022). Likewise,
for heat and aerial drought stress, contradictory behaviours have been observed depending on
the severity of the stress (Paul-Limoges et al., 2018; Wohlfahrt et al., 2018; Martini et al.,
2022). Equally important, NPQ seems to play an important role in the relationship between
fluorescence and photochemical quenching, even if the precise mechanism by which NPQ impacts
the SIF-GPP relationship in unclear (Damm et al., 2010; Cendrero-Mateo et al., 2015; Yang
et al., 2015; Paul-Limoges et al., 2018; Marrs et al., 2020; Porcar-Castell et al., 2021; Martini
et al., 2022). The behaviour of SIFTOT FULL PSII with regards to both measured and predicted
GPP for this study is shown at Figure 3.14. To begin with, measured GPP gradually increases
until SIFTOT FULL PSII around 5 µmol.m−2.s−1 above which it is levelling out. It means that at
this point, the increase in SIFTOT FULL PSII does not generate higher GPPEC. On the contrary,
GPPSIF is linearly increasing with SIFTOT FULL PSII and data points are less scattered. This
is more noticeable at the daily scale. Although GPPSIF is directly computed from SIF, it
demonstrates that the model does not reproduce the slight saturation that is observed with
the measured GPP and thus might alter predictions. This difference between SIF relationships
with both observed and predicted GPP has also been noted by Liu et al. (2022).
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Figure 3.12: Comparison of GPP modeled by the MLR model from SIF measurements (GPPSIF)
and measured tower-based GPP (GPPEC) at half-hourly scales. The R2-MLR is the determi-
nation coefficient computed from measured and estimated values of GPP provided by the MLR
model. The black line accounts for the 1:1 linear function. Only values measured accounting
for incoming irradiance higher than 20 µmolPhoton.m−2.s−1 and non-rainy days are shown.

3.4.3 Impacts of PAR on the SIF-GPP relationship

The SIFTOT FULL PSII-GPPEC relationship for two PAR classes is shown at Figure 3.15. For
PAR values higher than 1500 µmolPhoton.m−2.s−1, the slope of the linear regression tends to
zero and SIF explains a smaller proportion of the variability observed in GPPEC : the dynamic of
both variables seems to become uncoupled. Indeed, SIF and GPP have different light responses
(Porcar-Castell et al., 2014; Cendrero-Mateo et al., 2015; Gu et al., 2019). As stated before, GPP
and SIF have in common the dependency on incoming PAR when this last is low. When light
becomes not limiting anymore for photosynthesis processes, GPP saturates, as seen in Figure 3.5
because Rubisco limits the photosynthetic rate. Nevertheless, if SIF is not constrained by the
same limiting factors, it will keep increasing, provided that the increase of NPQ is not sufficient
to compensate for the saturation of carbon assimilation. More importantly, SIF seems to be
strongly correlated with PAR, sometimes more than with GPP, which can potentially explain
its increase at higher PAR (Yang et al., 2018; Gu et al., 2019). According to Zhang et al. (2016),
who conducted a study on the Harvard forest, the loss of linearity between GPP and SIF as
light intensity increases is due to the relationship between fluorescence (ΦF ) and photochemical
yield (ΦP ) which can be either positive or negative given the situation. When light is limiting,
carbon assimilation increases but ΦP decreases, progressively leading to the GPP saturation. At
the same time, ΦF is negatively linked to ΦP and rises because of the greater amount of energy
available. Under high PAR, NPQ becomes dominant and ΦF and ΦP are positively correlated
and decrease. These different light responses of ΦF and ΦP lead to the earlier saturation of
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Figure 3.13: Comparison of GPP modeled thanks to the MLR model from SIF measurements
(GPPSIF) and measured tower-based GPP (GPPEC) at daily scale. The R2-MLR is the deter-
mination coefficient computed from measured and estimated values of GPP provided by the
MLR model. The black line accounts for the 1:1 linear function. Only values measured from
7.30 AM to 7.00 PM, accounting for incoming irradiance higher than 20 µmolPhoton.m−2.s−1

and non-rainy days are shown.

