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Résumé

Digrado Anthony (2018). Influence des contraintes environmentales com-
binées sur la capacité photochimique et les flux de CO2 dans une prairie
tempérée. (PhD Thesis) Gembloux, Belgique, University of Liège, Gembloux
Agro-Bio Tech, 270 p., 8 tabl., 31 fig.

L’augmentation des productions agricoles afin de répondre aux besoins alimentaires
et bioénergétiques en 2050 risque d’entrainer une augmentation des émissions en gas
à effet de serre (GES) du secteur agricole. Cependant, les prairies offrent une oppor-
tunité de mitiger une partie des GES en stockant du carbone dans les sols via la pho-
tosynthèse. Cette dernière, cependant, est sensible aux conditions environnementales.
En particulier, la capacité d’une plante à collecter et à utiliser l’énergie lumineuse peut
être altérée par des stress abiotiques. Bien que beaucoup d’études se sont focalisées
sur l’impact des stress environmentaux sur les flux de CO2, peu se sont intéressées à
leur influence sur la capacité photochimique des écosystèmes. L’objectif de cette thèse
est d’étudier l’impact de contraintes environnementales sur la capacité photochimique
d’une prairie et d’évaluer comment des variations des processus impliqués dans la
phase claire de la photosynthèse influencent les flux de CO2.

Des mesures de fluorescence chlorophyllienne ont été réalisées durant deux ans
sur trois espèces prairiales (Lolium perenne L., Taraxacum sp., and Trifolium repens
L.). La capacité photochimique de la prairie a été estimée sur base de ces mesures.
Les flux de CO2 ont été mesurés par eddy covariance. Les résultats ont montré une
variation journalière et saisonnière de la capacité photochimique des trois espèces.
La monocotylée L. perenne et les dicotylées (Taraxacum et T. repens) montraient des
stratégies d’acclimation différentes. Toutes présentaient une dissipatation d’énergie
au sein du photosystème II mais des réponses contrastées quant à l’efficience du pho-
tosystème I. En conséquence, l’écosystème prairial montrait également une variation
dans sa capacité à collecter et à utiliser l’énergie lumineuse. La plus faible capac-
ité photochimique a été mesurée en été quand les stress abiotiques tels que la haute
luminosité et les hautes température étaient combinés. Cependant, la diminution de
capacité photochimique n’a pas entrainé de diminution de fixation du carbone. Cette
résilience de l’assimilation du carbone malgré les processus de dissipation d’énergie
peut s’expliquer par la haute irradiance dans ces conditions.



Dans la dernière partie de cette thèse, nous discutons comment d’autres études
peuvent contribuer à améliorer nos connaissance en écologie afin de clarifier le lien ex-
istant entre capacité photochimique et fixation du carbone par les ecosystèmes. Nous
discutons également comment ces résultats peuvent servir dans les stratégies visant à
mitiger les émissions de GES et comment les plantes influencent les flux de GES par
d’autres processus que la photosynthèse.

Mots clés: Eddy covariance, fluorescence chlorophyllienne, flux de carbon, GPP,
gaz à effet de serre, test JIP, prairie, respiration



Summary

Digrado Anthony (2018). Influence of combined environmental constraints
on photochemical capacity and CO2 fluxes in a temperate managed grassland.
(PhD Thesis) Gembloux, Belgium, University of Liège, Gembloux Agro-Bio Tech,
270 p., 8 tabl., 31 fig.

Increase in agricultural production to insure food security and energy demand by 2050
might result in higher greenhouse gas emissions (GHG) from the agricultural sector.
Managed grasslands, however, offer the opportunity to offset some of the GHG emis-
sion through the storage of carbon in terrestrial systems by photosynthesis. Photo-
synthesis, however, is highly sensitive to environmental conditions. Especially, plant
ability to harvest and use light energy for photochemistry can be impaired by abi-
otic stresses. While numerous studies have focused on the impact of environmental
constraints on ecosystem carbon fluxes, the influence on ecosystem photochemical
capacity is understudied. The main goals of this thesis was to evaluate how environ-
mental constraints impacted the grassland photochemical capacity and how variations
in processes involved in light reactions of photosynthesis influenced ecosystem carbon
fluxes.

Frequent chlorophyll fluorescence measurements were conducted over a two-year
period, on three grassland species (Lolium perenne L., Taraxacum sp., and Trifolium
repens L.). The ecosystem photochemical capacity was estimated from measurements
performed on the three grassland species. In addition, monitoring CO2 fluxes was per-
formed by eddy covariance. Our results showed that photochemical capacity of the
primary grasslands species exhibited diurnal and seasonal variations. The monocot
L. perenne and the dicots (Taraxacum and T. repens) exhibited different acclimation
strategies. All species exhibited the onset of energy dissipation mechanisms within
the photosystem II but expressed contrasted response in the photosystem I efficiency.
As a result, the ecosystem also exhibited variations in its ability to harvest and use
photon energy. The strongest declines in photochemical capacity were observed in
summer when abiotic stresses such as high light and high air temperature were com-
bined. However, decrease in photochemical capacity did not result in a decreased
ability to fix carbon in the grassland. The maintenance of carbon assimilation despite
the onset of energy dissipation mechanisms can be explained by the higher availability



of light energy under these conditions.
In the final section of this PhD thesis, we discuss how future experiments can im-

prove our knowledge in plants functional ecology and in the relationship between the
photochemical capacity and ecosystem carbon fluxes. We also discuss how these re-
sults can benefit GHG mitigation strategies and how plants influence GHG balance
through other routes than photosynthesis.

Key words: Carbon fluxes, chlorophyll fluorescence, eddy covariance, greenhouse
gas, grassland, GPP, JIP-test, respiration
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Part I.

With the forecasted increase of world population from 7.6 billion to 9.8 billion by 2050
(United Nations (UN) 2017), the agricultural sector is facing the challenge to roughly
double its production in order to meet the demand of agricultural products for food
and bioenergy (Foley et al. 2011). Increasing production through an augmentation of
agricultural land might not constitute a feasible solution (or only partially) as the in-
crease in population size might generate a competition in land use. Therefore, it is
likely that the required increase in agricultural product need to be achieved through
an improvement of the current production rate per hectare (Murchie et al. 2009). In
the latter half of the 20th century, during the "green revolution", agronomical sector
managed to achieve important yields increase, with a rise of the harvest index of the
major grain crops around 0.6 (Flügge et al. 2016). This improvement was reached es-
sentially by maintaining optimal plant growth conditions through water and nutrients
inputs (Murchie et al. 2009). Adequate and timely control of weed and disease also
contributed to optimise growth conditions and increase agronomic yield (de Bossor-
eille de Ribou et al. 2013).

These improvements in agronomic production, however, had detrimental repercus-
sion on natural habitats, biodiversity and soil conditions (Foley et al. 2011). Agricul-
ture also had an impact on air quality as it constitutes an important source of CH4 and
N2O emission. It was estimated in 2010 to 5.0-5.8 GtCO2 eq/yr the rate of greenhouse
gas (GHG) emission from agriculture, representing 10-12% of total anthropogenic
emissions (Smith et al. 2014). Moreover, with the growth of population, emissions
from the agricultural sector are expected to triple if current diet preferences and food
consumption were to continue with the same trends as 1995 (Popp et al. 2010). It is
therefore essential to reduce the environmental footprint of agriculture while meeting
the agronomical production requirements.

Managed grasslands are an important agro-ecosystem to consider when talking
about food security and environmental footprint. Permanent pastures are estimated to
cover 3.48 billion ha (Steinfeld et al. 2006) and represent around 80% of the world
agricultural land (Boval and Dixon 2012). In Europe (i.e., EU-28), permanent grass-
lands are estimated to cover 59.3 million ha, representing 33.2% of the European agri-
cultural surface (Eurostat 2016). By 2050, the world demand for livestock products
is expected to grow by 70% (Gerber et al. 2013) meaning that agronomic activities
related to grasslands such as livestock and forage production will have to increase
consequently. This suggests a potential increase in GHG emissions related to pastures
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activites, as they are an important source of methane (CH4) emission by grazing rumi-
nants and of nitrous oxide (N2O) emission due to nitrogen fertilization in field (Chang
et al. 2015). Grasslands, however, offer the opportunity to offset some of the GHG
emission through the storage of carbon in terrestrial systems (Chadwick et al. 2011,
Jones et al. 2017). Lugato et al. (2014) have estimated to 5.5 Gt the amount of carbon
stored in the top 30 cm soil of European agricultural grasslands1. Carbon uptake by
plants through photosynthesis is the key process in the storage of carbon in agricultural
soil.

Environmental constraints, however, imposed by future climate constitute an im-
portant threat in the sequestration of carbon by grasslands as it can alter the process
of photosynthesis and carbon fixation by the ecosystem (Hüner et al. 2016). Under-
standing photosynthesis in a changing climate is therefore crucial as carbon uptake by
plants constitutes one of the major CO2 fluxes on land (Pulles 2017). If the impact of
environmental constraints on gas exchange at leaf and ecosystem-scale have been well-
studied by the scientific community, less is known about the response of the photon
use efficiency of an ecosystem to its environment and its impact on CO2 fluxes. Still,
plant photochemical capacity, which can be defined as the ability for plants to harvest
and use photon energy to trigger the light reactions of photosynthesis, is crucial to
generate photochemical energy and fix carbon (Arend et al. 2013).

A better comprehension of the grassland photochemical capacity response to its
environment and the influence on CO2 uptake is therefore essential. This was the
aim of the present PhD thesis as part of a F.R.S.-FNRS research project (PDR, no.
14614874). The first step was to develop a protocol allowing the assessment in field
condition of the photochemical capacity of this complex ecosystem characterized by
a diversity in plant species. By simultaneously monitoring the micro-meteorological
conditions on-site, we then identified how combined environmental constraints im-
pacted the different steps involved in the light reactions of photosynthesis for the
studied grassland species. Based on CO2 fluxes measurements performed using the
eddy-covariance technique, we were then able to assess the influence of seasonal vari-
ation in the ecosystem photochemical capacity on carbon uptake. Based on our results,
we discuss perspectives for additional trials that could improve our understanding of

1Carbon storage of an grassland ecosystem is commonly estimated by the amount of carbon in soil
since carbon accumulated in the aboveground part of plant biomass can be exported through harvest and
grazing.
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the existing relationship between the photosynthetic performance and ecosystem CO2

fluxes. We also discuss how plants can be involved in mitigation strategies for GHG
emissions in grasslands.
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Part II. Chapter 1. Greenhouse gas emissions in managed grasslands

1 GREENHOUSE GAS EMISSIONS IN MANAGED

GRASSLANDS

1.1 Grassland management

Despite covering around 13% of the EU-28 area (Eurostat 2016), grassland is not a
natural climax vegetation in most part of Europe (Chang et al. 2015). Since most
of grasslands in Europe are maintained through grazing or cutting they are defined
as semi-natural ecosystems (Soussana and Duru 2007). Managed grasslands can be
divided into three main categories depending on their management practice: (i) pas-
tures, which are devoted to the production of introduced or indigenous forage and usu-
ally managed by grazing, (ii) meadows, which are natural or semi-natural ecosystem
devoted to the production of hay or sillage and managed by cutting, and (iii) grazed
meadows, which are cut in spring and can be grazed later in the season (Allen et al.
2011, Hejcman et al. 2013). Grasslands production systems can be either extensive
or intensive. The former is commonly found in dry regions of tropical area while the
latter is common in Europe and North America (Boval and Dixon 2012).

Different management strategies are performed in order to increase the produc-
tivity. The application of nitrogen fertilizer is a common method used to increase
livestock production as gain in animal production is observed with the increase in
available forage (Boval et al. 2002). Depending on the soil and weather conditions,
soil renovation through ploughing and harrowing are sometimes realized to improve
soil structure. This mechanical manipulation generally improves soil condition which
enhance grass productivity on grasslands (Drewer et al. 2017). System manager can
also adjusts the frequency of grazing (rotational stocking) in order to adapt to herbage
growth condition. In rotational stocking system, animals are periodically removed to
allow plants to regrow in condition of low herbage production. This prevents a de-
crease in the efficiency of herbage harvesting (Lemaire et al. 2009). The stocking rate,
defined as the number of animals per area on a certain period of time, is another vari-
able the system manager can adjust to optimize the animal productivity. The optimal
stocking rate is proper to each forage-livestock system and depend on the forage pro-
duction and the animal production goal (Inyang et al. 2010, Boval and Dixon 2012).
Nutritional quality of the forage can also have a crucial role in animal production. For
instance, a deficiency in Cu, Zn and Mn elements can affect the reproductive efficiency
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of livestock (Prasad and Gowda 2005). Supplementation with additional mineral or the
introduction of legumes in pasture systems can be performed in order to increase the
nutritive value of the diet (Boval and Dixon 2012).

1.2 Sources and factors influencing greenhouse gas fluxes in managed
grasslands

Meteorological conditions as well as management practices can influence GHG fluxes
in grasslands either by promoting the emission or the sink strength of the ecosystem
for these gases (Table 1.1). In the present section, we present the influence of varied
factors on CH4, N2 and CO2 fluxes in managed grasslands.
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Table 1.1 – Summary table of factors influencing greenhouse gas (GHG) fluxes in managed grassland ecosystems. An arrow
indicates for each factor whether it promotes the emission (↑, positive feedback) or the sink strength (↓, negative feedback) of the
ecosystem for the concerned GHG.

GHG Factor Feedback Description

CH4 Fertilizer ↓ ↑ Nitrogen (N) fertilization promotes CH4 emission in natural grassland
by inhibiting methanotrophic bacteria CH4 oxidation but this inhibition
is not observed in managed grasslands used to frequent N application.
N-input can also promotes O2 diffusion induced by N-stimulated root
growth.

Manure ↑ Manure application can lead to higher CH4 emission due to the inoc-
ulation of methanogenic bacteria. However, the induced burst in CH4

emission decline quickly after application because the contact with atmo-
spheric O2 inhibits methanogenic bacteria activity.

Tillage ↓ Tillage was shown to reduce CH4 oxidation by methanotrophic bacteria.
Ruminant ↑ Enteric fermentation by ruminants is a source of CH4 emission estimated

at 176-202 g animal-1 day-1 for cattle. Grazing was also shown to increase
soil wetness leading to a reduced CH4 oxidation.

N2O Temperature ↑ Since increase in temperature promotes the stimulation in microbiological
activity and gas diffusion, studies generally report an exponential increase
in N2O emissions with increasing soil temperatures.

Continued on next page
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Table 1.1 – continued from previous page
GHG Factor Feedback Description

Fertilizer ↑ ↓ Impact of fertilization on N2O depends on the C/N ratio. A >75 C/N ratio
(e.g., straw, farmyard manure) lead to an inhibition of nitrifying activity
and N immobilization while synthetic fertilizers (low C/N ratio) increase
the amount of available mineral N.

Tillage ↑ ↓ Tillage tend to promote a more rapid mineralization of organic matter by
improving O2 diffusion, leading to high N2O emission in the short-term.
However, lower N2O emission are observed in the long-term.

Rainfall ↑ Rainfall creates anoxic environment which promotes denitrification ac-
tivity. The latter are the main contributor to N2O fluxes at >70% water-
filled pore space while nitrification is an important contributor at 30-70%
water-filled pore space.

Ruminant ↑ Trampling improve soil compaction, which promotes zn anoxic environ-
ment for denitrification activity.

CO2 Temperature ↑ High temperature promotes organic matter mineralization by bacteria and
plant respiration.

Fertilizer ↓ Fertilization promotes plants growth and hence carbon fixation. It also
promotes root growth and hence carbon sequestration in soil. However,
after a threshold, increase in fertilization does not promote further carbon
assimilation.

Continued on next page
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Table 1.1 – continued from previous page
GHG Factor Feedback Description

Tillage ↑ Tillage promotes the mineralization of residues and therefore CO2 release
into the atmosphere. Following tillage intervention, reduced CO2 assimi-
lation by the ecosystem can be observed for several days.

Ruminant ↑ ↓ Ruminants constitutes a source of CO2 emission through respiration.
However soil compaction by ruminants reduces microbial biomass and
thus soil respiration. Grazing was shown to reduce both the ecosystem
CO2 respiration and CO2 assimilation but overall resulted in a stronger
net CO2 sink. Exportation in the form of milk and body mass represent a
loss of carbon for the ecosystem. Manure and excreta application, how-
ever, can provide an additional C source even though manure application
can stimulate microbial activity and microbial respiration.
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1.2.1 Methane fluxes in managed grasslands

In most case, natural grasslands act as CH4 sink because of CH4 oxidation by methan-
otrophic bacteria (Mosier et al. 1991, Mori 2016). Application of nitrogen fertilizer
in natural grasslands, however, was shown to reduce grasslands CH4 sink capacity
by inhibiting CH4 oxidation (Mosier et al. 1991). Such inhibition, however, is not
always observed in managed grasslands used to frequent application of nitrogen in-
put (Shimizu et al. 2013) probably due to an increase in ammonium-oxidizing bac-
teria able to oxidise CH4 or by an improvement in soil O2 circulation promoted by
N-stimulated roots development (Bodelier and Laanbroek 2004). Soil disturbance in-
duced by tillage, however, was shown to reduce CH4 oxidation (Hütsch 2001, Ding
et al. 2004). CH4 peak emissions are also observed directly after manure application
(Jones et al. 2005) and are assumed to be induced by the inoculation of methanogenic
bacteria (Jarecki et al. 2008). These emissions occur in a short period of time and CH4

formation into manure is usually quickly inhibited by the O2 diffusion (Chadwick et al.
2011). Decrease in soil pH might promote CH4 emission in managed grassland as it is
known in forest soil that acidic conditions can result in a decrease in methanotrophic
activity (Hütsch 2001).

Enteric fermentation of ruminants is a significant source of CH4 emission with
cattle emissions ranging between 176-202 g animal-1 day-1 (McGinn et al. 2014, Rich-
mond et al. 2015). Floristic composition of grasslands was shown to significantly
affect CH4 emission by cattle. In a grassland characterized by a low nutritive quality
herbage, higher CH4 emission per cattle was observed due to a higher dry mass in-
take by individuals (Richmond et al. 2015). Digestibility of forage, however, was not
shown to have a significant impact on CH4 emissions (Degola et al. 2016).

1.2.2 Nitrous oxide fluxes in managed grasslands

Depositions of N-compounds are usually observed in natural grassland even if weak
N2O emissions in the range of 69-74 g N ha-1 can be observed depending on soil
moisture and temperature conditions (Chapuis-lardy et al. 2007, Kugler et al. 2008,
Machon et al. 2010, Signor and Cerri 2013). N2O emissions in grasslands are mainly
determined by soil microbial activity through nitrification and denitrification of soil
mineral N (NH4

+ and NO3
−) (Conrad 1996, Chang et al. 2015). Nitrification consists

in the biological oxidation of ammonium to NO2
− and NO3

− with N2O as a by-product
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(Wrage et al. 2004). Denitrification, in contrast, consists in the reduction of NO3
− or

NO2
− to NO, N2O and N2 (Bremner 1997).

Application of nitrogen fertilizer or manure in managed grasslands considerably
enhances N2O emissions as it increases the amount of available mineral N (Shimizu
et al. 2013). Excreta from grazing animal (i.e., urine and dung) also constitute a source
of N2O emission (Novak and Fiorelli 2010). The C/N ratio of used fertilizer is deter-
minant in N2O fluxes as lower N2O emissions are observed for product with a C/N
ratio above 75. Residues with a high C/N ratio such as straw lead to an inhibition of
nitrifying activity and an N immobilization. In these conditions, the low NO3

− availi-
bity associated with a surplus of electron lead to a more efficient reduction of N2O to
N2 by denitrifiers (Benckiser et al. 2015). Therefore, synthetic fertilizers often induce
more N2O emissions than farmyard manure or equivalent (Mori 2016).

Tillage, however, can induce a more rapid mineralization of organic matter by
improving soil O2 diffusion. As a consequence, such soil restructuration was shown
to induce significant N2O emissions in grassland (Vellinga et al. 2004, Drewer et al.
2017). Lognoul et al. (2017), however, have shown in a 7 yr study that reduced tillage
in agricultural crop resulted in higher N2O soil emissions than conventional tillage,
probably due to a better soil distribution of crop residues. This suggests that tillage
practices might be responsible for higher short-term N2O emission but result in lower
total N2O emission when considering the whole season. However, more experiments
should be conducted to elucidate the influence of incorporated C/N ratio residues, soil
texture and properties on long-term tillage-induced N2O emissions.

Rainfall events following the application of fertilizer were also reported to enhance
N2O emissions in several studies (Chen et al. 2016, Lognoul et al. 2017). Because
high precipitation creates anoxic conditions favoring denitrifiers, increase in denitri-
fication activity has often been advanced as an explanation for high flux following
rainfall (Mori 2016). However, other studies have also considered nitrification activity
as the main contributor to burst of N2O emissions following a rainfall (Barton et al.
2008, Chen et al. 2016). It appears that the relative contribution of nitrification and
denitrification pathways in the amount of N2O emitted to the atmosphere depends on
the fraction of water-filled pore space. Nitrification process seems to be dominant at
water-filled pore space within the 30-70% range while denitrification is reported to
be the main source above ca. 70% (Chen et al. 2016, Smith et al. 2003). Grazing,
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through soil compaction by trampling, can also contribute to enhance N2O emissions
by promoting anoxic environment favouring denitrification (Jones et al. 2017).