GPP compared to fluorescence (van der Tol et al., 2014; Cendrero-Mateo et al., 2015; Zhang
et al., 2016; Porcar-Castell et al., 2021). This has not been verified due to a lack of data points.
Besides, Gu et al. (2019) suggest that most of the SIF-GPP relations observed under natural
conditions are linear because just a small fraction of the studied canopies (the leaves at the
top) receive high intensity light during the day. Obviously, this is certainly what is observed in
this case because the non-linear part is only partially observed. In the MLR model, qL should
reproduce this photosynthesis saturation because it decreases and then stabilises with rising
PAR (cf. Figure 3.7). Indeed, as shown by the sensitivity analysis, qL is the most impacting
parameter on the model performance. Furthermore, as stated in Gu et al. (2019), qL is affecting
the SIF-GPP relationship by modulating the rate of electron transport (J), thus leading to the
non-linearity of the relationship. However, the decline of qL did not impact J as strongly as
what is expected and J kept following SIF temporal dynamics (data not shown). Given these
points and because Equation 2.7 is usually used only when carbon assimilation is limited by the
RuBP regeneration, especially when this latter is itself limited by NADPH regeneration, these
observations confirm that the MLR model should not be used for any other situation.

3.4.4 Potential effect of REW on the SIF-GPP relationship

Low values of REW (< 0.4) have been observed from DOY 120, after which light intensity begins
to increase as well. Figure 3.16 illustrates the GPPEC as a function of SIFTOT FULL PSII with
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Figure 3.14: Dynamics of tower-based (GPPEC) (A) and estimated (GPPSIF) (B) gross primary
production in function of total broadband SIF (SIFTOT FULL PSII) from day of year (DOY) 51
to 181. Black dots represent daily mean values and blue ones half-hourly data. Only values
accounting for incoming irradiance higher than 20 µmolPhoton.m−2.s−1 and non-rainy days
are shown.
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Table 3.1: Mean values and R2 characterising the linear regression and the MLR model resulting
from the variations of qL, Γ∗ and Ci.

Changes applied Mean ± σ R2 of the MLR model R2 of the linear fit

qL

No change 0.476 ± 0.0513 0.410 0.479
+ 20 % 0.571 ± 0.0615 0.254 0.479
- 20 % 0.381 ± 0.0410 0.337 0.479

Γ∗

No change 29.323 ± 2.595 0.410 0.479
+ 20 % 35.188 ± 3.114 0.401 0.469
- 20 % 23.458 ± 2.076 0.400 0.489

Ci

No change 295.389 ± 37.0185 0.410 0.479
+ 20 % 354.466 ± 44.422 0.403 0.487
- 20 % 236.311 ± 29.615 0.396 0.466

regards to two REW classes. Although the parameters describing the two linear regressions
are close, for REW < 0.4, the slope is lower, the intercept is higher and the R2 indicates
that SIFTOT FULL PSII is explaining somewhat less of GPPEC variability. Furthermore, their
confidence intervals do not overlap each other, meaning that the two groups are relatively
different. Compared to Figure 3.15, REW seems to affect less significantly the SIF-GPPEC

relationship than PAR. This latter could have attenuated the effects of the edaphic drought, as
it has already been observed in a study concerning winter wheat (Shen et al., 2022). Drought
stress causes the decrease of CO2 assimilation (Liu et al., 2016b; Gourlez de la Motte et al., 2020;
Helm et al., 2020; Chen et al., 2022). However, it does not necessarily lead to a non-linear SIF-
GPP relation. A study conducted on winter wheat showed that SIF was positively correlated to
GPP under drought stress, especially during growing periods, and was thus a suitable indicator
of drought-induced GPP anomalies (Shen et al., 2022). Conversely, a study conducted on maize
showed that SIF increased compared to GPP under severe drought stress (Chen et al., 2021a).
Indeed, measured SIF (SIFTOC 760) rises with REW (data not shown) which highlights the fact
that both PAR and REW are affecting SIF intrinsically. To go into details, it has been shown
that water stress caused an increase in NPQ, and that ΦF shortly increased because of the decline
of photochemical quantum yield under moderate stress conditions. In some cases, the NPQ rise
prevents fluorescence from significantly varying or provokes its decrease, notably at canopy scale
(Cendrero-Mateo et al., 2015; Helm et al., 2020; Jonard et al., 2020). Hence, these effects might
participate in the observed beginning of non-linearity between GPPEC and SIFTOT FULL PSII.
However, some common reductions of SIFTOT FULL PSII and GPPEC are observed in Figure 3.6,
for instance between DOY 140 and 160. Besides, the effect of the drought stress on ΦPSIImax

and kDF has been neglected since they were set to constant values (cf. section 2.5.1 on page 13).
Generally speaking, this is certainly the interaction between different environmental factors
that generated the non-linearity between SIFTOT FULL PSII-GPPEC observed in Figure 3.14.
Yet notwithstanding all this, it is important to note that none of the parameters, neither in
the model (cf. Equations 2.6 & 2.7, 13), nor in the reconstitution of broadband SIF, directly
take into account soil water content and its potential evolution for the determination of GPP
modelled. It is however possible that some parameters, such as qL, fluorescence intensities or,Ci,
are impacted by water stress and thus take it into account indirectly in the GPP measured.
Indeed, Ci has shown to vary with soil moisture and qL can be impacted by stress (Janka et al.,
2015; Liu et al., 2016b; Gu et al., 2019; Chang et al., 2021; Chen et al., 2022). Eventually, areal
drought, occurring during the same period as the drought stress might have had a confounded
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Figure 3.15: Measured tower-based GPP (GPPEC) with regards to total broadband SIF emitted
by PSII for the wheat canopy at half-hourly scale. Blue dots account for values corresponding to
incoming PAR lower than the saturating value (1500 µmolPhoton.m−2.s−1) while the green dots
are values corresponding to PAR higher than the threshold. Dashed lines indicate confidence
intervals for each fitted line with a confidence level of 95.45 %.

effect with low REW values and thus have influenced the SIF-GPP relationship. However, this
hypothesis has not been investigated in this study.

3.4.5 Best conditions for using the model

As mentioned previously, phenological stages can affect the SIF-GPP relationship, notably for
wheat (Goulas et al., 2017; Li et al., 2020; Shen et al., 2022). Regarding the MLR model,
Liu et al. (2022) observed that the performance of the model was improved for dense canopy
(NDVI > 0.6), even more under high PAR (PAR > 600 µmoPhotonl.m−2.s−1). In the case
of this study, GPPSIF has been compared to GPPEC under varying combined values of PAR,
REW and GAI, with respectively, 1500 µmolPhoton.m−2.s−1, 0.4, 6 and 2 as thresholds. The
situation combining PAR lower than 1500 µmolPhoton.m−2.s−1, REW higher than 0.4 and
a GAI between 2 and 6 , provided a positive R2-MLR (0.279) yet smaller than the one char-
acterising the whole set of data (0.401) and the situation combing PAR and REW only (see
Figure 3.17). Therefore, phenological stages seemed to not have a significant impact on the
model performance. This could be due to the fact that SIFTOT FULL PSII is taken the canopy
development into account through fesc PC (cf. Estimation of the total SIF emitted from PSII at
760 nm). In Figure 3.17, the comparison between GPPEC-GPPSIF for different PAR and REW
are illustrated. The relationships obtained are consistent with what has been observed for the
SIF-GPP relationship in previous sections. Relatively poor performance of the MLR model
(R2-MLR < 0) was clearly observed at high PAR values, and at low REW values when light is
limiting photosynthesis (PAR < 1500 µmolPhoton.m−2.s−1). On the contrary, for REW values
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Figure 3.16: Measured tower-based GPP (GPPEC) with regards to total broadband SIF emitted
by PSII (SIFTOT FULL PSII) for the wheat canopy at half-hourly scale. Yellow dots account for
values corresponding to incoming relative extractable water (REW) lower than 0.4 while the
purple dots are values corresponding to REW higher than the threshold. Dashed lines indicate
confidence intervals for each fitted line with a confidence level of 95.45 %.