1.2.3 Carbon dioxide fluxes in managed grasslands

Grazing animals, soil heterotrophs (e.g., fungi and bacteria) and autotrophs (roots and
plant shoots) respiration all contribute to CO2 emission. Belowground respiration is
often described as the most important contributor to the total ecosystem respiration
(Reco) and was shown to account for more than 70% in an alpine grassland study
(Ganjurjav et al. 2014). Main sources of soil CO2 production are organic matter de-
composition by bacteria and root respiration (Savage et al. 2014). Temperature was
shown to be the main controlling factor for CO2 emission with the higher emission
peaks being observed above 20°C in a managed grassland under a humid continental
climate (Li et al. 2015). However, because photosynthetic activity by plants generally
exceeds Reco, grassland ecosystems commonly act as a carbon sink (Boval and Dixon
2012).

Agricultural activities, however, can alter CO2 emissions and the soil carbon stor-
age. Tillage, for instance, can increase residues mineralization with consequent CO2

release in the atmosphere. Such enhanced CO2 emissions following ploughing are
characterized by a reduced ecosystem carbon uptake at daytime which can last ca. 40
days in temperate grasslands (Drewer et al. 2017). High grazing intensity can also re-
duce soil respiration (Cao et al. 2004) by promoting soil compaction and the reduction
of microbial biomass (Andriuzzi and Wall 2017, He et al. 2017b). High stocking rate,
however, can increase the loss of carbon from the ecosystem by animal respiration and
by the reduction of leaf area index and the amount of carbon that can accumulate in the
ecosystem (Soussana and Duru 2007, Chang et al. 2015). Reduction in LAI by graz-
ing, however, can contribute to remove litter and standing dead biomass limiting light
availability for photosynthesis (Gomez-Casanovas et al. 2017). Overall, higher carbon
sink was reported in grazed pasture compared to ungrazed pasture, due to a stronger
reduction in Reco than in carbon assimilation (Gomez-Casanovas et al. 2017). Carbon
can also be exported in the form of milk production and animal body mass (Chang
et al. 2016). Still, exported carbon can partly be returned to the ecosystem through
manure application and excreta (Chang et al. 2015). Manure application, however, can
lead to a 1.6 times increase in soil respiration by stimulating microbial activity due to
the presence of labile carbon (Jones et al. 2005).
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Carbon sequestration by the ecosystem can be promoted by improving biomass
production, as up to 50% of carbon assimilated by plants can be transferred to soil
through root construction, maintenance, respiration, exudation and turn over (Rees
et al. 2005). Addition of nitrogen fertilizer in situation of N limitation was shown
to promote the carbon sink capacity of the ecosystem by increasing plant biomass
and therefore net primary productivity (NPP) of the ecosystem (Chang et al. 2015).
However, after a threshold, NPP of the ecosystem is less sensitive to fertilization and
additional N input tends to stimulate CH4 and N2O emissions more than it improves
the sink strength of the ecosystem for GHG (Gomez-Casanovas et al. 2016). This N
saturation threshold for sink strength varies between sites as CH4 uptake response to
nitrogen fertilization can be affected differently among managed grasslands (Bodelier
and Laanbroek 2004, Ding et al. 2004, Jarecki et al. 2008). Floristic composition
can also influence NPP in grasslands with aboveground biomass increasing with plant
diversity (Hector et al. 1999, Loreau et al. 2001). Higher productivity under higher
species richness was partly explained by the functional diversity and complementary
among species of different traits such as those associated with light-acquisition and
nitrogen acquisition strategies (Roscher et al. 2013). High biodiversity was also shown
to stabilize ecosystem productivity by increasing its resilience to climate events (Isbell
et al. 2015).

Photosynthetic activity is determinant in the carbon uptake by ecosystems (Pulles
2017), meaning that events altering photosynthetic processes can affect the carbon
sink strength of the ecosystem. Photosynthesis strongly depends on environmental
conditions and important variations in ecosystem carbon uptake are observed along
the season (Hirata et al. 2007, Takagi et al. 2015). Baldocchi et al. (2018) also showed
that an important part of the yearly variability observed in CO2 fluxes was attributed to
biophysical factors affecting photosynthesis (Fig. 1.1). In the next chapter, we will dis-
cuss how the environment influences photosynthetic processes and which mechanisms
are triggered in response to environmental perturbations.
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Figure 1.1 – Representation of the yearly variation of gross primary production (GPP)
and ecosystem respiration depending biophysical forcings. The upper panel shows
GPP, or the ecosystem photosynthesis, variations among different contrasted years.
Indeed, GPP of a reference year (green) can vary depending on the soil moisture (or-
ange), the amount of absorbed light by leaves (red), and the length of the growing
season (blue). The lower panel shows variations in the ecosystem respiration between
years. The ecosystem respiration of a reference year (green) can be affected by the
length of the growing season (blue). Higher respiratory activity are observed in peri-
ods of high in soil moisture, high temperature and/or high photosynthesis activity (red)
while lower ecosystem respiration are measured in periods of drought event, low tem-
perature and/or low photosynthetic activity activity (orange). Figure from Baldocchi
et al. (2018).
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2 PHOTOSYNTHESIS UNDER ENVIRONMENTAL

CONSTRAINTS

2.1 Photosynthesis, the basics

Photosynthesis in higher plants is a process by which light energy is mainly harvested
for its conversion into chemical energy. This conversion is achieved by two key events
taking place in chloroplasts which are the light reactions and the dark reactions.

During the light reactions, light energy is collected and converted into ATP and
NADPH. This conversion of light energy takes place in the thylakoid membrane of
chloroplast through successive electron transfers, the so-called ‘Z-scheme’ (Fig. 2.1).
In this model, the sun energy absorbed by the antenna of the PSII is transferred to
the reaction centre (RC) located in the dimeric core of the photosystem II (PSII). One
of the most important constituent of the PSII antenna is the major peripheral light
harvesting complex of the photosystem II (LHCII), a trimer multiprotein complex
bounded to the PSII (Fig. 2.2). Two strongly bound trimers (S-LHCII) and 2 mod-
erately bound trimers (M-LHCII) can be found in grana per PSII. A LHCII monomer
is usually constituted of about 7 Chl a, 5 Chl b and 2 lutein. Neoxanthin and violaxan-
thin are also present in variable amounts. In light fluctuating environment, two more
loosely bound trimers (L-LHCII) which approximately contain 100 Chl (a+b) can also
be found found in the PSII-LHCII supercomplexes (Pan et al. 2013). The connection
between the major LHCII and the PSII core complex is made by the protein complex
CP24, CP26 and CP29 (Fig. 2.2) which contain approximatly 8-10 Chl (a+b) in ad-
dition to several xanthohylls. They form the PSII minor antenna. Their role in light
harvest is less pronounced than that of the major LHCII as they contain only 15% of
the total Chl content of the PSII. However, because of their strategic position, they can
significantly contribute to regulatory mechanisms. The PSII core (Fig. 2.2) is formed
by the proteins D1 (PsbA gene) and D2 (PsbD gene) which both bind 3 Chl a, the
inner antenna complex proteins CP43 (PsbC gene) and CP47 (PsbB gene) containing
both 13 Chl a and other Psb-genes related proteins. The photoactive RC (also called
the primary electron donor of PSII or the P680) is formed by 2 Chl a coming from
the D1 and D2 proteins. Depending on the connection between the PSII core and the
different constituent of the PSII antenna, the PSII antenna varies in size and can be
subdivided in three groups (α, β and γ). The antenna of the PSIIα contains about 230
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Chl (a+b) while the antenna of the PSIIβ and γ contain respectively 130 and 50 Chl
(a+b) (Whitmarsh and Govindjee 2001, Papageorgiou and Govindjee (Eds.) 2004).

Upon excitation, the P680 enables the transfer of an electron to the primary elec-
tron acceptor of the PSII, the pheophytin (Fig. 2.1). After charge separation, the P680+

recovers an electron from the tyrosine-161 of the PSII D1 (Yz). The latter transfers its
positive charge to the oxygen evolving complex (OEC) which extracts four electrons
from two water molecules once four positive charges have been accumulated. Oxygen
is released during the electron extraction from the water molecule. The electron is
then transferred from the pheophytin to the QA, the primary quinone acceptor. Once
the QA is reduced, the PSII RC is considered ‘closed’, meaning that it is not able to use
further light excitation energy to send an additional electron into the electron transport
chain (ETC). During the next step, the electron moves from the QA to the QB-site at
the acceptor side of the PSII where it will reduce a plastoquinone (PQ) from the PQ
pool. After two turnover of the P680, PQ is reduced into plastoquinol (PQH2). A
bicarbonate ion (HCO3

−) located in this region is assumed to participate to the proto-
nation. Despite being photochemically active, some PSII are not able to transfer an
electron from QA to the QB-site. These are therefore termed as QB-non-reducing PSII
(Mathur et al. 2011a). Electrons which have successfully reached the QB-site are then
transferred to the cytochrome (cyt) b6/f complex by a mobile PQH2. The cyt complex
is formed by the Rieske iron-sulfur protein (FeS), the cyt f and the cyt b6 containing
the two subunits bL and bH. One electron is sent to the Rieske iron-sulfur protein (FeS)
which delivers its electron to the cyt f. The second electron is sent to the cyt bH via the
cyt bL (Fig. 2.1). After two PQ oxidation events, the cyt bH transfers two electrons to
an oxidized PQ during the so-called Q-cycle. The resulting PQH2 can then transfer its
electrons to the cyt b6/f complex. Electron from the cyt f is passed to the plastocyanin
(PC) which diffuses in the membrane till the donor side of the photosystem I (PSI).
Once at the donor side of the PSI the electron is delivered to the primary electron donor
of the PSI (i.e. the P700 formed by two Chl a molecules). Since the core complexe of
the PSI contains about 100 Chl a and its peripheral light harvesting complex (LHCI)
about 14 Chl (a+b), it is photochemically competent. Under light excitation, the elec-
tron is sent to successive electron acceptors in the PSI till the acceptor side of the PSI
where the ferredoxin eventually reduces NADP+, the end acceptors of electrons, via
the ferredoxin-NADP+ reductase. During the whole process, a proton gradient is built
across the thylakoid membrane, which enables the proton-dependent ATP synthase
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to generate ATP from ADP and a phosphate ion (Papageorgiou and Govindjee (Eds.)
2004).

The dark reactions use products from the light phase to fix CO2 into carbohydrates.
Three different mechanisms of CO2 assimilation exist among plants. The most widely
spread, which is used by about 95% of plants, is referred as the photosynthetic car-
bon reduction (PCR) (Fig. 2.3) or the Calvin cycle in honor of Melvin Calvin who
directed the research leading to the discrovery of this cycle, along with Andrew Ben-
son and James Bassham. In the PCR, CO2 is introduced into the cycle as a 3-carbon
acid, the 3-phosphoglycerate (3-PGA), by reacting with the ribulose-1,5-biphosphate
(RuBP) during a first step called the carboxylation. This process is catalyzed by the
ribulose-1,5-biphosphate carboxylase-oxygenase (Rubisco) enzyme, a key enzyme in
photosynthesis. As the RuBP is a 5-carbon keto sugar, two 3-PGA are derived from
the reaction with the CO2 molecule. Because of the CO2 ‘conversion’ into a 3-carbon
molecule, the PCR is also referred as the C3 cycle and plants using this mechanisms
of CO2 assimilation are called the C3 plants.

The second step of the PCR is the reduction of the two 3-PGA produced at the
end of the carboxylation. During this process, one ATP and one NADPH are used to
reduce one 3-PGA molecule during a two-steps reaction. The result is a triose sugar-
phosphate, the glyceraldehyde-3-phosphate (G3P), which can be used for different
purposes.

One of the most important pathway of use of this constituted ‘pool’ of triose sugar-
phosphate is the regeneration of the RuBP acceptor molecule, which is a necessity to
keep the cycle in function and assimilate new CO2 molecule. Two G3P can lead to the
formation of a 6-carbon fructose phosphate which can then react with another 3-PGA
to form a 5-carbon sugar and a 4-carbon sugar. The latter can react with another 3-
PGA to form a 7-carbon sugar which can give two 5-carbon sugars by reacting with a
3-PGA. All the 5-carbon sugars deriving from the triose pool can be isomerized into a
ribulose-5-phosphate (Ru5P). RuBP can be obtain by the phosphorylation of a Ru5P
by using one ATP molecule. As illustrated in the figure 2.3, five 3-PGA are needed to
regenerate three RuBP molecules. Since the uptake of one CO2 leads to the formation
of two 3-PGA, three CO2 molecules generate an extra 3-PGA which can be used for
the formation of carbohydrate.

In the presence of oxygen, oxygenase reaction of the rubisco competes with car-
boxylation. Indeed, the rubisco enzyme presents a natural affinity for the O2 substrate.
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Figure 2.1 – Z-scheme representation of electron transport in photosynthesis. Upon
light excitation, P680, the photosystem II (PSII) reaction centre (RC) goes into a sin-
glet excited states (P680*) and reaches a higher redox potential. The P680* then trans-
fers its electron to the pheophytin (Pheo) through the primary charge separation, i.e.,
the formation of the P680+ and the Pheo−. The P680* recovers the lost electron from
the tyrosine-161 of the PSII D1 (Yz). The Pheo− then passes its electron to the primary
quinone acceptor QA which then transfers its electron to the QB-site. There electrons
enter the electron transport chain and reach the cytochrome b6/f complex. Electrons
are then passed to the plastocyanin (PC) and delivered to the P700, the photosystem
I (PSI) RC. Upon light exclitation, the P700* delivers its electron to intermediary
phylloquinone (A0,1) and iron sulfer culsters (FX,A,B) acceptors till it reduces the end
electron acceptor (NADP+) through the ferredoxin (Fd) via the ferredoxin-NADP+ re-
ductase (FNR). Figure from Govindjee et al. (2017).
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Figure 2.2 – Structures of the PSII-LHCII supercomplexes. (A) Representation of
the major light harvesting complex of the PSII (LHCII) strongly (S-LHCII) or moder-
ately (M-LHCII) bounded to the PSII core complex through the minor antenna (CP24,
CP26, CP29). The PSII core is constituted by the reaction centre subunits (D1 and D2
proteins), the inner antennae complex proteins(CP43 and CP47) as well as Psb-genes
related proteins including the cytochrome b559 (composed of PsbE and PsbF proteins
referred as E and F in the upper figure A) and extrinsic subunits such as the oxygen
evolving complex proteins (PsbO, PsbP and PsbQ proteins referred as O, P and Q in the
upper figure A) and PsbTn (referred as Tn in the upper figure A). The PSII-LHCII is
represented either in a stacked (B,C,D,E) or unstacked (F) state depending the sample
was obtained and purified at pH 5.7 or 7.5 respectively. (B) PSII-LHCII supercomplex
viewed from the stromal side. The black-dotted line separates the two PSII-LHCII
monomers. A black-dashed circle highlights the dimeric PSII core. The color code is
consistent with the representation in (A). (C) PSII-LHCII supercomplex viewed from
the stromal side. (D) Side view of the PSII-LHCII supercomplex. (E) PSII-LHCII
supercomplex viewed from the luminal side. (F) PSII-LHCII supercomplex viewed
from the luminal side. Figure from Su et al. (2017).
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Figure 2.3 – The photosynthetic carbon reduction (PCR) cycle. Numbers in brackets
indicate the stoichiometry for three CO2 molecules. Circled numbers indicate en-
zymes catalyzing the concerned reaction. They are: (1)ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco); (2) 3-phosphoglycerate kinase and glyceraldehyde-3-
phosphate dehydrogenase; (3) aldolase; (4) fructose-1,6-bisphosphatase; (5) transketo-
lase; (6) aldolase; (7) sedoheptulose-1,7- bisphosphatase; (8, 9) ribulose-5-phosphate
epimerase; (10) ribose-5-phosphate isomerase; (11) ribulose-5-phosphate kinase. Fig-
ure from Hopkins and Hüner (2008).
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This light-dependent consumption of O2 by rubisco coupled with the release of CO2 is
termed photorespiration. The photorespiration pathway also refers to the mechanism
which allows the regeneration of RuBP after its consumption during the RuBP oxy-
genase reaction (Hagemann and Bauwe 2016). Under cool and wet climate, carbon
assimilation through the PCR pathway is well adapted. However, photorespiration ac-
tivity increases more than photosynthesis under warmer climate as the rubisco affinity
for O2 increases with temperature. Plants which have evolved under warmer climate,
such as tropical and subtropical conditions, have developed specific mechanisms for
carbon assimilation and anatomical characteristics.

One of these adaptive mechanisms for carbon assimilation is the C4 metabolism
which distinguishes itself from the C3 photosynthesis pathway as it concentrates CO2

where the PCR cycle takes place. As a consequence, oxygenase activity of the rubisco
enzyme is drastically reduced in C4 plants, which are therefore more efficient in car-
bon assimilation than C3 plants, especially under warm environment. Leaf of plants
using C4 photosynthesis for carbon fixation presents a distinct arrangement, referred
as the Kranz anatomy, and characterized by a distinction between the mesophyll and a
bundle sheath surrounding each vascular bundle. Cells constituting the bundle sheath
present a high concentration of chloroplasts and are tightly fitted with each other while
the mesophyll presents large air spaces. The C4 photosynthesis also distinguishes from
C3 photosynthesis by intermediary steps before the carboxylation. Absorbed CO2, be-
fore entering the PCR cycle, is first converted into a 4-carbon acid in the mesophyll
cell. To this end, CO2 is first converted into bicarbonate by carbonic anhydrase in the
mesophyll cytosol, preventing CO2 accumulation in the cytosol. The produced anion
then reacts with the phosphoenol pyruvate (PEP) to form the oxaloacetate. This reac-
tion is catalyzed by the enzyme phosphoenol pyruvate carboxylase (PEPcase), a key
enzyme in C4 plants. Using a NADPH molecule, the oxaloacetate is then reduced by
a NADP-malate dehydrogenase enzyme to form a 4-carbon acid, the malate. Oxaloac-
etate can also be transaminated to another 4-carbon acid, the aspartate. The proportion
of malate and aspartate produced vary depending the C4 species. Both of them act as
a transient CO2 storage form.

The 4-carbon acid is then exported to the nearest bundle-sheath cell where the PCR
cycle takes place. There, the 4-carbon acid is decarboxilated, releasing a CO2 molecule
available for the Calvin cycle. The resulting 3-carbon acid, either a pyruvate or a
alanine depending on the type of 4-carbon acid storage form (either malate or aspartate
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respectively), is transported back to the mesophyll. Using two ATP molecules, the 3-
carbon acid is used to regenerate the PEP molecule (Hopkins and Hüner 2008).

The crassulacean acid metabolism (CAM), a second adaptive mechanism for car-
bon assimilation, is found in species living in extremely dry or xerophytic habitats.
This CO2 concentrating mechanism also enables a better water conservation due to an
inverted stomatal cycle. Indeed, CAM plants usually open their stomata at night and
usually close them during the day. As a consequence, CO2 uptake is mainly realized
during the night, while the light phase of photosynthesis is not operating. Just like in
the C4 photosynthesis, CO2 is first converted into bicarbonate by carbonic anhydrase
and then into oxaloacetate by reacting with a PEP molecule. The 4-carbon acid is then
reduced into malate by a NADPH-dependent malate-dehydrogenase. The malate is
eventually stored into the vacuole during night-time, depleting the cytosol from CO2

. During the day, under light, malate is retrieved from the vacuole where it is decar-
boxylated to produce one pyruvate and one CO2 molecule. The CO2 can then diffuse
into the chloroplast where the PCR cycle takes place to be converted into carbohydrate
(Hopkins and Hüner 2008).

2.2 Photosynthesis response to abiotic stress

The word ‘stress’ is widely used in literature by biologists and may have different
meaning depending on the context. A good definition of this concept of environmental
stress was provided by Bijlsma and Loeschcke (2005) in an editorial review. They
emphasized that, from an evolutionary perspective, a stress should be defined based on
the stressor and the stressed (i.e., based on its environmental component and its bio-
logical component respectively) as optimal environmental conditions for a species can
be life threatening for another. Definitions incorporating these aspects describe a stress
as environmental changes reducing the fitness of organisms with potentially injurious
change in their biological system. Here, we define stress from a physiological perspec-
tive and describe stress as environmental changes leading to physiological responses
of the individuals and affecting their performance. Especially, in this section, we will
discuss stress events affecting the photosynthetic capacity, i.e., the performance of
photosynthesis determined by the light and the dark phase.

Plants are continuously exposed to environmental constraints that can negatively
affect the process of photosynthesis. As a result, decline in photosynthetic rate can
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be observed under unfavorable conditions such as high temperature, drought, flood,
excess of light and high ozone concentration (Bussotti et al. 2007b, Bertolde et al.
2012, Goh et al. 2012). Mechanisms by which photosynthesis is hampered depend on
the constraints and their intensity (Ashraf and Harris 2013). For instance, reduction
of photosynthetic rate induced by drought is generally attributed to stomatal limitation
while decline of photosynthesis observed during high temperature is explained by an
impairment of the thylakoid membrane functionality in the chloroplast (Ashraf and
Harris 2013).

Plants, however, can proceed to photosynthetic adjustments in order to acclimate
to stressful conditions and alleviate the detrimental impacts on the photosynthetic ap-
paratus. In this section, we describe how the different processes of photosynthesis
are affected by the aforementioned stresses and which mechanisms are triggered in
order to acclimate to these unfavourable conditions. We also highlight the importance
of stress intensity, duration and interactions among stressors when assessing their im-
pact on the photosynthesis process. Studies presented here assessed the response of
the photosynthetic apparatus to abiotic stress through multiple methods such as flu-
orescence techniques, gas exchanges measurements and the dosage of leaf pigments,
proteins, oxidation products and gene expressions.