higher than 0.4, there is a moderate positive correlation between observed and predicted values,
characterised by a linear regression of which slope is close to one, even though the R2-MLR is
smaller than the one describing the whole data set (0.321 compared to 0.401). Besides, com-
pared to the situation D in Figure 3.17, data seemed slightly less scattered around the 1:1 line.
This brings to light the potential impact of edaphic drought on the model performance. As
can be seen from this figure, the best model performance is observed where photosynthesis is
limited by the RuBP regeneration (PAR < 1500 µmolPhoton.m−2.s−1) and for REW higher
than 0.4.
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Figure 3.17: Comparison of modelled GPP (GPPSIF) and measured GPP (GPPEC) for four
situations : (A) PAR values lower than 1500 µmolPhoton.m−2.s−1, (B) PAR higher than 1500
µmolPhoton.m−2.s−1, (C) PAR lower than 1500 µmolPhoton.m−2.s−1 and REW higher than
0.4 and (D) PAR lower than 1500 µmolPhoton.m−2.s−1 and REW lower than 0.4. PCC is the
Pearson correlation coefficient computed between GPPSIF and GPPEC.
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4.1 Method limitations

Different aspects of the modelling method in this study could be improved to enhance the
model performance. Firstly, as mentioned in section 2.1.2 (page 8), the winter wheat canopy
has been treated as a single layer. In reality, the model parameters have been determined and
parametrized from leaf-level measurements on sunlit leaves located at the top of the canopy
while the SIF signal measured at the top of the canopy comes from both sunlit and shaded
leaves. Hence, this might have induced a potential bias in the model predictions. Indeed, for
instance, Chang et al. (2021) showed that the vertical structure of the canopy has a significant
impact on the diurnal response of qL to environmental factors and Liu et al. (2022) pointed out
the influence of the vertical variability of NPQ. Nevertheless, for canopy-level measurements
(FloX, EC), these impacts seem to be attenuated (Chang et al., 2021). Secondly, qL and NPQ
have been estimated from models based only on PAR while they are actually affected by other
environmental factors (Baker, 2008; Zivcak et al., 2014; Janka et al., 2015; Gu et al., 2019;
Chang et al., 2021). The same conclusion applies to Ci which has only been modelled from
air temperature. Last but not least, this present study has been conducted under natural
conditions. As a result, the effects of incoming PAR and drougth stress on the SIF-GPP
relationship and on the MLR model have been confounded and difficult to separate from each
other. Therefore, studies under controlled conditions with light intensity and soil water content
varying independently are needed.