2.2.1 High temperature

Whereas a moderate increase in air temperature can be favorable to the net photosyn-
thesis (Arend et al. 2013), negative impacts are reported for temperature higher than
the optimum temperature (Crafts-Brandner and Salvucci 2002). Different studies have
indeed reported a reduction in Chl content under high-temperature stress (Balouchi
2010, Bouchemal et al. 2017). In wheat plants subjected to heat treatement, the
higher abundance of pheophorbide a oxygenase, an enzyme involved in Chl degra-
dation (Chung et al. 2006, Mishra et al. 2017), suggests a faster Chl degradation under
these conditions. Inhibition of Chl biosynthesis might also be involved in the reduction
in Chl content as a decrease in activity for enzymes involved in Chl biosynthesis was
reported for heat-treated plants (Mohanty et al. 2006, Dutta et al. 2009).

Decline of photosynthesis due to a decrease in Rubisco activity is also a common
feature observed under moderate heat stress (Salvucci et al. 2001). Loss of Rubisco
activity in these conditions is explained by the thermal inactivation of Rubisco acti-
vase (Salvucci et al. 2001), a key enzyme involved in the ATP-dependent removal of
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RuBP from the catalytic site of decarbamylated Rubisco (Salvucci and Ogren 1996).
Increase in the oxygenation rate of Rubisco (i.e., photorespiration) due to the increased
specificity of Rubisco for O2 is also commonly observed at moderate elevation of air
temperature (Sage 2013). Oxygenetation of Rubisco at increasing temperature is also
promoted by the increase in O2/CO2 ratio in solution, as the two gases are character-
ized by different temperature responses of solubility (Cavanagh and Kubien 2014).

Heat stress can also induce the inhibition of the OEC component of the PSII (Luo
et al. 2011, Mathur et al. 2011b, Brestic et al. 2012, Kalaji et al. 2016) due to an al-
teration of its manganese cluster functionality (Tóth et al. 2007a, Oukarroum et al.
2009). Hence, the PSII is reported as the most heat-sensitive component of the photo-
synthetic apparatus (Yan et al. 2013). Reduction in electron transport beyond the PSII
can also be observed, leading to an accumulation of QA

− (Yan et al. 2011). Damage
to the PSII, however, are generally not reported for temperature lower than 40-45°C
(Crafts-Brandner and Salvucci 2002, Nellaepalli et al. 2011, Janka et al. 2013).

Change in the heterogeneity of the PSII antenna size and PSII reducing side, how-
ever, are reported at high temperature. Increase of temperature from 25 to 45°C was
shown in wheat to lead to the conversion of PSIIα antenna to PSIIβ and γ antennae
(Mathur et al. 2011a). It is likely that modification in the relative amounts of PSIIα,
β and γ antennae results from the separation of the LHCII from the PSII complex
(Mathur et al. 2011b, Brestic et al. 2012). Increase in the number of QB-non-reducing
PSII has also been observed following heat stress with more than 50% of QB-reducing
PSII being converted at 45°C (Mathur et al. 2011a). Complete recovery of modifica-
tions in the PSII heterogeneity (antenna size and reducing side) was observed at 35°C,
suggesting these structural changes might be involved in plant acclimation. However,
modifications in PSII heterogeneity were partly irreversible at 45°C.

Other perturbations of the photosynthetic process functioning without impairment
of the PSII are also reported at moderate temperature (35-40°C) such as the stimu-
lation of cyclic electron transport and the alteration of thylakoid membrane (Sharkey
2005). Temperature-induced leakiness of thylakoid membrane can result in proton
leaks through transient pores. Increase in cyclic electron transport around the PSI at
temperature up to 40°C might contributes in the maintenance of an energy gradient
across the thylakoid membrane and the prevention of irreversible damages. Higher
temperatures, however, may result in irreversible damages to the thylakoid membrane
(Sharkey and Zhang 2010). The partial conversion of violaxanthin to zeaxanthin by
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plant, however, may improve the thermostability of the membrane (Havaux et al.
1996).

2.2.2 Water stress

Main cause of reduced leaf photosynthesis under water stress conditions is attributed
to the reduction of CO2 diffusion from the atmosphere to the site of carboxylation,
namely the Rubisco (Flexas et al. 2006). Stomatal conductance (gs) which regulates
the intercellular CO2 concentration and mesophyll conductance (gm) which control the
chloroplastic CO2 concentration are two key components involved in leaf CO2 diffu-
sion. Grassi and Magnani (2005) have shown in ash and oak trees that the decline
in carbon assimilation at light saturation under moderate water stress (e.g., a gs still
higher than 0.1 mol H2O m-2 s-1) was fully explained by decline in these two compo-
nents. About two-third of photosynthesis decline was attributed to gs reduction while
one-third was explained by gm reduction.

More severe water stress, however, can induce structural damages and enzymes
inhibition resulting in biochemical limitations of photosynthesis (Grassi and Magnani
2005, Yuan et al. 2016). Based on a litterature review, Flexas et al. (2006) define a
severe water stress as an event leading to a maximum daily gs below 0.05-0.1 H2O
m-2 s-1 rather than on the water status of leaf tissues. This threshold sets the limit for
photochemical and biochemical impairement of components of photosynthesis and
coincide with the decrease in leaf ATP content.

Several examples of photosynthesis decline under water stress conditions not re-
lated to CO2 diffusion are reported in the literature. For instance, a study performed
on transgenic tabacco plants with antisense Rubisco concluded that limitation in RuBP
regeneration was involved in photosynthetic inhibition under water stress (Gunasekera
and Berkowitz 1993) due to ATP restriction (Tezara et al. 1999). Degradation of pho-
tosynthetic pigments has also been reported (Ashraf and Harris 2013) with a change
in the Chl a/b ratio resulting from a different decline in Chl a and Chl b pigments
(Efeoğlu et al. 2009, Jaleel et al. 2009, Yuan et al. 2016). Decrease in Chl a and Chl b
might either suggest the photooxidation of pigments or an adaptive mechanism aimed
at reducing the amount of light absorbed energy. Some studies, however, report an
increase in Chl content in water-deficit condition (Pirzad et al. 2011, Sengupta et al.
2013), suggesting the variation in Chl content in response to drought stress may vary
depending on the cultivar and its drought resistance. A reduction in the density of
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active RCs per PSII Chl antenna can also be observed following a drought stress and
might be explained by a degradation of chlorophyll (Boureima et al. 2012) or a partial
inactivation of PSII RC aimed at increasing energy dissipation by heat (Campos et al.
2014).

The PSII is usually reputed resistant to low leaf water potential (Manes et al. 2001).
However, it is possible to observe a decline in the efficiency of the primary photochem-
ical events of PSII under severe drought events (Lauriano et al. 2006, Goltsev et al.
2012, Tozzi et al. 2013, Ghotbi-Ravandi et al. 2014). Dissociation of the OEC from
the PSII complex has also been observed in these conditions (Oukarroum et al. 2007)
but mainly for the most drought-sensitive genotypes (Oukarroum et al. 2007, Redillas
et al. 2011, Sengupta et al. 2013). Several studies have also reported a decrease in
the energy transfer from the LHCII to the PSII RC caused by the loss of connectiv-
ity in the tripartite system (core antenna-LHCII-RC) (Oukarroum et al. 2007, Campos
et al. 2014). A reduction in energy transfer to the PSII RC can also be explained by a
decrease in D1 content (Ghotbi-Ravandi et al. 2014).

Transport of electrons beyond the QA is also disturbed by stresses leading to a
decrease in relative water content (Goltsev et al. 2012, Ghotbi-Ravandi et al. 2014,
Silvestre et al. 2014). Possible explanation for a disturbed electron transportation be-
yond PSII is a reduction of available NADP+ pool on the acceptor side of PSI due to a
lower PCR cycle activity because of a lower carbon uptake (van Heerden et al. 2007).
However this response to drought stress is not the rule and a higher PSI activity has
also been observed (Campos et al. 2014). A higher PSI/PSII ratio could be interpreted
as an increase of the photochemical pathway for de-excitation to avoid ROS forma-
tion due to unmanaged electrons. This strategy is similar to that adopted by plants in
situations of high light (Desotgiu et al. 2012a).

Excess of water in soil can also be detrimental to plants as it reduces O2 availability
for roots respiration. Flooding was shown to lead to a decline in carbon assimilation
(ACO2

) due to the reduction of gs possibly promoted by a decrease in root hydraulic
conductivity (Bertolde et al. 2012). However the decline in photosynthetic activity can
also be explained by the inhibition of photosynthetic processes rather than by stom-
atal limitations. Reduction of photosynthetic pigments content observed in flooded
plants and increase in ROS production also contributed to the decline in photosyn-
thetic capacity (Arbona et al. 2009, Verma et al. 2014). However different genotypes
can express different photosynthetic responses to flooding stress and moderate water-
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logging was even shown to promote ACO2
in a resistant Salix integra Thunb. cultivar

(Zhao et al. 2014).

2.2.3 Excess of light

Excess of light absorption or prolonged exposition can result in the photoinhibition of
the PSII and a reduction of the photosynthetic rate. Photoinhibition refers to a light-
induced decline in the PSII efficiency or its inactivation caused by multiple chemical
reactions affecting different components of the PSII unit (Goh et al. 2012). Photodam-
age of the manganese cluster in the OEC under both visible and UV light is suggested
to be one of the primary events in the photoinhibition of PSII (Tyystjärvi 2008). In
these conditions, the OEC becomes inactive and can no longer transfer an electron to
the Yz, an intermediary between the OEC and the P680, leading to long-lived P680+.
This oxidized form of P680 can eventually oxidize a wrong component of the PSII RC.
Light-induced degradation of D1 proteins has also been associated with PSII photoin-
hibition. With a half-life of 2.4 h, D1 proteins are continuously degraded and replaced
by newly synthesized D1 protein during the PSII repair cycle (Goh et al. 2012, Järvi
et al. 2015). It is possible that the turnover of D1 acts as a protective mechanism
against oxidative stress by giving an ‘information’ about the light intensity, allowing
the adaptation of the translational machinery (Adir et al. 2003). However, since the
rate of degradation of the D1 protein is proportional to the intensity of light, net loss of
D1 protein can be observed at high light intensity when damages exceed the rate of D1
repair, leading to the inhibition of PSII (Aro et al. 1994). Even though better recovery
of the PSII efficiency are observed at low light (Aro et al. 1994), the PSII repair cycle
cannot operate in dark condition (Järvi et al. 2015).

Over-reduction of the electron transport chain caused by an excess of light absorp-
tion can also result in the production of ROS, leading to irreversible damages to the
photosynthetic apparatus structure. Indeed, in case of over-excitation of the PSII, elec-
tron flow might exceed the electron-accepting capacity at the PSI acceptor side. Thus,
unmanaged high-energy electrons can react with dioxygen to eventually form ROS
(Gururani et al. 2015). ROS can also result from the reaction between triplet excited
Chl and dioxygen to form singlet oxygen. This occurs in situation of over-reduced PQ
pool which is no longer able to act as an electron acceptor (Goh et al. 2012). Produced
ROS can damage the photosynthetic apparatus and induce the aggregations between
damaged D1 proteins and nearby polypeptides such as D2 or CP43 (Yamamoto et al.
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2008). Under severe light stress, however, photodamaged D1 proteins show an irre-
versible aggregation with the PSII antenna and cannot be released from the PSII core
for degradation and replacement (Yamamoto et al. 2014).

Different protective mechanisms are induced to preserve the photosynthetic appa-
ratus from photooxidation under excess of light (Ashraf and Harris 2013). Decrease
in the PSII efficiency has been identified as a photoprotective mechanism aimed at the
dissipation the excess of light energy (Werner et al. 2001, 2002). Photoinhibition of
the PSII also contribute to regulate the electron transport chain and is able to protect
the PSI from permanent photodamage (Tikkanen et al. 2014). Another mechanism
consists in the dissipation of the excess of energy within the LHCII to reduce the PSII
excitation (Goh et al. 2012). The activation of this photoprotective mechanism requires
the onset of a trans-thylakoid pH gradient (∆pH) which serves as a signal for the onset
of zeaxanthin-facilitated thermal dissipation and reorganization of the PSII antenna
triggered by the PsbS (Photosystem II Subunit S) protein (Ruban et al. 2012, Derks
et al. 2015). Under conditions of severe light stress, however, a ∆pH-independent sus-
tained dissipation can occur along with the degradation of PSII core (Demmig-Adams
and Adams 2006).

Promotion of the cyclic electron flow (CEF) around the PSI under high light was
shown to play a role in the prevention of PSII photodamage (Takahashi et al. 2009).
CEF enables the build up of a ∆pH which facilitates the activation of zeaxanthin-
facilitated thermal dissipation. Plants submitted to high light can also drain faster the
ETC by increasing the activity of the PSI. This quicker reduction of the end electron
acceptor chain suggests a photochemical pathway for de-excitation (Pollastrini et al.
2011, 2016b, Desotgiu et al. 2012a).

2.2.4 Ozone

Exposition to elevated ozone concentration is known to induce foliar symptoms due
to H2O2 accumulation (Desotgiu et al. 2010), especially in sensitive species which
display a hypersensitive response characterized by the programmed death of palisade
mesophyll cells (Bussotti et al. 2005). However, ozone can impact photosynthesis
before visible symptoms appear. The reduction of ACO2

has been reported as one of
the early response to ozone stress (Soja et al. 1998) and might result from different
physiological processes such as the alteration of chloroplasts and stomatal response
(Bussotti et al. 2007b).
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Exposure to ozone induces a decline in gs within 10 min, followed by the reopening
of stomata during the following hour (Kollist et al. 2007). Within the cell, ozone can
degrade into ROS and induce oxidative damages. A reduced activity of Rubisco due
to accelerated proteolysis of this protein is commonly observed in the early stages
of ozone exposure (Brendley and Pell 1998). As a consequence, the lower activity
of the PCR cycle caused by a reduced Rubisco activity in ozone-fumigated plants
can leads to a decrease in PSI activity (Cascio et al. 2010, Desotgiu et al. 2010) and
an accumulation of reduced QA (Manes et al. 2001). Treated plants can also exhibit
an increase in their electron transport per RC, suggesting an increase in alternative
electron sinks via photorespiration and/or the Mehler reaction (Manes et al. 2001).
Increase of electron transport during stress episodes has also been attributed to the
production of new metabolites required for the acclimation process (Liska et al. 2004,
Retuerto et al. 2004).

Upon prolonged exposition to ozone concentration above 70 ppb, stomatal re-
sponse becomes ‘sluggish’ due to a perturbation of Ca2+-mediated mechanisms in-
volved in guard cells opening and closure (McAinsh et al. 2002). With the apparition
of visible symptoms, a decrease in the density of active RC and in the conservation of
the absorbed photon energy along the ETC is observed (Bussotti et al. 2005, 2007a).
The reduction of PSII efficiency occurs along with the increase in the energy dissi-
pation by heat (Bussotti et al. 2005). Altogether, these observations suggest the on-
set of down-regulation mechanisms to dissipate the excess of light energy in order
to prevent photo-oxidative damage. Reduction in PSII efficiency is mostly reported
in symptomatic leaves (Calatayud et al. 2007) and might be the consequence of im-
portant structural damages of the PSII and/or the activation of controlled dissipation
process (Bussotti et al. 2011). Resistant varieties under ozone fumigation, however,
can exhibit a decrease in thermal dissipation within the PSII antenna associated with
an increase in photosynthetic pigment content (Calatayud and Barreno 2004). In such
case, the decrease in energy dissipation process therefore allows the maintenance of
photochemical activity under ozone stress.

2.3 Impact of combined stresses on photosynthesis

Plants in field condition are usually exposed to a combination of multiple stressors.
Vile et al. (2012) have shown that some growth traits in Arabidopsis were specifically
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impacted by heat or drought stress but these effects were generally additives when the
two stresses were combined. If no trait has been affected only by the combination of
the two stresses, the growth was more severely impacted in the combined treatment.
Interactive effects between two stresses have also been observed in spring wheat with
stronger prejudice for total dry weight, harvest index and spikelet fertility when heat
and drought were combined (Prasad et al. 2011). Recent studies have shown that
combined stresses can induce a specific gene expression scheme, suggesting that the
combination was perceived by the plant as a different stress and cannot be directly ex-
trapolated from the response to individual stressor (Rizhsky et al. 2002, 2004, Aprile
et al. 2013, Johnson et al. 2014). Still, it appears that the molecular response to com-
bined stresses is mainly determined by the more severe stress (Pandey et al. 2015).

Combination of stressors can also impact the photosynthetic processes differently
(Masojidek et al. 1991, Jiang and Huang 2001, Ogaya et al. 2011). Consideration of
the interaction between environmental constraints and its influence on photosynthesis
is therefore crucial in the assessment of carbon uptake by ecosystems. In this section,
we emphasize the importance of several factors that must be considered when studying
the impact of combined stresses on photosynthesis such as the intensity of the stressors
and the order in which they operate. The influence of physiological processes not
directly involved in photosynthesis is also highlighted.

2.3.1 Heat and water stress combination

Among the different abiotic stress combinations, the interaction between heat and
drought stress is among the most studied. The interest in this combination is jus-
tified since heat and drought usually co-occur in natural conditions during summer.
These stresses were shown to trigger antagonistic responses of photosynthesis. For in-
stance, plants under water limitation were shown to reduce their gs to limit water loss
by transpiration. As a consequence, a decline in photosynthesis due to a reduced CO2

assimilation was measured in plants experiencing such stress (Rizhsky et al. 2004,
Bollig and Feller 2014). In contrast, plants in conditions of elevated temperature were
shown to increase gs to improve leaf cooling by transpiration (Rizhsky et al. 2004).
Analysis of transcriptomic response also revealed that the combination of both stress
can induce new gene transcripts expression (Rizhsky et al. 2004, Aprile et al. 2013,
Johnson et al. 2014).

Impact of combined heat and drought stress on photosynthesis has been reported
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to increase prejudice on photosynthesis with a stronger reduction in ACO2
and more

important oxidative damages (Osório et al. 2011, Balla et al. 2014). Still, response to
combined stress is reported to depend on the varieties (Osório et al. 2013, Estrada et al.
2015), the soil properties (Contran et al. 2013) or can even lead to no additional effect
(Hoover et al. 2014). Impact on photosynthesis can also differ if the water stress is
applied as a pretreatment (Jiang and Huang 2000). Numerous studies have reported a
benefit of water stress pretreatment on the PSII resistance to high temperature (Havaux
1992, Ladjal et al. 2000). The enhanced resistance of the PSII complex was explained
by the stabilization of the OEC (Lu and Zhang 1999, Oukarroum et al. 2009) due to the
accumulated osmolyte compounds like glycine betaine and proline during the drought
period (Oukarroum et al. 2012). Proline was also suggested to act as an alternative
electron donor by feeding the PSII in situation where the OEC is dissociated from the
PSII complex by heat stress (De Ronde et al. 2004). However, the hypothesis that
other mechanisms than osmolytes could be involved in the protection of the PSII has
been suggested since the improved PSII thermotolerance has been seen to last up to
60 days after rewatering (Ladjal et al. 2000). Yet, a study showed that proline content
was not affected by rewatering and that its production was rather a consequence rather
than a beneficial stress-induced response (Souza et al. 2004). In some cases, drought
preconditioning did not prevent the decrease of PSII efficiency but helps the plant
recovery from a heat stress. In an experiment realized by Jedmowski et al. (2015),
drought-preconditioned Hordeum spontaneum K.Koch exhibited a better recuperation
of photosynthesis than the non-preconditioned control. Still, the grain yield for these
plants was still affected by the drought episode.

However, drought applied as a pretreatment can sometimes exacerbate adverse
impact of heat stress without benefit to photosynthesis (Rizhsky et al. 2004, Xu and
Zhou 2006). One explanation for these contrasting results can be the possible differ-
ence in the dehydration tolerance strategies among genotypes, even inside the same
species. For instance, three lines of chickpea presented different proline and sugars
accumulation when submitted to a drought stress and had different antioxidative abili-
ties (Pouresmael et al. 2015). These differences resulted in different PSII response to
drought stress for these genotypes. Leaf ontogeny was also shown to have an influ-
ence in the thermotolerance of the PSII as younger leaves had lower reduction in PSII
efficiency and ACO2

than mature leaves under the same level of stress (Chastain et al.
2016). The mechanisms responsible for the higher stress tolerance in young leaves
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still remain to be elucidated. Another possible explanation is the severity of the water
stress applied. While a moderate water stress induced the accumulation of proline and
sugars compounds, severe dehydration induced stronger increase of sugars compounds
such as sucrose (Hoekstra et al. 2001). Interestingly, sucrose accumulation was also
shown to be specific to the combination of heat stress and drought stress in Arabidop-
sis (Rizhsky et al. 2004). The proline content of poplar submitted to the combination
of heat and drought stress was also shown to decline 24 h after the treatment, after an
initial increase (Li et al. 2014). It is still unknown however if a difference in the pro-
line:sugars content can influence the stabilization of the PSII and its thermotolerance.
Growing conditions and especially the light intensity have also to be considered. The
time gap between the pretreatment and the subsequent stress could possibly influence
the plant response. The light intensity used in controlled environment experiments can
also influence the photosynthetic response as high PPFD can act as a supplementary
stress driver and interact with drought and heat.