4.2 Conclusion

Firstly, concerning the SIF-GPP relationship, a coupling between measured SIF and GPP dy-
namics have been observed over the study period, both driven by the evolution of the incoming
PAR. This supports the fact that SIF represents an interesting indicator to estimate GPP, as
suggested by many studies. However, for winter wheat canopy and the specific climatic condi-
tions observed in this study, the performance of the MLR model was found to be quite weaker
at half-hourly scale than at the daily scale. In reality, the SIF-GPP relationship, underlying
the modelling of GPP, was only correctly reproduced under certain environmental conditions.
Among them, incoming light was found to be the main impacting factor for the SIF-GPP re-
lationship. Indeed, under low light intensities, the observed positive correlation between SIF
and GPP highlighted the fact that using the rate of the linear electron transport J to predict
GPP is only relevant when photosynthesis is limited by light intensity, which is in agreement
with the assumption linked to the FvCB model included in the MLR model (cf. Equation 2.7,
page 13). Then, SIF and GPP tend to be positively linearly linked under high values of soil
water content. Besides, no significant effect of phenological stages have been observed on the
model performance. Secondly, the evolution of model parameters with canopy development and
incoming light are consistent with what has already been described in the literature. In par-
ticular, a first attempt of parametrizations of non-photochemical quenching and the fraction of
open reaction centres from incoming light has been performed. In conclusion, the MLR model
offers great opportunities to mechanistically model photosynthesis for winter wheat under tem-
perate maritime climate. Nonetheless, further studies are needed to improve its performances
and to parametrize more accurately its parameters, notably regarding vertical canopy structure.
Besides, experiments under controlled conditions may help to bring to light the impacts of en-
vironmental factors on the model and the parameters dynamics. Overall, to expand the use of
this model to larger scales, it needs to be applied and assessed under varying climatic conditions
and for different plant species, all the more under this context of global climate change.
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teucci, G., Merbold, L., Metzger, C., Moureaux, C., Montagnani, L., Nilsson, M.B., Osborne,
B., Papale, D., Pavelka, M., Saunders, M., Simioni, G., Soudani, K., Sonnentag, O., Tallec,
T., Tuittila, E.S., Peichl, M., Pokorny, R., Vincke, C., Wohlfahrt, G., 2018. Ancillary vege-
tation measurements at ICOS ecosystem stations. International Agrophysics 32, 645–664.
URL: http://archive.sciendo.com/INTAG/intag.2017.32.issue-4/intag-2017-0048/

intag-2017-0048.pdf, doi:10.1515/intag-2017-0048.

Gonsamo, A., Chen, J.M., 2018. 3.11 - Vegetation Primary Productivity, in: Liang, S.
(Ed.), Comprehensive Remote Sensing. Elsevier, Oxford, pp. 163–189. URL: https:

//www.sciencedirect.com/science/article/pii/B9780124095489105354, doi:10.1016/
B978-0-12-409548-9.10535-4.

Goulas, Y., Fournier, A., Daumard, F., Champagne, S., Ounis, A., Marloie, O., Moya, I., 2017.
Gross Primary Production of a Wheat Canopy Relates Stronger to Far Red Than to Red
Solar-Induced Chlorophyll Fluorescence. Remote Sensing 9, 97. URL: https://www.mdpi.
com/2072-4292/9/1/97, doi:10.3390/rs9010097. number: 1 Publisher: Multidisciplinary
Digital Publishing Institute.

Gu, L., Han, J., Wood, J.D., Chang, C.Y., Sun, Y., 2019. Sun-induced Chl fluorescence and its
importance for biophysical modeling of photosynthesis based on light reactions. New Phy-
tol 223, 1179–1191. URL: https://onlinelibrary.wiley.com/doi/10.1111/nph.15796,
doi:10.1111/nph.15796.

Gu, L., Sun, Y., 2014. Artefactual responses of mesophyll conductance to
CO2 and irradiance estimated with the variable J and online isotope discrim-
ination methods. Plant, Cell & Environment 37, 1231–1249. URL: https:

//onlinelibrary.wiley.com/doi/abs/10.1111/pce.12232, doi:10.1111/pce.12232.
eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1111/pce.12232.

Guanter, L., Zhang, Y., Jung, M., Joiner, J., Voigt, M., Berry, J.A., Frankenberg, C., Huete,
A.R., Zarco-Tejada, P., Lee, J.E., Moran, M.S., Ponce-Campos, G., Beer, C., Camps-Valls,
G., Buchmann, N., Gianelle, D., Klumpp, K., Cescatti, A., Baker, J.M., Griffis, T.J., 2014.
Global and time-resolved monitoring of crop photosynthesis with chlorophyll fluorescence.
Proceedings of the National Academy of Sciences 111, E1327–E1333. URL: https://www.
pnas.org/doi/abs/10.1073/pnas.1320008111, doi:10.1073/pnas.1320008111. publisher:
Proceedings of the National Academy of Sciences.

Hall, D.O., Rao, K.K., 1999. Photosynthesis. Studies in biology. 6th ed ed., Cambridge Uni-
versity Press, Cambridge, UK ; New York.