2.3.2 Interactions with high light

Combination of high light with water stress can lead to an over-excitation of the PSII
in a situation of low CO2 availability in the chloroplast due to stomatal limitation
(Georgieva et al. 2010). Therefore, electrons sent by the OEC can be in excess com-
pared with the availability of reductant power, leading to a stronger oxidative stress due
to ROS formation (Contin et al. 2014) and photosynthesis inhibition (Masojidek et al.
1991). Accelerated leaf dehydration can be found in water-stressed plants exposed to
moderate light but without additional damage to the PSII during the first stage of de-
hydration. Prolonged exposition to combined stress, however, can lead to a decrease in
trapping efficiency of the PSII RC and a decrease in the exchange capacity at the QB-
site (Li and Ma 2012). Measurement of the far-red light induced transmission changes
at 820 nm also highlighted a decline in P700 and PC contents due to accelerated leaf
dehydration under combined stresses (Li and Ma 2012). Reduction of the PSII re-
covery capacity from a drought event can also be observed compared to a situation
where plants were exposed to a lower light intensity during dehydration (Georgieva
et al. 2010). Plants, however, can alleviate the electron pressure on the PSII and oxida-
tive damage by promoting down-regulation of photosynthesis (Massacci et al. 2008,
Sofo et al. 2009), by increasing photorespiration and other alternative electron sinks
(Bai et al. 2008, Massacci et al. 2008) and by increasing ROS scavenging activity
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(Guidi et al. 2008). Plants resistant to water stress under high light are also able to
considerably enhance controlled dissipation of excess energy compared to more sensi-
tive individuals, suggesting this trait is discriminant between susceptible and tolerant
cultivars (Sofo et al. 2009). Change in spatial orientation of leaves upon dehydration
might also influence light interception, with a consequence on the rate of photosynthe-
sis (Feller 2016). It is therefore possible that plants that reduce their light interception
in the early stages of drought might be able to reduce the over-excitation of the PSII
and present a better resistance to the combined stresses.

Flooding can also alter photochemistry of photosynthesis response to light (Mau-
renza et al. 2012). Stronger PSII photoinhibition (Mielke and Schaffer 2010) and
ACO2

decline likely due to a lower internal CO2 concentration (Lavinsky et al. 2007)
was observed in plants submitted to combined flood and high light. Loss of photosyn-
thetic pigments in flooded plants was also shown to be stronger when subjected to high
light (Mielke and Schaffer 2011).

Combination of high light intensity with high temperature was found to enhance
the reduction in PSII efficiency in chrysanthemum due to a higher energy dissipation.
Increase in alternative electron sinks such as photorespiration was also observed in
these conditions, leading to stronger reduction in ACO2

(Janka et al. 2015). However,
light of 1000 µmol m-2 s-1 was found to have a protective role by enhancing OEC
stability from heat stress in barley whereas an exposition to 100 µmol m-2 s-1 did not
lead to an increased thermotolerance (Georgieva et al. 2003). The authors suggested
that high light led to the accumulation of heat shock proteins (HSP), providing an im-
proved stabilization of the PSII. The importance of the interaction between light and
temperature in the generation of HSP and their implication on the stabilization of the
PSII efficiency was later confirmed in another study (Barua and Heckathorn 2006).
A recent study has also suggested that a light-induced signal from chloroplast to the
nucleus, either the PQ redox state or H2O2, could be responsible for the higher ex-
pression of HSP and thermotolerance during the day (Dickinson et al. 2018). Another
experiment performed on alpine plants demonstrated that heat shock applied in dark
conditions led to a higher level of oxidative stress compared with treatment applied in
ambient light (Buchner et al. 2015). The protective role of light was also explained by
the higher activity of xanthophyll cycle which had contributed to the reduction of ROS
formation induced by heat treatments. An increase in the linear electron transport rate
(ETR) along with a decrease of ACO2

was also observed in Norway spruce (Picea abies
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[L.] Karst.) when submitted to combined high light and moderate heat (Štroch et al.
2010). This enhancement of electron transport might probably indicate an increase in
alternative electron sinks such as photorespiration (Janka et al. 2015).

2.3.3 The triple combination (heat × drought × light)

The impact of the triple combination between heat stress, water stress and high light
on photosynthesis has been tested under controlled laboratory conditions on two
grapevine varieties as well as the impact of the individual stresses and their level-
two interactions (Carvalho et al. 2016). The triple stress combination and treatments
involving water stress were the treatments which imposed the strongest limitation on
carbon fixation. However, the triple stress did not induce the strongest photoinhibition
neither the strongest reduction of gs, suggesting another origin to the carbon fixation
inhibition. The triple stress treatment distinguished from the others by a higher activa-
tion of the ascorbate-glutathione cycle. This mechanism is involved in the scavenging
of ROS and more specifically of the hydrogen peroxide (H2O2) (Carvalho et al. 2015)
which is produced by the PSI upon stress such as high light (Asada 2006, Goh et al.
2012). The highest pigment concentration (i.e. Chl, carotenoid and anthocyanins)
was also observed under the triple stress treatment (Carvalho et al. 2016). Pigments
such as carotenoid and anthocyanins are known to protect the photosynthetic appa-
ratus against photo-oxidative damage through their ROS scavenging function (Gould
2004, Carvalho et al. 2015). Whereas the level of H2O2 was not significantly different
from the control (Carvalho et al. 2016), these observations suggest that the triple stress
treatment induced an important oxidative pressure on the photosynthetic apparatus but
an efficient metabolic response.

In most field studies, where light irradiance can reach values higher than 1500
µmol m-2 s-1, combination of high temperature and drought period commonly led to
a stronger decline in carbon assimilation rate (Faria et al. 1998, Zavalloni et al. 2009,
Arend et al. 2013, Tozzi et al. 2013) as well as to a stronger reduction in PSII efficiency
(Faria et al. 1998, Bussotti 2004, Gielen et al. 2007, Arend et al. 2013, Ciccarelli et al.
2016). This reversible decline in the efficiency of the photosynthetic process can be
explained by a down-regulation of photosynthetic processes reflected by the reduction
in the density of active RC (Bussotti 2004). This active process for the dissipation
of excess energy might be assisted by an increase in xanthophyll cycle activity (Faria
et al. 1998, Gielen et al. 2007). Although drought was reported to decrease the ther-
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motolerance of the PSII in the aforementioned field studies, low soil moisture was
not reported as an important stress driver in the absence of other abiotic stresses. As
a general rule, the combination of drought with high temperature in field conditions,
under ambient light, was shown to have detrimental effects on photosynthesis. One
case of improved PSII thermotolerance under water stress in the field, however, has
been reported by Snider et al. (2013) on Gossypium hirsutum L. cultivars. In future
long-term field study, the evolution of the PSII thermotolerance after a drought event
and acclimation processes should be further investigated.

2.3.4 Interactions with ozone

Ozone uptake by plants can be reduced in situation of water stress, because of a lower
gs. As a consequence, a lower impact on photosynthesis of ozone is excepted un-
der drought condition (Iyer et al. 2013). However the impact on photosynthesis of
combined drought and ozone stress depends on the timing of the drought episode oc-
currence. It has been highlighted that plants must experience drought stress from the
beginning of the ozone treatment in order to benefit from a reduced ozone uptake and
delayed oxidative stress (Pollastrini et al. 2014). Moreover, since both stresses induce
ROS production and similar antioxidative responses, plants exposed to drought stress
prior to ozone might also be more effective in ROS detoxification (Matyssek et al.
2006). This implies that an ozone peak occurring during a drought season would have
different consequences on photosynthesis than a peak of ozone occurring during the
wet season. Intensity of the water stress might also influence the degree of protection
against ozone since moderate drought may not be sufficient to reduce ozone uptake
and could even be more detrimental to growth due to the cumulative effect of oxida-
tive stress and reduced carbon acquisition (Retzlaff et al. 2000, Grulke et al. 2002).
During a drought event, ozone fumigated-plants can also exhibit a delayed stomatal
closure (Manes et al. 2001) likely due to an alteration of the plasma membrane of
guard cells caused by ozone (McAinsh et al. 2002). This perturbation of stomatal clo-
sure can predispose the plant to drought stress and induce an inefficiently controlled
transpiration (Matyssek et al. 2006).

It is likely that this impaired stomatal response might increase the sensitivity to
high temperature of ozone-stressed plants due to uncontrolled transpiration. Combi-
nation of ozone and high temperature was also shown to lead to a reduced capacity
to dissipate the excess energy by heat throught zeaxanthin-facilitated mechanism. As
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zeaxanthin can improve the stability of the thylakoid membrane against heat stress
(Havaux et al. 1996) and act as an antioxidant (Havaux et al. 2007), the decline in en-
ergy dissipation ability is likely due to a high consumption of the zeaxanthin pool under
combined stress (Villányi et al. 2014). Sun irradiance can also affect plant response
to ozone stress, as shaded-leaves of ozone-fumigated Fagus sylvatica L. seedlings
showed a stronger ACO2

decline than leaves exposed to full sun irradiance (Cascio et al.
2010). The authors attributed the stronger resistance of sun leaves to the higher gs ob-
served in shaded leaves at the end of the season, leading to a higher ozone uptakes for
the latter.
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3 MEASURE OF CO2 FLUXES USING EDDY COVARIANCE

TECHNIQUE

Continuous measurements of CO2 exchange between the vegetation and the free atmo-
sphere at the ecosystem scale can be achieved by using micrometeorological methods
such as eddy covariance. This technique is based on the sampling of eddies for their
vertical velocity and their concentration in the scalar of interest (e.g., CO2 gas) (Aubi-
net et al. 1999). First experiments using this methods were performed in the 1980s
where only few days of CO2 fluxes measurements were performed (Ohtaki 1980, Le-
uning et al. 1982). Today, there is a growing number of eddy covariance studies with
time series of several years (Jaksic et al. 2006, Ma et al. 2007, 2016).

The eddy covariance method uses the conservation equation to determine the scalar
density (e.g., CO2 concentration) in the three direction components of the wind (Aubi-
net et al. 1999, Loescher et al. 2006, Foken et al. 2012). The equation is expressed as:

∂ρs

∂t
+ u

∂ρs

∂x
+ v

∂ρs

∂y
+ w

∂ρs

∂z
= S +D (3.1)

where ρs is the scalar density and u, v, w are the wind velocity components in the
directions of the wind, respectively, x, y, z. The cartesian coordinate system is defined
such as the x, y and z coordinates are parallel, respectively, to the direction of the
mean wind, to the lateral wind and to the normal to the surface. S and D represent,
respectively, the source/sink term and the molecular diffusion. After the application of
the Reynolds decomposition (i.e., decomposition of an instantaneous quantity a into its
time-averaged a and fluctuating quantities a′) to the equation (3.1) and by neglecting
the density fluctuation, we have:
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After the integration along the z component over the eddy covariance height (hm), the
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equation (3.2) gives:
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The term I represents the storage of the scalar between the soil and the hm height and
can be considered equal to zero over a day. The terms II-IV represent the advection
(i.e., the transport of a particle by a bulk flow) through the layer between the surface
and the height of measurement. The terms V-VII represent the turbulent flux diver-
gence (i.e., the change in density of a flowing fluid in a given region of space accord-
ing to a vector field). After the assumptions of horizontal homogeneity (terms II-III
equal zero), no horizontal eddy flux divergence (terms V-VI equal zero) and steady
state conditions (i.e., time derivative nullifies), the equation (3.3) gives:

hm∫
0

Sdz =

hm∫
0

∂ρs

∂t
dz + w′ρs

′ (3.4)

where ∫ Sdz represents the net ecosystem exchange (NEE) when the scalar is CO2

and w′ρs
′ the eddy covariance flux measured at height hm. NEE are usually estimated

over a 30 min period. Estimated NEE values can then be integrated to estimate daily,
seasonal or annual fluxes. Subsequent footprint analysis based on lagrangian analysis
and vertical flux then allow to estimate the source location (Aubinet et al. 1999).

Depending on the landscape and micrometeorological conditions, some of the
aforementioned approximations cannot be made (Aubinet et al. 1999). For instance,
in situation where the landscape is not flat or homogeneous, the assumption of neg-
ligible horizontal gradients may not be valid and can lead to a significant value of
the term II. Estimation of NEE fluxes at night is also challenging because of low air
mixing (Aubinet et al. 2010), incorrect measurement of the storage term (Baldocchi
2003), intermittent turbulence and gravity flows (Aubinet 2008). Under tall vegetation
or complex topography, vertical advection may also lead to significant values of the
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term IV, especially at night during low turbulence. If the term I can be approximated
to zero over a 24 h period, it is not true in the short term. Positive values of the storage
term can be observed during calm nights where CO2 accumulate between the ground
and the hm height. During the day, however, negative values can be measured when
accumulated CO2 is flushed by turbulence or assimilated by the ecosystem vegetation.
Measurements realized in complex landscape and unfavorable conditions need to es-
timate the storage term as well as the flux divergence and advection to reduce bias in
NEE measurement (Baldocchi 2003).

Quality tests were developed to check if the required conditions were met during
the collection of data such as the stationarity, the presence of sufficient turbulence and
the absence of vertical movement of the air (Rebmann et al. 2005). This procedure
usually results in the presence of gaps in the dataset. The subsequent use of gap-filling
algorithms enable the production of a continuous dataset, allowing the estimation of
integrated carbon budgets (Baldocchi 2008). However, correction procedures are not
perfect and still debated (Hayek et al. 2018) as they are also subject to residual uncer-
tainties which depend for instance on the choice of correction parameters (Gourlez de
la Motte et al. 2016).

Measured NEE can be partitioned into its components fluxes GPP and Reco accord-
ing to the equation NEE = Reco − GPP . One method consists in the estimation of
the ecosystem respiration from night-time data based on its temperature sensitivity and
to further extrapolate the ecosystem respiration from night-time to day-time (Reich-
stein et al. 2005). Even though this algorithm constitutes an improvement compared
with previous partitioning methods and contributes to the estimation of less biaised
partitioned fluxes, it is still subjected to some uncertainties as it does not take into ac-
count the inhibition of mitochondrial respiration by light (Atkin et al. 1997) and the
photorespiratory activity (Wohlfahrt and Gu 2015). As a result, Reco tends to be over-
estimated at low light and underestimated at high light. This have consequences on
the GPP estimation which, over a daily cycle, is closer from the ‘true photosynthesis’
than the ‘apparent photosynthesis’ it is meant to be (Wohlfahrt and Gu 2015).
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4 USE OF CHLOROPHYLL FLUORESCENCE TO STUDY

PHOTOSYNTHESIS

4.1 Principles of chlorophyll fluorescence

Photosynthetic activity and its response to the environment is usually assessed by mea-
suring gas exchange (i.e., CO2 and H2O) at leaf scale using a small leaf cuvette or at
the ecosystem scale using an eddy covariance system. However, gas exchange mea-
surement only gives a partial picture of the process of photosynthesis as it does not
provide information related to the performance of photosynthesis, i.e., the absorption
efficiency of light energy by the LHC antenna and how efficiently the absorbed en-
ergy is used for photochemistry. Plant photochemical capacity (i.e., the efficiency by
which a photon can be absorbed by the LHC antenna and used to produce photochem-
ical energy) can be assessed through the measurement of fluorescence emitted by leaf.
This method is based on the principle that a small portion of the absorbed light en-
ergy is naturally dissipated by the photosynthetic apparatus in the form of heat and
fluorescence emission. Even though the energy dissipated in the form of fluorescence
only accounts for 2-10% of the total light absorbed energy, study of the fluorescence
emission provides information on the functioning and regulation of the complex an-
tenna and the photosystems (Stirbet and Govindjee 2012). Moreover, perturbations
of the electrons progression inside the ETC caused by any events affecting photosyn-
thesis is reflected by a change in the fluorescence induction kinetic. Therefore, study
of the fluorescence emitted by leaf provides an insight of the photosynthetic appara-
tus structure, functioning and regulation of the complex antenna and the photosystems
(Maxwell and Johnson 2000).

The rise of fluorescence following illumination of a dark-adapted chlorophyll con-
taining material such as leaves (Fig. 4.1), known as the Kautsky effect, was first de-
tected and described in 1931 (Kautsky and Hirsch 1931). Most part of the induced
fluorescence at room temperature is emitted by the Chl a molecules within the PSII
light-harvesting antenna, especially by the inner antenna CP43 and CP47 (Buonasera
et al. 2011). The fluorescence emission is characterized by a major peak measured
at wavelength of 685 nm and a shoulder between 700-750 nm (Stirbet and Govind-
jee 2012). It has been widely accepted that the transient fluorescence rise from the
basal level (= F0) reflects the accumulation of QA in its reduced form and therefore
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represents the progressive closure of PSII RC. The maximum of fluorescence (= FM

or FP) is reached when all PSII RC of the studied sample are closed. The rise from
the basal level to the maximum level of fluorescence is achieved within 1 s during
the so called ‘fast phase’. The amount of variable fluorescence (FV=FM−F0) emitted
after a saturating light pulse informs about the photosynthetic apparatus potential to
use photon energy for photochemistry. The kinetic of emission during the fast phase
is representative of the energy conservation inside the ETC (Strasser et al. 1995) and
can be studied using a plant efficiency analyzer (PEA).

After reaching a maximum, the fluorescence level starts to fall during the ‘slow
phase’, called PSMT (Fig. 4.1), which lasts for a few minutes. This phenomenon de-
scribed as fluorescence quenching is explained by the onset of carbon metabolism
and energy dissipation processes by heat, respectively termed the ‘photochemical
quenching’ and the ‘non-photochemical quenching’ (NPQ). Pulse amplitude modu-
lated (PAM) fluorimeters enable the study of quenching processes and photochemical
capacity under light. This is made possible thanks to a modulated measuring light (i.e.,
which can be turned on and off) at a frequency synchronized with the detector which
allows measurements in the presence of background measuring light. Most of the pro-
tocols used for the study of the slow fluorescence kinetics consist in the exposition
of a dark-adapted sample to a saturated light followed by the exposition to repeated
saturated light pulses in the presence of actinic light (Fig. 4.2). The amplitude of the
fluorescence peak emitted after a saturating pulse under light condition informs about
the redox state of QA and the plant capacity to use photon energy for photoschemistry
in light-adapted state. The maximum of fluorescence reached in these conditions is
usually lower than in dark-adapted condition due to the activation of NPQ. The dif-
ference between the maximum of fluorescence measured in dark-adapted condition
and in light-adapted condition (FM−FM’) is used to quantified NPQ. Study of NPQ by
PAM fluorimeter is often used to assess zeaxanthin-facilitated dissipation mechanism
as NPQ is linearly correlated to violaxanthin deepoxidation (Roháček et al. 2008) even
though change in light-harvesting antenna size and PSII inactivation can also influence
NPQ response (Brestic and Zivcak 2013, Murchie and Lawson 2013). A fixed time of
ca. 5 min is usually applied between each saturation pulse to allow the fluorescence
level to reach a steady state. This protocol enables to assess the ability of the plant to
use the absorbed photon energy in photochemistry and its efficiency to dissipate the
excess of energy through non-photochemical processes (Brestic and Zivcak 2013).
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Figure 4.1 – Chlorophyll a fluorescence emission of a dark-adapted pea leaf. The top
graph shows the fluorescence emission curve plotted on a linear time scale whereas the
bottom graph shows the same fluorescence emission curves plotted on a logarithmic
time scale. The fluorescence curves labeled 1, 2 and 3 were induced by a flash light of
32, 320, and 3200 µmol m-2 s-1 respectively. Fluorescence decrease during the slow
phase, after illumination, is called PSMT for peak, semi-steady state, maximum and
terminal steady state. The fluorescence rise during the fast phase is called OJIP for
origin (the first measured minimal fluorescence level), J and I as intermediary steps,
and peak. Depending on the light intensity, the shape of the curve can change, leading
to missing steps. Fluorescence is given in arbitrary units. Figure from Stirbet and
Govindjee (2011).
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Figure 4.2 – Scheme of the fluorescence emission (arbitrary units) recorded during
a typical measurement protocol using a pulse amplitude modulated fluorimeter. The
minimum fluorescence in dark-adapted state (F0) is determined under a modulated
measuring light (ML) of ca. 0.01 µmol m-2 s-1. After the application of a saturating
light pulse (P), the maximum fluorescence yield in dark-adapted state (FM) is mea-
sured. Frequent P are then applied in the presence of an actinic light (AL) of ca.
80-300 µmol m-2 s-1 to determine the maximum fluorescence yield in light-adapted
state (FM’). When the AL is turned off, F0’ and FVt can be measured and later used
in the determination of the photochemical quenching. Figure from Krause and Jahns
(2004).
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4.2 Analysis of the OJIP curve using the JIP-test

4.2.1 Theory behind the JIP-test

When plotted on a logarithmic scale, the fast fluorescence transient exhibits a polypha-
sic rise (Fig. 4.3) called the OJIP curve (referring to the O, J, I, P steps at 50 us, 2 ms,
30 ms and maximum ChlF yield). The OJIP curve can be analyzed using the JIP-test
which is based on the theory of energy fluxes in biomembranes to calculate several
phenomenological and biophysical parameters that characterize the PSII behavior and
therefore the photochemical capacity (Strasser et al. 1995, 2000, 2004). The method
is based on several theoretical hypothesis including (i) that there is no energy transfer
(i.e., connectivity) between the PSII units, (ii) that the PSII units are homogeneous,
(iii) that the contribution of the PSI fluorescence can be neglected, (iv) that the QA

molecules are reduced only once at the beginning of the fluorescence rise comprised
between 0.01-0.25 ms, (v) that the reduction of QA is the main factor regulating the
fluorescence intensity, and (vi) that all QA are reduced at the maximum fluorescence
yield. These assumptions have been used to build simplified mathematical models
even though some have a non-negligible impact on ChlF such as the PSI fluorescence,
the heterogeneity of PSII units and the connectivity among PSII units. Those have
been considered separately and can be estimated based on the OJIP curve using the
JIP-test (Stirbet and Govindjee 2011).

Energy fluxes (J) characterized by the JIP-test represent the different steps of en-
ergy transfer from the PSII antenna till the reduction of the end electron acceptor at
the PSI acceptor side:

• JABS represents the absorbed photon energy by the PSII antenna.

• JTR is related to the energy trapped by the PSII RC.

• JDI is indicative of the absorbed energy which has been dissipated as heat or
fluorescence.

• JET describes the energy that enter the linear electron transport chain, beyond
QB.

• JRE is representative of the energy reaching the PSI acceptor side and reducing
the end electron acceptor.

Since the different steps in the kinetics of fluorescence emission are representative

49



Influence of stresses on photochemical capacity and CO2 fluxes in a grassland

Figure 4.3 – Example of OJIP fluorescence induction curves plotted on a logarith-
mic time scale from 50 µs to 500 ms measured on a dandelion (Taraxacum sp.) in
non-stressful (blue) and stressful (red) environmental conditions. Measurements were
performed in field condition with a PEA fluorimeter on dark-adapted leaf sample by
saturating red light at 3000 µmol m-2 s-1. Dashed lines indicate the position of the
O, J, I and P steps at 50 µs, 2 ms, 30 ms and maximum yield of fluorescence respec-
tively. The dandelion chlorophyll fluorescence emission measured in stressful condi-
tion shows a clear alteration in its induction kinetic, including a higher fluorescence
basal level (O step) and a lower maximum yield of fluorescence (P step).
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of key phenomenons occurring during the transfer of excitation energy from the PSII
antenna to electron acceptors, energy fluxes can be estimated based on the OJIP curve.
The rise from O to J, also called the photochemical phase, is strongly dependent on
the exciting light intensity (Buonasera et al. 2011). This phase is related to single
turnover events (i.e., QA is reduced only once) of the primary reactions of photochem-
istry and represents the reduction of the acceptor side of PSII (Oukarroum et al. 2007).
This interpretation is based on the similarity of the kinetic of fluorescence emission
from leaf and chloroplast samples treated with DCMU (3-(3’,4’-dichlorophenyl)-1,1-
dimethylurea), an inhibitor of the PSII acceptor side (Strasser and Stirbet 2001). The
fluorescence level at the J step was shown by Tóth et al. (2007b) to be dependent on the
availability of oxidized PQ at the QB-site, giving an information about the redox state
of the PQ pool. As 2 ms are required for the transfer of one pair of electrons to the PQ
pool upon strong illumination, it is admitted that J-I phase of the curve is representative
of the reduction/oxidation of the PQ pool (Petrouleas and Crofts 2005). Because of its
sensitivity to temperature due to a temperature dependent kinetic of electron exchange
at the QB-site and at the cytochrome complex, the J-I phase is also referred as the
‘thermal phase’ (Stirbet and Govindjee 2012). The last and slowest phase in the rise
of ChlF emission, the I-P phase, was shown by Schansker et al. (2005) to be related
to electron transfer through PSI. Experiments in dibromothymoquinone and methylvi-
ologen treated-leaves revealed that the electron transfer beyond both the cytochrome
complex and the acceptor side of PSI were involved in the I-P fluorescence transient.

4.2.2 Assessment of electron transport using chlorophyll fluorescence parameters

One of the most used ChlF parameters is FV/FM which describes the maximum quan-
tum yield of PSII of a dark-adapted leaf and can be expressed as:

FV/FM =
FM − F 0

FM
(4.1)

Value of FV/FM measured in healthy leaves is usually around 0.8 for higher plants
(Kasajima et al. 2011). This parameter is based on the assumption that all QA are fully
oxidized at F0 and all QA are fully reduced at FM (Kalaji et al. 2017). Reduction of its
value indicates a reduction in the efficiency of the whole PSII RC population. Decline
in the PSII efficiency associated with a reduction in FV/FM may have different origins.
The inactivation of PSII RC due to damage to the D1 protein has been identified as one
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of the possible causes of photoinhibition of the PSII, leading to an increase in F0 and
thus a reduction in FV/FM (Adams et al. 2013). The physical separation of the PSII RC
from the LHCII, resulting in a lower energy transfer from the antenna to the PSII RC,
can also lead to an increase in F0 and thus a decline in FV/FM (Mathur et al. 2011b,
Kalaji et al. 2011, Janka et al. 2013). Sustained dissipation of excess radiation energy
within the LHC associated with zeaxanthin retention, either in ∆pH-independent way
or at low temperature, can also lead to a sustained depression in FV/FM (Demmig-
Adams and Adams 2006, Jahns and Holzwarth 2012). Increase in the number of QB-
non-reducing PSII RC, also referred as ‘silent reaction centre’, was also shown to be
responsible for the decline in FV/FM as they dissipate all the excitation energy trapped
(Strasser et al. 2004, Mathur et al. 2011a). Inactivation of the OEC can also lead to an
inhibition of the PSII resulting in the decrease of the FM value due to a lower capacity
of the PSII donor side to provide electrons (Murata et al. 2007, Mathur et al. 2011b,
Adams et al. 2013). Increase in energy transfer between the PSII and the PSI was
also cited as a possible cause for the reduction of PSII efficiency and the associated
decrease in FV/FM (Adams et al. 2013).

The ΨE0 parameter is widely used to describe the J step and can be expressed as:

ΨE0 = 1− F J − F 0

FM − F 0
(4.2)

where FJ is the fluorescence level at the J step. The occupancy state at the QB-site
was shown to influence the level of fluorescence at the J step (Tóth et al. 2007b).
Limitation on the acceptor side of PSI may reduce the rate of oxidation of the PQ-pool
and thus the electron flow beyond the QB-site, leading to an increase in FJ (Tóth et al.
2007b). Accumulation of QA in its reduced form was also shown to lead to an increase
in fluorescence at the J-step due to a reduced efficiency in electron transport beyond
the acceptor side of PSII (Strasser et al. 1995, Chen et al. 2015). Thus, ΨE0 is used to
assessed the efficiency of electron transport beyond the QB-site (Kalaji et al. 2014).

Changes in the amplitude of the I-P phase are assessed by the ∆VIP parameter
which is expressed as:

∆V IP =
FM − F I

FM − F 0
(4.3)

where FI is the fluorescence level at the I step. The physiological interpretation behind
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the changes in the I-P phase is still controverted. Variations in the ∆VIP were shown
to correlate with leaf PSI content and confirmed by western blot analysis (Oukarroum
et al. 2009, Ceppi et al. 2012). In addition, higher values of ∆VIP are observed in sun
leaves that characterized by a higher PSI/PSII ratio (Kalaji et al. 2017). This parame-
ter was therefore proposed as a semi-quantitative indicator for relative changes in the
leaf PSI content. However this interpretation is challenged by another study who did
not observed changes in ∆VIP after the photoinactivation of PSI (about 55%). Still,
authors did not exclude that ∆VIP may be indicative of the efficiency of electron trans-
port around PSI if the amount of remaining active PSI in samples was not rate limiting
for electron transport between the PSII and the PSI acceptor side. Using transmission
change at 820 nm and real-time quantitative reverse transcription polymerase chain
reaction, (Hamdani et al. 2015) showed that changes in the I-P phase can reflect a tran-
sient block in the electron transport at the PSI acceptor side, which may support the
theory suggesting that ∆VIP is indicative of the PSI efficiency.

Performance indices (PI) are multi-parametric indices derived from the OJIP curve
combining information on the performance of PSII and efficiency of electron transport
at specific steps within the thylakoid membrane. As they integrate different informa-
tion related to the photochemical performance into one number, they are widely used
to estimate the photosynthetic stress tolerance (Stirbet et al. 2018). Among them, the
performance index on absorption basis, PIABS, is among the most widely used and is
expressed as:

PIABS = RC/ABS × FV/FM

1− FV/FM
× ΨE0

1−ΨE0
(4.4)

where RC/ABS represents the fraction of active RC per antenna Chl, expressed as:

RC/ABS =
1− F 0/FM

M0/V J
(4.5)

where M0 represents the initial slope of the fluorescent transient and VJ the relative
variable fluorescence calculated as (FJ-F0)/(FM-F0). PIABS therefore integrates three
keys parameters of photochemical efficiency : (1) the density of active RC, RC/ABS;
(2) the PSII efficiency, FV/FM; and (3) the efficiency of electron transport beyond the
QB-site, Ψ E0. As a result, PIABS is sensible to any changes in these components
(Tsimilli-Michael et al. 2000). Because of its sensitivity, it has been used in breeding
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programs to rank variety according to their tolerance to abiotic stress (Živčák et al.
2008, Silvestre et al. 2014). Events affecting the electron flow around the PSI can
be integrated to this indice by multiplying PIABS by ∆ VIP/(1-∆ VIP), which gives
PIABS,total (Tsimilli-Michael and Strasser 2008). Alternative PI have also been devel-
oped to quantify plant tolerance to specific stress such as high temperature, drought
and chilling temperature (Stirbet et al. 2018).

Parameters derived from the OIJP curve using the JIP-test therefore provide a very
useful and powerful tool in the study of the photosynthetic apparatus functioning and
structure (Maxwell and Johnson 2000, Strasser et al. 2000, Kalaji et al. 2016). Here,
we detail how the JIP-test can be used to answer scientific question in plant research.

4.2.3 Stress assessment by the study of the OJIP curve

Heat stress was shown to alter the kinetic of ChlF emission, indicating perturbation in
processes of photosynthesis in heat-treated plants. For instance, heat-induced damages
to the OEC was detectable by a rise of fluorescence at 300 µs (called the K-band, Fig.
4.4) of the OJIP curve due to an imbalance between the electron transfer rate at the
donor side and at the acceptor side of the PSII (Strasser 1997, Strasser et al. 2000,
Oukarroum et al. 2016). Inactivation of OEC can also induce a decrease of FM that
indicates an alteration in the PSII donor side (Mathur et al. 2011a, Haque et al. 2014).
A rise in the level of fluorescence at the J step is also observed during heat stress,
suggesting an accumulation of QA in its reduced form (Luo et al. 2011, Yan et al.
2012) likely due to an impairment of events beyond QA. Separation of the LHCII from
the PSII complex is also a common observed symptom after the exposition of plants
to high temperature (Mathur et al. 2011b, Brestic et al. 2012). This dissociation is
reflected by an increase in F0 caused by the reduced transfer of harvested light energy
to the PSII RC. Alteration of OEC can also lead to a rise of F0 (Kalaji et al. 2016). As a
result of the decrease in FM and the increase in F0, a decline in the variable fluorescence
(FV=FM-F0) is observed, leading to a reduction in FV/FM value (Georgieva et al. 2000).
FV/FM is representative of the efficiency of the primary photochemical events of PSII.
This parameter value is usually close to 0.8 in healthy plants for most species (Ashraf
and Harris 2013). Damage to the PSII resulting in the decrease of FV/FM are generally
not reported for temperature lower than 40°C (Crafts-Brandner and Salvucci 2002,
Nellaepalli et al. 2011, Janka et al. 2013).

Impact on the photosynthetic apparatus by severe drought stress is also revealed
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Figure 4.4 – Appearance of the K-band in the OJIP fluorescence induction curves.
These fluorescence induction curves were measured on wheat (Triticum aestivum L.)
leaves after 15 min immersion in a water for at temperatures of 25°C (filled circle),
35°C (empty circle), 40°C (square) or 45°C (triangle). Figure from Mathur et al.
(2011b).
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by change in the OJIP induction curve. A rise of fluorescence at 100-200 µs (called
the L-band, Fig 4.5) can be observed in water-stressed plant (Oukarroum et al. 2007,
Sengupta et al. 2013, Campos et al. 2014), indicating a decrease in energy transfer
among active PSII units, a phenomenon also referred as ‘grouping’ or ‘energetic con-
nectivity’ (Strasser and Stirbet 1998). Reduced PSII connectivity can be explained by
an alteration of the structural organizations of the thylakoid membrane (Oukarroum
et al. 2007). Severe water stress can also induce an increase in F0, which was inter-
preted as an inactivation of PSII RC due to a decrease in D1 content (Ghotbi-Ravandi
et al. 2014). Dissociation of the OEC from the PSII complex can also result in the ap-
pearance of the K-band under severe drougt stress or in sensitive species (Oukarroum
et al. 2007, Redillas et al. 2011, Sengupta et al. 2013). Drought-induced perturbations
in electron transport beyond QA (Goltsev et al. 2012, Silvestre et al. 2014) can also be
assessed by modifications in the I-P phase of the fluorescence emission (Oukarroum
et al. 2009, Sengupta et al. 2013). Since the PSII is reputed resistant to low leaf wa-
ter potential (Manes et al. 2001), decrease in FV/FM are mostly observed in the case
of severe drought stress (Lauriano et al. 2006, Goltsev et al. 2012, Tozzi et al. 2013,
Ghotbi-Ravandi et al. 2014)

Photoinhibition of the PSII induced by light stress is reflected by a decrease in
FV/FM (Pollastrini et al. 2011, Kalaji et al. 2012). High energy dissipation in the PSII
antenna by the zeaxanthin-dependent mechanism can also contribute to the decline
in FV/FM (Adams III et al. 2006). Increase in F0 resulting from light stress has also
been attributed to the detachment of the LHCII from the PSII or to the inactivation
of PSII RC (Mathur and Jajoo 2015). The appearance of a higher L-band due to a
loss in energetic connectivity among PSII units is also visible in light-stressed plants
(Zivcak et al. 2014). High-light treatment also induce an increase in fluorescence in the
region of the K-band due to the inactivation of OEC (Desotgiu et al. 2012a). Increased
efficiency of the PSI due to a faster reduction of Fd can also affect the OJIP curve with
an increase in the relative fluorescence contribution of the I-P region (Pollastrini et al.
2011, 2016b).

Change in the shape of the I-P phase of the fluorescence transient and increase of
the J step in response to ozone stress were representative respectively of a decrease in
the PSI efficiency (Desotgiu et al. 2010) and the accumulation of QA

− (Manes et al.
2001). Reduction of FV/FM is also observed in symptomatic leaves (Calatayud et al.

56



Part II. Chapter 4. Use of chlorophyll fluorescence to study photosynthesis

Figure 4.5 – Appearance of the L-band in the OJIP fluorescence induction curves.
These fluorescence induction curves were measured on a wild-type rice and trans-
genic rice plants overexpressing OsNAC10 (a gene involved in drought tolerance) un-
der drought and control conditions. The expression of the OsNAC10 gene in rice
was under the control of the constitutive promoter GOS2 for GOS2-OsNAC10 and the
root-specific promoter RCc3 fpr RCc3-OsNAC10. The figure shows the double nor-
malization (VOK) at FO and FK of the OJIP curves computed as VOK = (Ft - FO)/(FK

- FO); plotted at the left axis. The difference kinetics was computed as ∆WOK =
VOK,sample - VOK,control and reveals the appearance of the L-band at 150 µs; plotted at
the right axis. Figure from Redillas et al. (2011).
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2007), indicating structural damages of the PSII or high dissipation of energy depend-
ing on the behavior of F0 and FM (Bussotti et al. 2011).

Use of the JIP-test in stress assessment provide useful information in the study of
the response and adaptive ability of the photosynthetic apparatus to a wide range of
stressors. The table 4.1 summarizes the behavior of the most commonly used ChlF
parameters derived from the OJIP curve in response to abiotic stresses. Interpretation
in field study where multiple stressors co-occur can be challenging, as changes in one
parameters can be induced by different stressors and their interactions. Still, the impact
of two abiotic stresses on photosynthesis can be untangled when they have a different
impact on the same region of the OJIP curve, such as light and ozone stress which have
an opposite effect on the I-P region (Cascio et al. 2010). JIP-test derived parameters
have also been used successfully to highlight interactions between abiotic stresses. For
instance, fluorescence emitted by water-stressed plants exposed to heat stress exhibited
a lower K-band than well-watered plants, indicating a better OEC thermotolerance
for water-stressed plants due to the accumulation of osmolyte compounds during the
drought period (Lu and Zhang 1999, Oukarroum et al. 2009). Georgieva et al. (2003)
also highlighted the protective effect of light against heat stress on the PSII complex
by measuring higher FV/FM values in light-acclimated plants after a heat treatment
compared with plants grown in low light.

4.2.4 Ecology and adaptation strategy

In addition to the biochemical integrity of the photosynthetic apparatus, ChlF emis-
sion also informs on the mechanisms implemented by the apparatus to adapt to its
environment. Different ecological studies have used ChlF to assess the diversity of
adaptation strategies established by different functional groups (Ciccarelli et al. 2016)
or plants under contrasted environmental conditions (Bussotti et al. 2010, Desotgiu
et al. 2012a). By studying FV/FM evolution, Werner et al. (2002) have shown that scle-
rophylls species under a Mediterranean climate mainly related to a ‘tolerance strategy’
by promoting dissipation of the excess light energy to cope with summer stress (i.e.,
hot and dry conditions). In contrast, semi-deciduous species, which suffered more
from photoinhibition, exhibited an ‘avoidance strategy’ by changing leaves orientation
in order to reduce light interception. Pollastrini et al. (2016b) also revealed during a
forest ecology survey that tree species living in Mediterranean conditions were char-
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Table 4.1 – Examples of markers derived from the OJIP curve in the study of stress
impact on the photosynthetic apparatus. Arrows indicate the sens of variation of the
related ChlF marker.

Stress Mechanisms ChlF markers
Heat stress Loss of PSII efficiency ↓ FV/FM

OEC alteration ↑ K-band
LHCII-PSII dissociation ↑ F0
PSII alteration ↓ FM
QA

− accumulation ↑ J step
Drought stress Loss of PSII efficiency ↓ FV/FM

PSII units connectivity ↑ L-band
OEC alteration ↑ K-band
PSII RC inactivation ↑ F0
PSI alteration ↓ I-P phase

Excess of light Loss of PSII efficiency ↓ FV/FM
Adjustment of PSII structure ↑ L-band
OEC alteration ↑ K-band
LHCII-PSII dissociation ↑ F0
PSII RC inactivation ↑ F0
High PSI efficiency ↑ I-P phase

Ozone Loss of PSII efficiency or damages ↓ FV/FM
QA

− accumulation ↑ J step
PSI alteration ↓ I-P phase
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acterized by a stronger contribution of the I-P region to OJIP fluorescence rise, sug-
gesting a good ability of leaves to manage high solar radiation (Desotgiu et al. 2012a).
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5 CONCLUSIONS

Vegetation in managed grassland plays a key role in the sequestration of carbon by pho-
tosynthesis, allowing the mitigation of GHG emission by the ecosystem. The harvest
and the conversion of photon into photochemical energy are crucial steps in the photo-
synthetic process and were shown to be highly sensitive to environmental conditions.
Interactions between stressors were also shown to be determinant in the photosynthetic
response as it could either alleviate or exacerbate the physiological stress perceived by
the photosynthetic apparatus. Whether combinations could be beneficial or detrimen-
tal to photosynthesis depends on many factors including the nature of the stressors
involved, their intensity and their order of occurrence. If the combination between
environmental constraints are frequently encountered in fields, their impact on the dif-
ferent processes of photosynthesis remains understudied. In addition, uncertainties
remains about how alteration in plant photochemical capacity in field condition could
affect carbon uptake by the ecosystems. A better understanding of the photochem-
ical capacity variation in field condition and acclimation strategy of primary plants
in grasslands ecosystem can have a strategic importance in the management and the
maintenance of a sufficient level of carbon uptake by this ecosystem.
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Part III.

We have highlighted the importance of the primary light reactions in photosynthesis
and its sensitivity to the environment. Under unfavorable conditions, plant ability to
harvest and use photon energy can be altered, leading to an overall decline of the photo-
chemical capacity. Variations of ecosystems carbon uptake have been reported in many
studies that have assessed grassland CO2 fluxes in response to environmental factors
(Gilmanov et al. 2003, Ma et al. 2007, Mamadou et al. 2016, Gomez-Casanovas et al.
2017). However, they did not characterize the ecosystem photochemical capacity nei-
ther its potential impact on ecosystem CO2 fluxes. Assessment of the photochemical
capacity of an ecosystem is laborious as it required a great number of measurements
in order to take into account the spatial and the temporal variation of this feature. The
difficulty increases for ecosystems composed by different species such as grassland.
Satellite images of sun-induced fluorescence can overcome most of these technical
difficulties and can be successfully used to estimate the photosynthetic capacity of an
ecosystem as well as the spatial variation (Walther et al. 2015, Liu et al. 2017). How-
ever they cannot be used to investigate photosystems functioning, energy conservation
within the electron transport chain or acclimation strategy since fluorescence emis-
sion is measured under natural sunlight. Indeed, dark-adaptation of the photosynthetic
material and application of a saturation light pulse are minimal requirements to inves-
tigate such processes. As a consequence, ecosystem photochemical capacity and its
impact on ecosystem CO2 fluxes remains understudied.

The overall objective of the present thesis was to study the relationship between
the ecosystem photochemical capacity and CO2 fluxes in a managed grassland. To this
end, the study have been subdivided into three specific objectives:

• Assess the photochemical capacity of primary grasslands species and its evolu-
tion through the season.

• Identify how environmental constraints affect the different processes involved in
the light reactions of photosynthesis.

• Determine if alteration in the ecosystem photochemical capacity affect ecosys-
tem CO2 fluxes.