Hansen, S., Jensen, H.E., Nielsen, N.E., Svendsen, H., 1991. Simulation of nitrogen dynamics
and biomass production in winter wheat using the Danish simulation model DAISY. Fer-
tilizer Research 27, 245–259. URL: https://doi.org/10.1007/BF01051131, doi:10.1007/
BF01051131.

Helm, L.T., Shi, H., Lerdau, M.T., Yang, X., 2020. Solar-induced chlorophyll fluores-
cence and short-term photosynthetic response to drought. Ecol Appl 30. URL: https:

//onlinelibrary.wiley.com/doi/10.1002/eap.2101, doi:10.1002/eap.2101.

Horton, P., 2013. Dynamic Behavior of Photosystem II Light Harvesting, in: Lennarz, W.J.,
Lane, M.D. (Eds.), Encyclopedia of Biological Chemistry (Second Edition). Academic Press,
Waltham, pp. 178–183. URL: https://www.sciencedirect.com/science/article/pii/

B9780123786302001651, doi:10.1016/B978-0-12-378630-2.00165-1.

42

http://archive.sciendo.com/INTAG/intag.2017.32.issue-4/intag-2017-0048/intag-2017-0048.pdf
http://archive.sciendo.com/INTAG/intag.2017.32.issue-4/intag-2017-0048/intag-2017-0048.pdf
http://dx.doi.org/10.1515/intag-2017-0048
https://www.sciencedirect.com/science/article/pii/B9780124095489105354
https://www.sciencedirect.com/science/article/pii/B9780124095489105354
http://dx.doi.org/10.1016/B978-0-12-409548-9.10535-4
http://dx.doi.org/10.1016/B978-0-12-409548-9.10535-4
https://www.mdpi.com/2072-4292/9/1/97
https://www.mdpi.com/2072-4292/9/1/97
http://dx.doi.org/10.3390/rs9010097
https://onlinelibrary.wiley.com/doi/10.1111/nph.15796
http://dx.doi.org/10.1111/nph.15796
https://onlinelibrary.wiley.com/doi/abs/10.1111/pce.12232
https://onlinelibrary.wiley.com/doi/abs/10.1111/pce.12232
http://dx.doi.org/10.1111/pce.12232
https://www.pnas.org/doi/abs/10.1073/pnas.1320008111
https://www.pnas.org/doi/abs/10.1073/pnas.1320008111
http://dx.doi.org/10.1073/pnas.1320008111
https://doi.org/10.1007/BF01051131
http://dx.doi.org/10.1007/BF01051131
http://dx.doi.org/10.1007/BF01051131
https://onlinelibrary.wiley.com/doi/10.1002/eap.2101
https://onlinelibrary.wiley.com/doi/10.1002/eap.2101
http://dx.doi.org/10.1002/eap.2101
https://www.sciencedirect.com/science/article/pii/B9780123786302001651
https://www.sciencedirect.com/science/article/pii/B9780123786302001651
http://dx.doi.org/10.1016/B978-0-12-378630-2.00165-1


Huang, G., Yang, Y., Zhu, L., Peng, S., Li, Y., 2021. Temperature responses of photosyn-
thesis and stomatal conductance in rice and wheat plants. Agricultural and Forest Me-
teorology 300, 108322. URL: https://www.sciencedirect.com/science/article/pii/

S0168192321000058, doi:10.1016/j.agrformet.2021.108322.

ICOS, . ICOS Belgium. URL: https://www.icos-belgium.be/ESLonzee.php.

IRM, a. IRM - Vague de chaleur. URL: https://www.meteo.be/fr/infos/dico-meteo/

vague-de-chaleur.

IRM, b. Statistiques climatiques des communes belges, Gembloux. Technical Report. URL:
www.meteo.be.