The fourth part of this thesis will present the results of the research project. In the
first chapter, we have assessed during two growing seasons the variation of the pho-
tochemical capacity of the perennial ryegrass Lolium perenne L., the most abundant
species in the studied managed grassland (see Table S1 for floristic inventory). Its
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ability to harvest and use photon energy was studied by the analysis of the OJIP curve
using the JIP-test. Theory behind the JIP-test is explained in details in the section 4.2
page 49. Measurements of ChlF were performed using a PEA fluorimeter (Fig. 1).
ChlF measurements were realized at four different time frames of the day in order to
identify a potential diurnal pattern in the photochemical capacity. Variation in photo-
chemical capacity was then analyzed along with meteorological data measured on-site
in order to determine how environmental constraints affected the different processes
of photosynthesis. In the second chapter, the photosynthetic response of the monocot
L. perenne was compared with that of species of two other functional groups, Tarax-
acum sp. and Trifolium repens L., as representative of respectively the non-N-fixing
and N-fixing dicots. In addition, we estimated the ecosystem photochemical capacity
based on measurements realized on the three species which together covered >50%
of the grassland surface. In order to determine if variation in the ecosystem photo-
chemical capacity had an impact on ecosystem CO2 fluxes, estimated ChlF parameters
characterizing the ecosystem performance were analyzed along with CO2 ecosystem
gas-exchange measurements realized using eddy covariance technique (Fig. 2). In
order to allow the association between CO2 fluxes variations and changes in photo-
chemical capacity, ChlF measurements were performed in 3 different blocs located
within the eddy covariance footprint in the direction of the prevailing winds (Fig. 3).

In the last part of this thesis, we discuss the results obtained and formulate per-
spectives of future work on the understanding of plants influence on GHG exchanges
through carbon assimilation. We also stress that plants can influence GHG balance
through other mechanisms than photosynthesis.
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Figure 1 – Plant efficiency analyzer (PEA) fluorimeter. Photography of the (A) Handy
PEA chlorophyll fluorimeter model (Hansatech Instruments, Pentney, Norfolk, UK)
used in the study. The (B) sensor head is equipped with 3 ultra-bright red LED’s
optically filtered to a peak wavelength of 650 nm and a detector photodiode with RG9
long pass filter. (C) Leaf clamps have of a small shutter plate that can be closed to
dark adapt the leaf area exposed by the 4 mm diameter hole. Leaf clamps were built
to fit the sensor head in a way that external light can not penetrate inside the enclosed
environment once the sensor head is plugged to the clamps.
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Figure 2 – Eddy covariance system. (A) Eddy covariance system at the Dorinne
Terrestrial Observatory equipped with (B) a three-dimensional sonic anemometer
(CSAT3, Campbell Scientific Ltd., UK) and (C) a fast CO2-H2O non-dispersive in-
frared gas analyser (LI-7000, LICOR Inc., Lincoln, NE, USA) settled in a protective
enclosure (white enclosures on the top figure).
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Figure 3 – Aerial photography taken on 10 January 2015 of the site of measurement
(Dorinne Terrestrial Observatory, DTO) on Google earth imagery (GoogleTM earth,
version 7.1.5.1557). The yellow pin indicates the position of the meteorological sta-
tion which GPS coordinates are 50.3119 N, 4.9680 E. The white stars indicate the
approximate positions of the monitored areas.
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Part IV. Chapter 1. Variation of the perennial ryegrass photochemical capacity

1 VARIATION OF THE PERENNIAL RYEGRASS Lolium
perenne L. PHOTOCHEMICAL CAPACITY AND THE

INFLUENCE OF COMBINED ENVIRONMENTAL

CONSTRAINTS

This chapter is adapted from the reference - Digrado A, Bachy A, Mozaffar
A, Schoon N, Dalcq A-C, Amelynck C, Bussotti F, Fauconnier M-L, Aubinet M,
Heinesch B, du Jardin P, Delaplace P. 2017. Long-term measurements of chloro-
phyll a fluorescence using the JIP-test show that combined abiotic stresses influ-
ence the photosynthetic performance of the perennial ryegrass (Lolium perenne L.)
in a managed temperate grassland. Physiologia Plantarum, 161(3):355-371. doi:
10.1016/j.atmosenv.2016.12.041.

Abstract Several experiments have highlighted the complexity of stress interac-
tions involved in plant response. The impact in field conditions of combined envi-
ronmental constraints on the mechanisms involved in plant photosynthetic response,
however, remains understudied. In a long-term field study performed in a managed
grassland, we investigated the photosynthetic apparatus response of the perennial rye-
grass (Lolium perenne L.) to environmental constraints and its ability to recover and
acclimatize. Frequent field measurements of chlorophyll a fluorescence (ChlF) were
made in order to determine the photosynthetic performance response of a population
of L. perenne. Strong midday declines in the maximum quantum yield of primary
photochemistry (FV/FM) were observed in summer, when a combination of heat and
high light intensity increased photosynthetic inhibition. During this period, increase
in photosystem I (PSI) activity efficiency was also recorded, suggesting an increase in
the photochemical pathway for de-excitation in summer. Strong climatic events (e.g.,
heat waves) were shown to reduce electron transport between photosystem II (PSII)
and PSI. This reduction might have preserved the PSI from photo-oxidation. Periods
of low soil moisture and high levels of sun irradiance increased PSII sensitivity to heat
stress, suggesting increased susceptibility to combined environmental constraints. De-
spite the multiple inhibitions of photosynthetic functionality in summer, the L. perenne
population showed increased PSII tolerance to environmental stresses in August. This

73



Influence of stresses on photochemical capacity and CO2 fluxes in a grassland

might have been a response to earlier environmental constraints. It could also be linked
to the selection and/or emergence of well-adapted individuals.
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1.1 Introduction

Many studies have evaluated plant responses to environmental stresses and have re-
ported effects on the photosynthetic process (Georgieva et al. 2000, Hassan 2006,
Mathur et al. 2011b, Bussotti et al. 2014). For instance, high temperature have been
shown to be particularly detrimental, with several studies reporting that photosynthe-
sis is one of the most heat-sensitive processes in plants (Luo et al. 2011, Yan et al.
2012, Guidi and Calatayud 2014). High temperatures are also known to cause a loss
of the manganese cluster functionality in photosystem II (PSII), which leads to the
inhibition of the oxygen evolving complex (OEC) component (Nash et al. 1985, Tóth
et al. 2007a, Oukarroum et al. 2009). This impairment of photosynthetic activity has
been shown to affect CO2 fixation (Guidi and Calatayud 2014). Under drought stress
conditions, studies have also reported a decrease in the CO2 assimilation rate due to
a decrease in stomatal conductance (Cruz de Carvalho et al. 2010, Rahbarian et al.
2011). High ozone concentrations can also induce a depression in net photosynthesis
(Bussotti et al. 2007b, Cascio et al. 2010) and the inactivation of the end acceptors of
electrons by oxidative damage of the cellular content has been reported in numerous
studies (Desotgiu et al. 2010, Bussotti et al. 2011).

The photosynthetic apparatus, however, is able to trigger protective mechanisms
under stressful environments favouring acclimatization (for definition, see Wilson and
Franklin (2002)). For instance, plants can promote an increase in energy dissipation
within the light harvesting complex in order to reduce PSII excitation when submit-
ted to high irradiance (Jahns and Holzwarth 2012, Goh et al. 2012) or to adjust the
electron transport rate within the PSII reaction centre (RC) (Derks et al. 2015). Usu-
ally, however, plants encounter combined environmental stresses in natural conditions.
Two stresses sometimes require antagonistic responses, such as drought and heat stress
which lead to the opening or closure of stomata in Arabidopsis, respectively (Rizhsky
et al. 2002, Mittler 2006). This makes it difficult to predict plant response to combined
environmental constraints. Some studies have shown increased PSII thermotolerance
under drought conditions (Oukarroum et al. 2009, Snider et al. 2013), whereas oth-
ers have shown increased PSII sensitivity to heat (Jiang and Huang 2001, Tozzi et al.
2013). The combination of high temperatures with high levels of light has also been
shown to promote PSII inhibition (Janka et al. 2015), whereas some studies have found
that high levels of light could promote PSII thermotolerance (Georgieva et al. 2003).
These examples highlight the complexity of stress interaction and the need for fur-
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ther studies on the mechanisms involved in plant photosynthetic response to combined
environmental constraints.

Analyses of chlorophyll a fluorescence (ChlF) have been used in several studies
to investigate the physiological aspects of photosynthesis. Fast fluorescence transients
measured by a plant efficiency analyser (PEA) and modulated fluorescence signals
obtained from a pulse-amplitude modulated (PAM) fluorimeter both provide param-
eters that describe photosynthesis functionality and are widely used. Measurements
conducted with a PAM fluorimeter use light-adapted leaves, whereas fast fluorescent
transients are derived from dark-adapted leaves. This implies that measurements in
dark-adapted conditions give information on the ‘potential’ photosynthetic perfor-
mance rather than the actual photosynthetic efficiency. A PEA fluorimeter enables
the acquisition of large amounts of data in a short period of time, making monitoring
and large-scale surveys possible. The fast fluorescent transients can be analysed using
the JIP-test, which provides useful information on the status and functioning of the
photosynthetic apparatus (Maxwell and Johnson 2000, Kalaji et al. 2016). When plot-
ted on a logarithmic scale, the fluorescence transients exhibit a polyphasic rise called
the OJIP curve (referring to the O, J, I, P steps at 50 µs, 2 ms, 30 ms and maximum
ChlF yield). The rise in ChlF emission from its basal level (= O step) reflects the grad-
ual accumulation of QA

− in its reduced form. The O-J phase of the curve is related
to single turnover events (i.e., QA is reduced only once) of the primary reactions of
photochemistry and represents the reduction of the acceptor side of PSII (Oukarroum
et al. 2007). The J phase is influenced by the rate limitation caused by the reduction of
the plastoquinone (PQ) pool (Tóth et al. 2007b). The J-I phase of the curve is therefore
representative of the reduction/oxidation of the PQ pool. The last and slowest phase in
the rise in ChlF emission, the I-P phase, is related to electron transfer through PSI and
is attributed to the reduction of the acceptor side of the PSI (Schansker et al. 2005). It
has been demonstrated that the shape of the OIJP curve is related to the physiological
status of plants (Strasser et al. 2000). The parameters determined with the JIP-test
therefore provide a very useful tool for investigating the response and adaptive abil-
ity of the photosynthetic apparatus to a wide range of stressors (Bussotti et al. 2007b,
2010, Redillas et al. 2011, Brestic et al. 2012).

Among the various cultivated agro-systems, grasslands represent ≈ 26% of the
terrestrial surface (Brunner et al. 2007, Boval and Dixon 2012) and about 80% of agri-
cultural land (Boval and Dixon 2012). Grasslands play a significant role in carbon
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sequestration (Boval and Dixon 2012, Chang et al. 2015) and water catchments, and
are a reserve of biodiversity (Boval and Dixon 2012). A good understanding of the
health status of these ecosystems is therefore a key issue if one wants to preserve or
increase these ecosystem services under current and future climatic conditions. For
these reasons, we decided to investigate the photosynthetic response to the naturally
co-occurring environmental constraints of the perennial ryegrass (Lolium perenne L.),
an important grassland species, over 2 successive years using the JIP-test. We sought
to answer the following questions: (i) How does the photosynthetic apparatus respond
to combined environmental constraints and which mechanisms of photosynthetic pro-
cesses are involved? (ii) What is the recovery capacity of photosynthetic performance
after repeated stressful events? (iii) Is there any evidence of photosynthetic acclima-
tization? We hypothesize that the greatest decline in photosynthetic performance will
occur when environmental stresses are combined because of potential synergistic in-
teractions. A succession of unfavourable events might also lead to the potential ac-
climatization in L. perenne population.

1.2 Materials and methods

1.2.1 Field site

The study was carried out within the framework of the CROSTVOC project (CROp
STress Volatile Organic Compounds: http://hdl.handle.net/2268/178952). All mea-
surements were performed at the Dorinne Terrestrial Observatory (DTO) in Belgium
(50°18’44” N and 4°58’07” E). The climate at this site is temperate oceanic. The site
area is a permanent grassland covering 4.22 ha, and the relief is dominated by a large
colluvial depression oriented south-west/north-east. This depression lies on a loamy
plateau with a calcareous and/or clay substrate. Altitudes range from 240 m (north-
east) to 272 m (south). The paddock had been converted to permanent grassland at least
50 years before the start of this study and has been intensively grazed by cattle, with
the application of cattle slurry and manure. The botanical diversity was evaluated on
24 quadrats (0.5 X 0.5 m) in September 2010 and June 2011. The plant communities
were composed of 13 grass species (Agrostis stolonifera L., Alopecurus geniculatus L.,
Bromus hordeaceus L., Cynosurus cristatus L., Dactylis glomerata L., Elymus repens
(L.) Gould, Festuca pratensis Huds., Holcus lanatus L., Lolium multiflorum Lam., L.
perenne, Poa annua L., Poa pratensis L. and Poa trivialis L.), one nitrogen (N)-fixing
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dicot (Trifolium repens L.) and seven non-N-fixing dicots (Capsella bursa-pastoris
(L.) Medik., Carduus L., Matricaria discoidea DC., Plantago major L., Ranunculus
repens L., Stellaria media (L.) Vill. and Taraxacum sp.). The perennial ryegrass L.
perenne was the main and most representative species in the grassland, being present
in every quadrat and in the greatest relative abundance (based on the surface occupa-
tion) in the quadrats.

1.2.2 Micro-meteorological data

Micro-meteorological data such as photosynthetic photon flux density (PPFD)
(SKP215, Skye Instruments, Llandrindod Wells, UK), air temperature (Tair) and
air relative humidity (RH) (RHT2nl, Delta-T Devices Ltd, Burwell, Cambridge, UK
) at 2.62 m above soil level, as well as ozone concentration (O3) (T400, Teledyne,
San Diego, USA) at 1 m above soil level, and soil moisture (SM) (CS616, Campbell
Scientific Inc., Logan, UT, USA) and soil temperature (TS) (PT 1000, Campbell
Scientific Inc., Logan, UT, USA) at a depth of 5 cm were recorded every 30 min in
the grassland during the measurement periods using the aforementioned equipment.
The vapor pressure deficit (VPD) was calculated from the temperature and relative
humidity measurements.

1.2.3 Analysis of the fluorescence transient using the JIP-test

Measurements of the ChlF emissions of L. perenne were conducted at the DTO on
three plots (each 30 X 5 m) from June to October 2014 and from May to October
2015, using a HandyPEA fluorimeter (Hansatech Instruments, Pentney, Norfolk, UK).
Cows were allowed to graze on days when no measurements were being taken. Mea-
surements were performed in each monitored plot four times a day at 11:00, 13:00,
15:00 and 17:00 h (local time zone). The number of replicates for each plot and time
period was 7 in 2014 and 8 in 2015. In addition, on 31 July 2015 and 13 August 2015,
when there were contrasting micro-meteorological conditions, the full diurnal evolu-
tion of ChlF was investigated by taking measurements every 2 h from pre-dawn (5:00)
till evening (19:00) on the three plots, giving eight sample time periods rather than
four. Measurements were performed on non-senescent mature leaves. Prior to each
measurement, leaves were dark-adapted with leaf clips for 30 min. The leaf clips were
adapted to the width of the L. perenne leaves by reducing by half the measurement sur-
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face with a black vinyl electrical tape, following the manufacturer’s recommendations.
The surfaces of the dark-adapted leaves were then exposed for 1 s to red light with a
flux density of 3000 µmol m-2 s-1 provided by an array of three light-emitting diodes
(peak wavelength at 650 nm). After irradiance of the sample, the induced subsequent
fluorescence signals were recorded every 10 µs from 10 to 300 µs, then every 100 µs
till 3 ms, then every 1 ms till 30 ms, then every 10 ms till 300 ms and finally every 100
ms till 1 s.

Fluorescence emissions measured at 50 µs (F50, step O), 300 µs (F300, step K),
2 ms (step J), 30 ms (step I) and maximum yield (FM, step P) were used to deter-
mine several parameters describing photosynthesis activity according to the JIP test
(Strasser et al. 2000, 2004, Tsimilli-Michael and Strasser 2008). These parameters are
summarized in Table 1.1. When a ChlF parameter showed an aberrant value (i.e., in-
finite), all parameters derived from this specific measurement were discarded (0.06%
of the dataset).

1.2.4 Statistical analysis

Three groups of comparable meteorological conditions were defined by clustering
(Ward’s method based on the Euclidian distance). Clustering was performed on coor-
dinates of the two first principal components of a principal component analysis (PCA).
All meteorological parameters were entered as variables in this PCA, apart from ozone
concentration. In order to study the influence of monitored plots on ChlF response, a
general linear model (GLM) type III was realized, with the meteorological group previ-
ously created and the monitored plots as factors. The monitored plots were considered
as random factor. As its influence was not found to be significant, the values of ChlF
parameters were averaged without consideration of the different plots. Three groups of
comparable photosynthetic response based on ChlF measurements were then defined
using the same methodological approach as that for the meteorological groups. The
averaged ChlF parameter values were entered as variables in the PCA. The Tukey’s
Honest Significant Difference test (Tukey HSD) was used to classify the mean values
of ChlF and the meteorological parameters between the meteorological and ChlF clus-
ters created. When comparing days with contrasting meteorological conditions, the
difference in ChlF parameter values between the 2 days was tested using a GLM for
each of the eight sample time periods.

The correlations between ChlF and meteorological parameters were tested using
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Table 1.1 – Summary of parameters and formulas used for the analysis of the fast
fluorescence transient OJIP.

Parameters Formulas Description
Technical fluorescence parameters
Ft Fluorescence intensity at the time t.
F50 Fluorescence intensity at 50 µs (O-step).
F300 Fluorescence intensity at 300 µs (K-step).
FJ Fluorescence intensity at 2 ms (J-step).
FI Fluorescence intensity at 30 ms (I-step).
FM Maximal fluorescence intensity (P-step).
FV FM−F50 Maximal variable fluorescence.
FV/FM
(= ϕP0)

1−(F50/FM) Maximum quantum yield of PSII of a
dark-adapted leaf. Expresses the probabil-
ity that an absorbed photon will be trapped
by the PSII reaction centre.

JIP-test derived parameters
M0 4

[(F300−F50)/(FM−F50)]
Approximated initial slope of the fluores-
cence transient.

Vt (Ft−F50)/(FM−F50) Relative variable fluorescence at the time
t.

VJ (FJ−F50)/(FM−F50) Relative variable fluorescence at 2 ms (J-
step).

VI (FI−F50)/(FM−F50) Relative variable fluorescence at 30 ms
(O-step).

RC/ABS ϕP0(VJ/M0) QA-reducing reaction centres (RC) per
PSII antenna Chl.

ΨE0
(= J phase)

1−VJ The efficiency/probability that a photon
trapped by the PSII RC moves an elec-
tron into the electron transport chain be-
yond QA.

∆VIP
(= I-P phase)

1−VI The efficiency/probability that a photon
trapped by the PSII RC moves an electron
into the electron transport chain beyond
PSI to reduce the final acceptors of the
electron transport chain (i.e., ferredoxin
and NADP).

PIABS (RC/ABS)
[ϕP0/(1−ϕP0)]
[ΨE0/(1−ΨE0)]

Performance index (potential) on absorp-
tion basis for energy conservation from
photons absorbed by PSII to the reduction
of intersystem electron acceptors.
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a Pearson correlation test. We decided to complement this approach with a canonical
correlation analysis (CCA), a multivariate statistical test, to explore the relationship
between photosynthetic responses and meteorological conditions and the interdepen-
dence within a set of variables. With this method, the first canonical axis is constructed
as linear combinations of variables within the sets in order to maximize the correlation
between the two datasets (i.e., ChlF and meteorological datasets).

A GLM was used to predict ChlF parameters based on meteorological variables
and their second-order interactions. The minimum adequate model for each ChlF
parameter was selected using a stepwise algorithm based on the Akaike’s informa-
tion criterion. Only significant interactions were conserved. The total variance ex-
plained by the models (R2) was then decomposed in order to evaluate the relative
variance explained by each predictor variable and the various interactions. Linear re-
gression followed by an analysis of covariance (ANCOVA) was used to evaluate the
potential modification in the relationship between the ChlF and meteorological pa-
rameters for different environments and months. All the operations were performed
using Minitab software version 17.1.0 (State College, Pennsylvania, USA) and R soft-
ware version 3.3.0 (R Development Core Team, 2012), with the following R package
: ‘FactoMineR’ (Husson et al. 2016), ‘Vegan’ (Oksanen et al. 2012), ‘CCP’ (Menzel
2015), ‘Car’ (Fox et al. 2016) and ‘Relaimpo’ (Groemping and Matthias 2013). Square
root-transformed values (unless stated otherwise) of the ChlF parameters were used to
improve the normality and homogeneity of variances when required by the statistical
test.

1.3 Results

1.3.1 Environmental conditions

The days of ChlF measurements and their dispersion were representative of the pe-
riod studied, especially in the second year. Irradiance reached its highest values from
May to August (referred to here as summer) for both years, with midday PPFD values
above 1500 µmol m-2 s-1 on most of the measured days (Fig. 1.1A). From Septem-
ber to October (referred to here as autumn), the PPFD values were below that level.
From June 30 to July 5 2015 a heat wave (as defined by D’Ippoliti et al. (2010)) hit
Belgium and was recorded at the DTO. ChlF measurements during this period were
limited to the first and third day of the heat wave, with maximum Tair of 28.9 and 33°C
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Figure 1.1 – Environmental conditions prevailing during chlorophyll fluorescence
measurements in the 2014 and 2015 study periods. Values for (A) photosynthetic pho-
ton flux density (PPFD), (B) air temperature (Tair), (C) soil moisture (SM), (D) vapour
pressure deficit (VPD) and (E) air ozone concentration (O3) at 11:00, 13:00, 15:00
and 17:00 h for each day of chlorophyll fluorescence measurements are represented.
Grey bars separate the different days of measurements for a better visualisation of the
diurnal evolution of these parameters. The arrows indicate the first and third day of the
heat wave recorded at the DTO. Brackets indicate 31 July 2015 and 13 August 2015

recorded during the ChlF measurement (Fig. 1.1B). In summer, the O3 were above 60
ppbv, whereas it remained below this level in autumn (Fig. 1.1E). The second year of
monitoring was characterized by two dry spells in summer. In June and August, the
SM was ca. 20% for 2 weeks (Fig. 1.1C). The highest VPD values were measured
from June to August, with values above 2.0 kPa, but in September and October they
generally did not exceed 1.0 kPa (Fig. 1.1D).

82



Part IV. Chapter 1. Variation of the perennial ryegrass photochemical capacity

1.3.2 Temporal evolution of ChlF induction

In both years of the study, a seasonal (Fig. 1.2) and diurnal (Fig. 1.3) evolution of ChlF
parameters was observed in the grassland. The largest diurnal amplitudes of ChlF pa-
rameters were detected in summer with variations of 68, 99, 41 and 148% with respect
to the initial morning value for the maximum quantum yield of PSII (FV/FM), the per-
formance index (PIABS), the J phase (ΨE0) and the I-P phase (∆VIP) respectively. The
ChlF parameters showed lower diurnal variation in autumn. The highest FV/FM values
were measured in autumn, with average basal values of ca. 0.75, indicating high PSII
efficiency. In contrast, values as low as 0.15 were measured in summer. The lowest
PIABS values were also measured in summer, indicating a low photosynthetic perfor-
mance of the L. perenne population. PIABS graphically exhibited an increasing trend at
the end of the 2014 growing season. This increase also occurred in the following year,
but was less pronounced. The ΨE0 showed a less marked diurnal and seasonal pattern
and fluctuated around 0.56, with occasional midday decreases below 0.40 observed in
summer, reflecting a decrease in the efficiency of the electron transport beyond QA
during these periods. The ∆VIP presented stable values around 0.32 in autumn, but
several midday peaks above 0.55 were observed in summer, indicating a rapid reduc-
tion of the end electron acceptor.

A diurnal decrease in FV/FM was observed simultaneously with a decrease in PIABS

and an increase in ∆VIP (Fig. 1.3). A less pronounced diurnal pattern was observed
for ΨE0 (Fig. 1.3C). The diurnal variation of ChlF parameters was stronger under en-
vironmental stress, as described in the next paragraph. There were few perceptible
differences in ΨE0 behaviour between the two contrasting days (Fig. 1.3C). Signifi-
cant differences (p ≤ 0.001) between these were observed in the morning for all ChlF
parameters, with lower FV/FM, PIABS and ΨE0 values and higher ∆VIP values on 31
July 2015 than on 13 August 2015. These differences were not more significant (p ≥
0.05) 6 h after sunrise, except for PIABS. Even when strong diurnal variations of ChlF
parameters were measured (e.g., 13 August 2015), the evening values (i.e., 14 h after
sunrise) of ChlF parameters were comparable with those measured 6 h after sunrise
(i.e., before the onset of strong diurnal variation) and did not differ (p ≥ 0.05) from
evening values measured on a day with lower diurnal variation (Fig. 1.3).
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Figure 1.2 – Evolution of chlorophyll fluorescence (ChlF) parameters (FV/FM, PIABS,
ΨE0 and ∆VIP) in the 2014 and 2015 study periods. The average value (n = 21-24)
± SD for each of the four measurement time periods (11:00, 13:00, 15:00 and 17:00
h) is represented for FV/FM, PIABS, ΨE0 and ∆VIP for each measured day. Grey bars
separate the different days of measurements for a better visualisation of the diurnal
evolution of these parameters. The arrows indicate the first and third day of the heat
wave recorded at the DTO. Brackets indicate the 31 July 2015 and 13 August 2015.
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Figure 1.3 – Diurnal evolution of ChlF parameters over two contrasting days. The av-
erage values (n = 24)± SD for each of the eight sampled time periods (0, 2, 4, 6, 8, 10,
12 and 14 h after sunrise) are represented for the (A) FV/FM, (B) PIABS, (C) ΨE0 and
(D) ∆VIP on 31 July 2015 and 13 August 2015. Maximum air temperature was 18.9
and 29.9°C on 31 July 2015 and 13 August 2015, respectively. The photosynthetic
photon flux density reached 1669 and 1612 µmol m-2 s-1 on 31 July 2015 and 13 Au-
gust 2015, respectively. The maximum vapor pressure deficit was 0.98 and 1.56 kPa
on 31 July 2015 and 13 August 2015, respectively. Soil moisture was 27.6±0.1 and
25.9±0.6% on 31 July 2015 and 13 August 2015, respectively. An asterisk indicates a
significant difference in ChlF parameters average value between the 31 July 2015 and
the 13 August 2015 at a specific sample time periods (GLM, α = 0.05). Asterisks *, **
and *** indicate p≤ 0.05, p≤ 0.01 and p≤ 0.001 respectively. For the sake of presen-
tation clarity, the three plots results were pooled because minor significant differences
were observed at 0 h after sunrise for PIABS and ΨE0 only. This did not qualitatively
change the results. The grey zone identifies the period when ChlF measurement was
routinely performed in the grassland.
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1.3.3 Impact of environmental conditions on ChlF emissions

The Pearson correlations test (Table 1.2) showed that FV/FM and ∆VIP were the ChlF
parameters that were most affected by environmental conditions, correlations being
higher than 0.52 in absolute value for six out of seven meteorological parameters. In
contrast, ΨE0 correlated poorly with meteorological parameters (all correlation coef-
ficients were below 0.24 in absolute value). The relationship between environmental
parameters and the ChlF parameters FV/FM and PIABS differed greatly from that be-
tween environmental parameters and the ChlF parameters ΨE0 and ∆VIP. PPFD, Tair

and VDP were the meteorological parameters that had the strongest influence on ChlF
parameters, the minimum correlation being above 0.55 in absolute value for FV/FM,
PIABS and ∆VIP. In contrast, SM was the meteorological parameter with the least
influence on ChlF, with no correlation exceeding 0.35 in absolute value. The strong
influence of PPFD, Tair and VPD on ChlF parameters was confirmed by the analy-
sis of the relative contribution of meteorological parameters to ChlF variation (Fig.
1.4). The analysis also revealed the influence of synergistic interactions between me-
teorological parameters. Interactions between meteorological parameters had a non-
negligible contribution to ChlF variation and explained 22.8, 12.3, 33.0 and 4.9% of
the FV/FM, PIABS, ΨE0 and ∆VIP variance respectively. The ΨE0 was the parameter
most influenced by meteorological parameters interactions whereas ∆VIP was the least
influenced.

Three meteorological clusters were defined using PCA-clustering (Table 1.3).
From the M1 to M3 clusters, environmental conditions were characterized by increas-
ing PPFD, Tair, VPD and TS values and decreasing SM and RH values. Whereas M1
conditions were more frequently found in autumn, M3 conditions were more common
in summer. Three ChlF clusters were also defined by PCA-clustering (Table 1.3). The
C1 cluster was characterized by high FV/FM and PIABS values, indicating good func-
tionality of the photosynthetic apparatus. A reduction of up to 60% and 93% in average
values from the C1 to C3 cluster was observed for FV/FM and PIABS, respectively, in-
dicating a decrease in photosynthetic performance in C3. ΨE0 exhibited lower relative
change between clusters and decreased by only 19% from C1 to C3. ∆VIP exhibited
a significant +50% increase from C1 to C2. The difference in ∆VIP values between
C2 and C3 was not significant. ChlF response characterized by the C3 response was
common in summer, whereas the C1 response was common in autumn. CCA revealed
that M1 conditions in the grassland could be associated with the ChlF response char-
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Table 1.2 – Correlation values of meteorological parameters (PPFD, photosynthetic
photon flux density; Tair, air temperature; SM, soil moisture; VPD, vapor pressure
deficit; RH, relative air humidity; TS, temperature of soil; O3, ozone) with ChlF pa-
rameters (FV/FM, PIABS, ΨE0 and ∆VIP). Asterisks *, ** and *** indicate p ≤ 0.05, p
≤ 0.01 and p ≤ 0.001, respectively. ns, non-significant.

Pearson correlation coefficients
FV/FM PIABS ΨE0 ∆VIP

PPFD -0.564 -0.620 0.164 0.622
*** *** * ***

Tair -0.715 -0.632 0.149 0.713
*** *** * ***

SM 0.350 0.327 -0.052 -0.333
*** *** ns ***

VPD -0.700 -0.676 0.099 0.682
*** *** ns ***

RH 0.515 0.620 -0.107 -0.543
*** *** ns ***

TS -0.564 -0.442 0.267 0.609
*** *** *** ***

O3 -0.581 -0.488 0.165 0.553
*** *** ns ***

87



Influence of stresses on photochemical capacity and CO2 fluxes in a grassland

Figure 1.4 – Relative contribution of the meteorological parameters and their second-
order interactions in the models explaining the variability in ChlF parameters. Predic-
tor variables were the air temperature (Tair), soil moisture (SM), photosynthetic photon
flux density (PPFD) and vapour pressure deficit (VPD). The models explained 80.8,
72.3, 43.3 and 68.4% of the variability in FV/FM, PIABS, ΨE0 and ∆VIP, respectively.
Relative humidity and soil moisture were excluded from the model because of their
high correlation with vapour pressure deficit (86.55%) and air temperature (84.06%)
respectively.
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acterized by the C1 cluster (Fig. 1.5) and could therefore be qualified as non-stressful
conditions. The C3-cluster type of ChlF response was correlated with environmental
conditions characterized by the M3 cluster that could therefore be qualified as con-
ditions of strong environmental constraints. M2 conditions in the grassland could be
associated to ChlF response characterized by either the C1 or C2 clusters (Fig. 1.3)
and could therefore be qualified as conditions of moderate environmental constraints.
Days usually began with meteorological conditions characterized by the M1 cluster
and the ChlF response corresponding to the C1 cluster. At midday, meteorological
conditions could change to the M2 or M3 clusters and the ChlF response to the C2 or
C3 clusters.
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Table 1.3 – Description of the ChlF (C1, C2, C3) and meteorological (M1, M2, M3) group clusters defined by principal component
analysis (PCA)-clustering. Mean values ± SD are represented for each cluster. The relative change (∆%) in the mean with
respect to cluster 1 is indicated for each variable in clusters 2 and 3. PPFD, photosynthetic photon flux density (µmol m-2 s-1);
Tair, air temperature (°C); SM, soil moisture (% v/v); VPD, vapour pressure deficit (kPa); RH, relative air humidity (%); TS,
temperature of soil (°C). Ozone was excluded from the PCA-clustering because of the low coverage of these measurements
during the measurement period. Different letters indicate significant differences among the clusters (Tukey HSD, α = 0.05).

Variables Average (±SD) in the different clusters and the percentage
change for the C1 or M1 clusters

C1 or M1 C2 or M2 ∆% C3 or M3 ∆%
ChlF FV/FM 0.764±0.023a 0.660±0.088b −13 0.307±0.074c −60

PIABS 1.881±0.467a 1.207±0.514b −36 0.131±0.093c −93
ΨE0 0.556±0.029b 0.599±0.031a +8 0.451±0.066c −19
∆VIP 0.303±0.028b 0.456±0.092a +50 0.491±0.087a +62

Meteo. PPFD 674±352c 1242±325b +84 1432±311a +112
T 15.38±3.01c 18.48±3.01b +20 26.81±3.03a +74
SM 30.90±3.42a 25.91±4.34b −16 24.29±3.75c −21
VPD 0.34±0.20c 0.77±0.22b +126 1.68±0.48a +394
RH 81.52±9.96a 64.49±7.29b −21 53.28±8.41c −35
TS 14.32±2.43c 15.76±3.67b +10 21.01±2.18a +47
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The FV/FM response to combined stresses received particular attention because it
is one of the most studied ChlF parameters and in our study was one of the parame-
ters the most influenced by the combination of meteorological parameters. The linear
relationship between FV/FM and abiotic stresses varied with environmental conditions
(Fig. 1.6). A stronger decrease in FV/FM in relation to air temperature was mea-
sured where soil moisture was below 20.5% (p ≤ 0.001, Fig. 1.6A). Soil moisture
conditions, however, did not have a significant influence on the FV/FM response to
increasing PPFD (p ≥ 0.05, Fig. 1.6B) and increasing VPD (p ≥ 0.05, Fig. 1.6C).
An altered linear relationship between FV/FM and abiotic stresses in the grassland was
also observed at different sun irradiance levels. Stronger decreases in FV/FM in rela-
tion to increasing air temperatures were observed at higher sun irradiance levels (p ≤
0.001, Fig. 1.6D). The FV/FM response to VPD did not differ at moderate and high sun
irradiance levels (Fig. 1.6F). The relationship between FV/FM and VPD at moderate
and high sun irradiance levels, however, could not be compared with the relationship
at low irradiance level because no observations at VPD > 2.0 kPa were performed for
the latter. Sun irradiance levels in the grassland did not induce a stronger decrease in
FV/FM in relation to increasing soil moisture (Fig. 1.6E).

1.3.4 Sensitivity of PSII throughout the season

Despite high irradiance and the occurrence of high temperatures and high VPD in the
late summer, the diurnal decreases in FV/FM in August 2015 were less pronounced than
in the earlier summer months (Fig. 1.2). The hypothesis of an increased PSII stability
was tested by comparing the linear relationship of the FV/FM response to environmen-
tal constraints in August 2015 with those in other months that year. In August, we
observed a less steep decline in FV/FM in relation to increasing Tair (p ≤ 0.001, Fig.
1.7B), and VPD (p ≤ 0.001, Fig. 1.7D) compared with the FV/FM response in the two
previous months. In August, the linear relationship of FV/FM to these environmental
constraints was similar to that observed in September and October. The FV/FM re-
sponse to SM in August 2015 also exhibited a different linear relationship compared
with July, with a stronger decrease in relation to decreasing soil moisture (p ≤ 0.001,
Fig. 1.7C). The response of FV/FM to increasing PPFD in August did not differ from
the response observed in other months (p ≥ 0.05, Fig. 1.7A).
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Figure 1.5 – (A) Canonical correlation analysis (CCA) plot of the distribution of me-
teorological parameters (left) and ChlF parameters (right) according to the canonical
axis 1 (CanAxis1) and 2 (CanAxis). The correlations between the CanAxis1 of the
two CCA plot and between the CanAxis2 of the two CCA plots were 86.8% (Wilks’
Lambda = 0.158, F24,761 = 22.11, p value ≤ 0.001) and 48.2% (Wilks’ Lambda =
0.641, F15,605 = 7.03, p value ≤ 0.001), respectively. Meteorological (M1, M2 and
M3) and ChlF clusters (C1, C2 and C3) derived from the PCA-clustering were repre-
sented in the CCA space to enable the association between the different meteorological
conditions and ChlF response groups. See Table 1.3 for a description of the different
group clusters. (B) Correlation circle derived from CCA by combining meteorologi-
cal parameters (left) and ChlF parameters (right). Meteorological parameters used for
the CCA included: photosynthetic photon flux density (PPFD), air temperature (T),
vapour pressure deficit (VPD), soil moisture (SM), relative air humidity (RH) and soil
temperature (TS). Ozone was excluded from the CCA because of the low coverage
of these measurements during the measurement period. ChlF parameters used for the
CCA included: FV/FM, PIABS, ΨE0 and ∆VIP.
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1.4 Discussion

Summer was characterized by episodes of low photosynthetic performance due to a
combination of environmental constraints. In contrast, high and stable PSII efficiency
values were measured in autumn. The discussion here focuses on how meteorological
factors influenced the different photosynthetic processes and on which mechanisms
were involved in the response of the photosynthetic apparatus in the L. perenne popu-
lation.

1.4.1 The L. perenne population showed a down-regulation of PSII photochemical
activity in summer under combined stresses

The L. perenne population suffered more from PSII photoinhibition in summer, as il-
lustrated by the stronger diurnal FV/FM decreases measured in this period (Fig. 1.2A).
Several field studies have reported stronger PSII inhibition in summer for various
ecosystems (Fernández-Baco et al. 1998, Arend et al. 2013, Ciccarelli et al. 2016).
Reversible diurnal decreases in FV/FM have been shown to be related to the cumu-
lative light interception during the day and is described as dynamic photoinhibition
(Werner et al. 2001, 2002, Guidi and Calatayud 2014). Photoinhibition is the inacti-
vation of PSII, leading to reduced photosynthetic capacity (Goh et al. 2012), and is
generally associated with D1 protein turnover (Aro et al. 1994). It is also described as
a photoprotective mechanism that results in the preservation of PSII by diverting light
energy from the photosynthetic process (Werner et al. 2001, 2002). The relationship of
FV/FM with light was confirmed by their comparable diurnal behaviour (Fig. 1.1A,1.2)
and its strong correlation with PPFD (Table 1.2). Lower FV/FM values in summer sug-
gest reduced PSII photochemical efficiency and stronger energy dissipation during this
period. The photochemical efficiency of PSII in the L. perenne population, however,
did not suffer from multiple photoinhibition and was able to recover, as indicated by
similar high FV/FM values measured in autumn in both years.
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Figure 1.6 – Response of the maximum quantum yield of PSII (FV/FM) (±IC 0.95)
to environmental constraints at different soil moisture and sun irradiance levels. Lin-
ear regressions of FV/FM to (A) increasing air temperature (T), (B) photosynthetic
photon flux density (PPFD) and (C) vapour pressure deficit (VPD) for observations
performed under three soil moisture conditions in the grassland: wet (SM > 30.5%
v/v, green line), moderate (25% v/v≤ SM≤ 27% v/v, blue line) and dry (SM < 20.5%
v/v, red line). Linear regressions of FV/FM response to increasing (D) Tair, (E) SM
and (F) VPD for observations performed at three different sun irradiance levels in the
grassland: low (PPFD < 1000 µmol m-2 s-1, green line), moderate ( 1000 µmol m-2 s-1

≤ PPFD ≤ 1500 µmol m-2 s-1, blue line) and high ( PPFD > 1500 µmol m-2 s-1, red
line). Equality of slopes between the different linear regressions was tested by a two-
way ANCOVA. Asterisks *, ** and *** indicate p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001,
respectively. Different slopes, suggesting a different FV/FM response to environmen-
tal constraints under different environmental conditions, are reflected by a significant
interaction between linear regressions performed under two environmental conditions.

The combination of high PPFD in summer with other environmental constraints
was associated with a reduction in the overall photosynthetic performance of the L.
perenne population, shown by the decline in PIABS under increasingly unfavourable
conditions (Table 1.3, Fig. 1.5). As indicated in Table 1.1, the performance index is a
multiparametric expression that takes into consideration three important and indepen-
dent steps regulating photosynthetic activity: the density of active RC per PSII antenna
chlorophyll (RC/ABS); the maximal quantum yield of PSII (FV/FM); and the electron
transport beyond QA (ΨE0) (Strasser et al. 2000). In our case, PIABS appeared to be
influenced mainly by RC/ABS (data not shown) and FV/FM because they exhibited
very similar behaviour. A reduction in PIABS could therefore be related to an increase
in excitation energy dissipation as well as to an increase in inactive (i.e., non-QA re-
ducing) PSII RC. These so-called ‘silent RC’ are considered a ‘heat sink’ involved in
the down-regulation of the photosynthetic process because they participate in the con-
trolled dissipation of excitation energy (Bussotti et al. 2007b, 2011). Large changes in
PIABS have been interpreted in desert scrub species as an ability to down-regulate PSII
photochemical activity in order to adapt to environmental changes (van Heerden et al.
2007). In our study, the effects of environmental constraints on photosynthetic activity
were usually fully reversible, as illustrated by the recovery of PIABS in the evening
(Fig. 1.3). This supports the viewpoint of decline in PIABS as a down-regulation pro-
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Figure 1.7 – Response of the maximum quantum yield of PSII (FV/FM) (±IC 0.95)
to environmental constraints in different months in 2015. Linear regressions of FV/FM

response to (A) photosynthetic photon flux density (PPFD), (B) increasing air tem-
perature (T), (C) soil moisture (SM) and (D) vapour pressure deficit (VPD) for ob-
servations performed in different months in 2015. The hypothesis of an altered PSII
response to environmental constraints in August 2015 compared with other months
was tested by a two-way ANCOVA. Asterisks *, ** and *** indicate p ≥ 0.05, p ≥
0.01 and p ≥ 0.001, respectively. A significant p value indicates a different FV/FM re-
sponse to environmental constraints between August 2015 (reference) and the month
under consideration.
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cess in response to environmental change and suggests good tolerance in the L. perenne
population to combined environmental constraints.