Janka, E., Körner, O., Rosenqvist, E., Ottosen, C.O., 2015. Using the quantum yields of photo-
system II and the rate of net photosynthesis to monitor high irradiance and temperature stress
in chrysanthemum (Dendranthema grandiflora). Plant Physiology and Biochemistry 90, 14–
22. URL: https://www.sciencedirect.com/science/article/pii/S0981942815000509,
doi:10.1016/j.plaphy.2015.02.019.

Jiang, P., Cai, F., Zhao, Z.Q., Meng, Y., Gao, L.Y., Zhao, T.H., 2018. Physiological and Dry
Matter Characteristics of Spring Maize in Northeast China under Drought Stress. Water 10,
1561. URL: http://www.mdpi.com/2073-4441/10/11/1561, doi:10.3390/w10111561.
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Appendix A

Appendix

A.1 Band conversion ratio
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Figure A.1: Band conversion ratio evolution over the fluorescence emission band : from 640 to
850 nm.
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A.2 Daily variations

Evolution of the hourly mean of measured GPP (GPPEC), broadband SIF emitted by all the
leaves of the canopy, related to PSII (SIFTOT FULL PSII) and incoming photosynthetically active
radiation (PAR). Hourly means have been computed from the whole data set from day of year
(DOY) 51 to 181. PCC is the Pearson correlation coefficient between hourly mean values of
GPPEC and SIFTOT FULL PSII. Only values accounting for incoming irradiance higher than 20
µmolPhoton.m−2.s−1 and non-rainy days are shown.
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Figure A.2: Daily variations of tower-based measured GPP, total broadband SIF emitted from
PSII, and incoming PAR from DOY 51 to 181.
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A.3 Non-photochemical quenching modelling
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Figure A.3: Evolution of NPQ with the incoming PAR. Empty dots represent punctual mea-
surements done with the LI-6400XT Portable Photosynthesis System and black dots are NPQ
averages per PAR classes, with twelve classes of 100 µmolPhoton.m−2.s−1 width. Linear and
cubic models are shown as well as the Hill model proposed by Serôdio and Lavaud (2011) and
the exponential saturation model proposed by Ritchie (2008).

52



A.4 Quality assessment of the parametrization of qL and NPQ
from PAR

Each model has been compared to an intercept-model only (with the mean of observed data
as parameter) thanks to a F-test by considering a 95 % confidence level. σ is the standard
deviation of each fitted parameter.

Table A.1: Parameters assessing the quality of the parametrization of NPQ and qL from PAR.

Model Parameter value σ R² AICc RMSE [-] p-value

NPQ

Linear
slope 9.194 0.000

0.943 -71.217 0.126 < 0.001
intercept 0.121 0.061

Cubic
a 0.000 0.000

0.946 -68.788 0.123 < 0.001b 0.001 0.000
c 0.062 0.093

Hill model
n 1.177 0.340

0.940 -67.025 0.129 < 0.001NPQmax 3.553 2.196
E50 1953.880 6.528

Exponential saturation
NPQmax 3.945 1.488

0.945 -71.839 0.124 < 0.001
k 0.000 0.000

qL

Linear
slope 0.000 0.000

0.790 -133.502 0.024 < 0.001
intercept 0.545 0.012

Cubic
a 0.000 0.000

0.833 -134.586 0.022 < 0.001b 0.000 0.000
c 0.570 0.016

Power Law
amplitude 0.959 0.075

0.820 -137.843 0.023 < 0.001
exponent -0.111 0.012

Chang model
amplitude 0.197 0.023

0.848 -136.419 0.021 < 0.001exponent -0.001 0.001
constant 0.389 0.028
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A.5 Temporal evolution of fPSII
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Figure A.4: Temporal evolution of the coefficient fPSII, deduced from manual fluorescence mea-
surements (Equation 2.12), from day of year (DOY) 101 to 180.
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A.6 Temporal evolution of narrowband SIF measured at the
top of the canopy
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Figure A.5: Evolution of the measured SIF (760 nm) at the top of the canopy (SIFTOC 760)
from day of year (DOY) 51 to 181. Light blue dots account for half-hourly observations while
dark blue triangles represent daily means.
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