1.4.2 Down-regulation of PSII activity is associated with increased efficiency in PSI
activity under moderate environmental constraints

The L. perenne population demonstrated a higher capacity to reduce the end electron
acceptor (i.e., ferredoxin and NADP+) in summer, as indicated by the higher midday
∆VIP values during this period (Fig. 1.2D). This suggets an up-regulation of the pho-
tochemical pathway for the de-excitation of the L. perenne population (Pollastrini et al.
2011, Desotgiu et al. 2012a). Rapid reduction of the end electron acceptor is typical of
‘sun leaves’ and expresses a high PSI/PSII ratio (Cascio et al. 2010). Similar photosyn-
thetic behaviour was observed among southern European tree species, which exhibited
a higher electron transport beyond PSI, as well as lower FV/FM and PIABS values than
species from more northern regions (Pollastrini et al. 2016b,a). This behaviour was
interpreted as acclimatization to higher solar radiation for these species and suggests a
rapid delivery of electrons to the final acceptors and then on to the Calvin cycle (pho-
tochemical de-excitation). A higher IP phase in rice cultivars was also associated to
lower P700+ accumulation (Hamdani et al. 2015). The hypothesis of higher efficiency
in electron transport beyond PSI is also supported by the moderate ΨE0 increase, along
with ∆VIP increase in conditions of moderate environmental constraints (Table 1.3),
indicating a stimulation in electron transport beyond QA.

1.4.3 Strong environmental constraints associated with high temperatures lead to de-
creased electron transport efficiency beyond QA

Stronger environmental constraints, however, could be detrimental to electron trans-
port. Reduced electron transport efficiency (-19% in the ΨE0) was observed under
conditions of strong environmental constraints, but no significant change in ∆VIP was
observed (Table 1.3, Fig. 1.5). The J phase has been associated with the redox state of
the PQ pool (Tóth et al. 2007b). Decreased ΨE0 values therefore suggest an accumu-
lation of reduced QA and PQ pool (Bussotti 2004, Chen et al. 2015). The absence of
a significant increase in PSI activity efficiency under conditions of stronger stimula-
tion of the PSII may have been responsible for the slower regeneration of the oxidized
form of QA and PQ pool. We assumed that reduced in electron transport efficiency
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beyond QASP− was caused by an imbalance between the electron flow through PSII
and the availability of end electron acceptors on the PSI acceptor side. Similar obser-
vations have been reported in ozone-fumigated woody species in which events beyond
PSI were affected, leading to a reduced ability to manage the electron flux (Cascio
et al. 2010, Bussotti et al. 2011). In the case of imbalance between electrons leaving
the PSII and those reaching the acceptors beyond PSI, unmanaged electrons (those
that come from PSI, but do not reach the end acceptors) can lead to the formation of
hydrogen peroxide through the Mehler reaction (Asada 2006) and eventually cause
photo-oxidative damage of the cellular content.

A reduction in the efficiency of electron transport between PSII and PSI may play
a protective role by limiting the possibility of ‘free electrons’ beyond the PSI acceptor
side. Given that we did not observe a decline in ∆VIP, we assumed that the PSI was
not altered by environmental constraints. We therefore suggest that the decline in elec-
tron transport was a self-protection strategy because the PSI was not unable to manage
the increase in electron flow under conditions of stronger constraints. Our results also
revealed that electron transport was affected mainly by stress interactions (Fig. 1.4),
particularly during periods of high temperatures such as heat waves (Fig. 1.2C). A re-
duction in electron transport efficiency between QA and PQ pool was shown to occur
at 43°C without alteration of the PSI (Yan et al. 2013). It is possible that interaction
between stresses may have reduced the heat threshold above which reduction in elec-
tron transport occurs. Taken together, these results indicate the good ability of PSI
to manage electron flow except in conditions of strong climatic events when multiple
abiotic stresses involving high temperature are combined.

1.4.4 PSII sensitivity to abiotic stress is influenced by sun irradiance and soil mois-
ture

Stronger inhibitions of PSII by heat stress were observed during periods of low soil
moisture in the grassland (Fig. 1.6 A). This contrasts with studies that have reported
that drought pretreatment benefits PSII thermotolerance (Havaux 1992, Ladjal et al.
2000) due to the accumulation of osmolyte compounds (Oukarroum et al. 2012). These
contrasting results might be explained by the potential need for a period of acclima-
tion to drought conditions that is long enough to allow osmolyte accumulation. High
levels of sun irradiance in field conditions might also have influenced plant response
to combined water and heat stress. Our results, however, are in accordance with Tozzi
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et al. (2013)) who observed a predisposition of PSII to heat stress during a period of
drought for Fremont cottonwood grown outdoors.

Exposure to high solar irradiance was also shown to predispose PSII to heat stress
(Fig. 1.6D). Stronger inactivation of PSII under combined stresses might suggest a
greater alteration of the thylakoid membrane, as observed for wheat plants (Al-Khatib
and Paulsen 1989). Other studies, however, have reported improved PSII stability
to heat stress under light exposure due to the accumulation of heat shock proteins
(Georgieva et al. 2003) and the activation of the xanthophyll cycle (Buchner et al.
2015). The reversibility in FV/FM diurnal declines observed in our study suggests that
there was no irreversible damage to the photosynthetic structure. The stronger decline
in FV/FM values in response to heat stress under high sun irradiance, however, might
indicate increased susceptibility to photoinhibition under combined stresses.

In the case of low stomatal aperture (e.g., caused by high VPD or low soil mois-
ture), increased PSII photoinhibition can result from the reduced CO2 availability for
plants continuously exposed to stimulation by high levels of light (Masojidek et al.
1991). Indeed, the limitation of end electron acceptors availability caused by a slow-
down in the Calvin cycle can lead to the formation of reactive oxygen species (ROS)
beyond the PSI acceptor side (Guidi and Calatayud 2014). A decrease in stomatal
conductance might also reduce leaf transpiration, leading to an increase in leaf tem-
perature (Duan et al. 2008, Gago et al. 2015). In our study, however, we did not found
increased PSII sensitivity to high levels of light under conditions that promote stomatal
closure (Fig. 1.6B,E,F), suggesting that internal CO2 concentration was not limiting
for photosynthesis. The absence of higher PSII sensitivity to increasing VPD under
low soil moisture conditions (Fig. 1.6C) also suggests that L. perenne was still able to
regulate leaf temperature by transpiration even under conditions of low soil moisture.

1.4.5 L. perenne population showed an improved PSII tolerance in the late summer

Improved PSII tolerance to abiotic stresses was measured at the end of the summer
in 2015, suggesting the acclimatization of the L. perenne population in the grassland
(Fig. 1.7). This enhanced PSII stability was evident through better tolerance to low
soil moisture, heat stress and high VPD in August than in earlier months. Previous
long-term studies conducted on grassland populations did not find any indications of
PSII acclimatization after long-term exposure to unfavourable conditions. Gielen et al.
(2007), who exposed grassland populations to high temperatures over 3 years, did not
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observe improved PSII tolerance to midday stress compared with the control. In con-
trast, the midday depression of FV/FM was stronger for populations grown under high
air temperature conditions. Different hypotheses might explain this improved PSII tol-
erance in the L. perenne population in August. It is possible that proline and other
osmolyte compounds had accumulated in response to the two dry spells in June and
July, improving the PSII stability in response to heat stress (De Ronde et al. 2004,
Oukarroum et al. 2012). This assumption is supported by experiments showing that
cedar seedlings could benefit from drought-induced PSII thermotolerance up to 60
days after re-watering (Ladjal et al. 2000). Improved PSII tolerance in response to
VPD might result from the strong correlation between Tair and VPD (0.892, p ≤
0.001). The stronger decrease in FV/FM in response to decreasing soil moisture in
July might be explained by the occurrence of a heat wave during this period. The
apparent improved PSII tolerance could also result from the selection of genotypes
better fitted to the environment (i.e., local adaption). The development of new leaves
with different physiological backgrounds might also have contributed to the change in
PSII response. These results suggest either the good ability of PSII in the L. perenne
population to acclimatize and/or an adaptation to local conditions.

1.5 Conclusions

Photosynthetic performance of L. perenne exhibited a diurnal and seasonal evolution.
The strongest photoinhibition of PSII was measured in the summer, when high solar
irradiance was combined with other abiotic stresses. Given than the diurnal decreases
in ChlF parameters were reversible, the depression of FV/FM during this period might
indicate increased energy dissipation. The summer was also characterized by stronger
PSI activity, reflecting an increased ability in photochemical de-excitation during this
period. PSI was unable to increase its activity during strong environmental constraints,
however. Strong climatic events led to a reduction in the efficiency in electron trans-
port beyond QA. This reduction might, however, contribute to the protection of PSI
from oxidative stress by reducing the probability of unmanaged electrons beyond the
acceptor side. Low soil moisture had a negligible impact on PSII performance, but
was shown to enhance the PSII sensitivity of the L. perenne population to heat stress.
Increased PSII sensitivity to heat stress was also observed under high sun irradiance.
These results illustrate the greater susceptibility of photosynthetic performance under
combined stresses. Improved PSII tolerance of heat stress and high VPD was observed
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in the late summer. Several hypotheses might explain this behaviour. Further studies
are needed to determine whether or not the improved PSII tolerance measured at the
end of the summer was due to improved PSII stability in the L. perenne population in
response to earlier environmental constraints or the selection of better adapted individ-
uals. In addition, we need to investigate whether or not the photosynthetic performance
of different grassland species (e.g., dicots) would respond similarly to these combined
climatic events and if an acclimatization of the photosynthetic apparatus is also possi-
ble for them. We also need to determine how adjustments in photosynthetic processes
influence CO2 fluxes at the ecosystem level. Experiments are under way to test these
hypotheses.
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2 INFLUENCE OF THE ECOSYSTEM PHOTOCHEMICAL

CAPACITY ON CO2 FLUXES

This chapter is adapted from the reference - Digrado A, Gourlez de la Motte
L, Bachy A, Mozaffar A, Schoon N, Bussotti F, Amelynck C, Dalcq A-C, Fauconnier
M-L, Aubinet M, Heinesch B, du Jardin P, Delaplace P. 2017. Decrease in the pho-
tosynthetic performance of temperate grassland species does not lead to a decline in
the gross primary production of the ecosystem. Frontiers in Plants Science: accepted.
doi: 10.3389/fpls.2018.00067

Abstract Plants, under stressful conditions, can proceed to photosynthetic adjust-
ments in order to acclimatize and alleviate the detrimental impacts on the photosyn-
thetic apparatus. However, it is currently unclear how adjustment of photosynthetic
processes under environmental constraints by plants influences CO2 gas exchange at
the ecosystem-scale. Over a two-year period, photosynthetic performance of a tem-
perate grassland ecosystem was characterized by conducting frequent chlorophyll flu-
orescence (ChlF) measurements on three primary grassland species (Lolium perenne
L., Taraxacum sp., and Trifolium repens L.). Ecosystem photosynthetic performance
was estimated from measurements performed on the three dominant grassland species
weighed based on their relative abundance. In addition, monitoring CO2 fluxes was
performed by eddy covariance. The highest decrease in photosynthetic performance
was detected in summer, when environmental constraints were combined. Dicot
species (Taraxacum sp. and T. repens) presented the strongest capacity to up-regulate
PSI and exhibited the highest electron transport efficiency under stressful environmen-
tal conditions compared with L. perenne. The decline in ecosystem photosynthetic
performance did not lead to a reduction in gross primary productivity, likely because
increased light energy was available under these conditions. The carbon amounts fixed
at light saturation were not influenced by alterations in photosynthetic processes, sug-
gesting photosynthesis was not impaired. Decreased photosynthetic performance was
associated with high respiration flux, but both were influenced by temperature. Our
study revealed variation in photosynthetic performance of a grassland ecosystem re-
sponded to environmental constraints, but alterations in photosynthetic processes ap-
peared to exhibit a negligible influence on ecosystem CO2 fluxes.
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2.1 Introduction

Continuous exposure to environmental constraints can negatively affect plant growth
and cause yield loss in agricultural crop plants. In particular, environment affects
photosynthesis. Photosynthesis and the photosynthetic apparatus can be respectively
altered and potentially damaged by elevated air temperatures, high light levels, and
drought (Bussotti et al. 2007b, Bertolde et al. 2012, Goh et al. 2012, Ashraf and Harris
2013). Plants, however, can proceed to photosynthetic adjustments in order to accli-
matize under stressful conditions and alleviate the detrimental impacts on the photo-
synthetic apparatus. For instance, under high light, plants promote the dissipation of
excess energy within the light harvesting complex to decrease photosystem II (PSII)
excitation (Jahns and Holzwarth 2012, Goh et al. 2012). Plants can also protect PSII
by adjusting the electron transport rate within the PSII reaction centre (RC) or passing
electrons to alternative electron acceptors (Derks et al. 2015). Cyclic electron flow
around photosystem I (PSI) is also triggered to alleviate photoinhibition, as it con-
tributes to the generation of an acidic lumen, which promotes energy dissipation via
heat through the xanthophyll cycle (Takahashi et al. 2009). Oxidative stress also re-
sults from an imbalance between dark and light-phases of photosynthesis under stress-
ful environmental conditions. In such cases, ATP and NADPH accumulate, but are
not converted to ADP and NADP+ to feed the primary reactions (e.g., light phase).
Photorespiration, by using ATP and NADPH energy, enables acceptor regeneration for
photosynthetic primary reactions and prevents reactive oxygen species (ROS) produc-
tion (Voss et al. 2013).

Perturbation of photosynthetic processes can impact plant photosynthetic perfor-
mance, which is defined here as the efficiency in which a photon can be absorbed
and used to produce chemical energy. Chlorophyll a fluorescence (ChlF) analysis was
employed in several studies to investigate the physiological aspects of photosynthesis
and characterize plant photosynthetic performance (Murchie and Lawson 2013, Guidi
and Calatayud 2014). Measure of the fast fluorescent transient (i.e., the OJIP curve)
of dark-adapted leaves using a plant efficiency analyser gives information on the ‘po-
tential’ plant photosynthetic performance, whereas a pulse-amplitude modulated flu-
orimeter provides measures of the actual plant photosynthetic efficiency (Kalaji et al.
2017). Analysis of the OJIP curve analysis derived from a plant efficiency analyser flu-
orimeter provides useful information related to the photosynthetic apparatus status and
functioning (Maxwell and Johnson 2000). Studies reported ChlF transient analysis us-
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ing the JIP-test a very useful tool to investigate the photosynthetic apparatus response
and adaptive ability to a wide range of stressors (Bussotti et al. 2007b, 2010, Redillas
et al. 2011, Brestic et al. 2012). Its utilisation in ecological studies also demonstrated
its relevance in assessing different taxa for photosynthetic properties and character-
ising taxon adaptive photosynthetic strategies (Pollastrini et al. 2016a). The JIP-test
applies energy fluxes in biomembrane theory to calculate several phenomenological
and biophysical parameters that characterize PSII behaviour and therefore photosyn-
thetic performance (Strasser et al. 2000). PSI activity was later described using new
parameters (Tsimilli-Michael and Strasser 2008, Smit et al. 2009), which enabled the
study of energy fluxes from the plastoquinone pool to the PSI acceptor side. Many
studies have contributed to increase the empirical knowledge on the possible associa-
tion between the shape of the fluorescence transient and the physiological status of the
studied sample (Kalaji et al. 2016).

The relationship between the fast fluorescent transient and gas exchange, however,
is not straightforward and is still largely debated (Kalaji et al. 2017). Whereas re-
duced PSII efficiency was sometimes associated with decreased carbon assimilation
(van Heerden et al. 2003, Bertolde et al. 2012); and a reduction in net photosynthesis
was typically related to stomatal limitations (Bollig and Feller 2014) and inactivation
of the rubisco enzyme (Feller 2016). Indeed, a decline in photosynthetic activity can
be observed during moderate heat stress without impairment of the PSII (Štroch et al.
2010, Pettigrew 2016) as the entire photosynthetic process is affected at lower tem-
perature than its PSII component alone (Janka et al. 2013). Furthermore, Lee et al.
(1999) reported PSII complexes were sometimes observed in excess in leaves and the
photosynthetic apparatus is able to suffer considerable damages before a reduction
in net photosynthesis occurs. Despite these observations, different photosynthetic re-
sponses among species under equal environmental constraints were reported, likely
from variable abilities to efficiently use photon energy under stressful conditions (Gra-
vano et al. 2004, Jedmowski et al. 2014, Kataria and Guruprasad 2015). Differences
in photosynthetic component sensitivity to abiotic stress (Oukarroum et al. 2016) also
explained varied photosynthetic response to environmental constraints. As a conse-
quence, plants living under different climatic conditions expressed variation in their
photosynthetic performance and sensitivity to environmental factors due to local adap-
tation (Ciccarelli et al. 2016, Pollastrini et al. 2016a,b). This emphasises the impor-
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tance to better characterize the photosynthetic functionality of different ecosystems in
varied climatic conditions to circumvent climate change impacts on photosynthesis.

Here, we addressed the following questions: (i) do different species and/or tax-
onomic groups display different response mechanisms; and (ii) do variations in the
photosynthetic performance in a grassland ecosystem affect CO2 fluxes at the ecosys-
tem level. In a previous study, we detected important seasonal variation in the pho-
tosynthetic performance of the perennial ryegrass (Lolium perenne L.) in a temperate
grassland due to the influence of combined environmental constraints (Digrado et al.
2017). However, we did not compare L. perenne response to those of other grass-
land species neither analyse if variations in photosynthetic performance were associ-
ated with changes in carbon assimilation by the ecosystem. Indeed, it is likely that
grassland species differing in various anatomic aspect (leaf shape, root system, ...)
might express contrasted photosynthetic responses. In such case, it is reasonable to
assume that the photosynthetic performance at the ecosystem level must be influenced
by its different components (i.e., photosynthetic response at leaf scale for the different
species). Based on the current literature, we hypothesize that different species may be
characterized by a different photosynthetic performance response explained either by
a different acclimatization strategy, stress perception or metabolic response. We also
hypothesize that increase in energy dissipation mechanisms at the ecosystem level may
be associated with a decrease or a plateau in carbon assimilation as proportionally less
photon energy is used for photochemistry. To test our hypothesis, we measured over
two growing seasons in field by ChlF the photosynthetic performance response of L.
perenne and two other important grassland species. ChlF parameters derived from the
JIP-test were used to determine which mechanisms triggered the photosynthetic ap-
paratus under stressful environmental conditions and if they differed among species.
We also estimated ecosystem level photosynthetic performance by extrapolating leaf-
scale measurements and addressed whether an alteration in ecosystem photosynthetic
performance affected ecosystem CO2 fluxes measured using the eddy covariance tech-
nique.
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2.2 Material and methods

2.2.1 Field site

The study was conducted within the CROSTVOC project (CROp STress Volatile Or-
ganic Compounds: http://hdl.handle.net/2268/178952) framework. All measurements
were performed at the Dorinne Terrestrial Observatory in Belgium (50°18’44” N
4°58’07” E). The climate at the site is temperate oceanic. The study area supports
permanent grassland, which covers 4.22 ha, and the relief is dominated by a large
colluvial depression oriented south-west/north-east. The depression lies on a loamy
plateau with a calcareous and/or clay substrate. Altitudes range from 240 m (north-
east) to 272 m (south). The paddock was converted to permanent grassland at least 50
years before the start of this study and was intensively grazed by cattle, with the appli-
cation of cattle slurry and manure. Botanical diversity was evaluated on 24 quadrats
(0.5 X 0.5 m) during the months of September 2010 and June 2011. Plant communities
were composed of thirteen grass species (Agrostis stolonifera L., Alopecurus genicula-
tus L., Bromus hordeaceus L., Cynosurus cristatus L., Dactylis glomerata L., Elymus
repens (L.) Gould, Festuca pratensis Huds., Holcus lanatus L., Lolium multiflorum
Lam., L. perenne, Poa annua L., Poa pratensis L. and Poa trivialis L.), one N-fixing
dicot (Trifolium repens L.), and seven non-N-fixing dicots (Capsella bursa-pastoris
(L.) Medik., Carduus sp. L., Matricaria discoidea DC., Plantago major L., Ranuncu-
lus repens L., Stellaria media (L.) Vill., Taraxacum sp.). The dominant species were
L. perenne, Taraxacum sp. and T. repens.

2.2.2 Micro-meteorological data

Grassland micro-meteorological data, including photosynthetic photon flux density
(PPFD) (SKP215, Skye Instruments, Llandrindod Wells, UK), air temperature (Tair),
air relative humidity (RH) (RHT2nl, Delta-T Devices Ltd, Burwell, Cambridge, UK) at
2.62 m above soil level, soil moisture (SM) (CS616, Campbell Scientific Inc., Logan,
UT, USA), and soil temperature (Tsoil) (PT 1000, Campbell Scientific Inc., Logan, UT,
USA) at 2 cm depth were recorded every 30 min throughout the measurement period.
Vapor pressure deficit (VPD) was calculated from Tair and RH measurements.
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2.2.3 CO2 flux measurements

CO2 flux measurements and computation procedures were performed as described by
Gourlez de la Motte et al. (2016). High frequency flux losses were corrected following
Mamadou et al. (2016). CO2 flux measures were conducted using the eddy covariance
technique and a three-dimensional sonic anemometer (CSAT3, Campbell Scientific
Ltd, UK) coupled with a fast CO2-H2O non-dispersive infrared gas analyser (IRGA)
(LI-7000, LI-COR Inc., Lincoln, NE, USA) to measure CO2 fluxes. Air was drawn
into the IRGA through a tube (6.4 m long; inner diameter 4 mm) by a pump (NO22
AN18, KNF Neuberger, D) with a 12 l min-1 flow at a height of 2.6 m above ground.
Data were sampled at a rate of 10 Hz. Zero and span calibrations were performed for
CO2 approximately once per month. Pure nitrogen (Alphagaz 1, Air Liquide, Liege,
Belgium) was used for the zero and 350 µmol CO2 mol-1 mixture (Chrystal mixture,
Air Liquide, Liege, Belgium) for the span. Net ecosystem CO2 exchange (NEE) from
half-hourly eddy covariance measurements was partitioned into gross primary produc-
tion (GPP) and total ecosystem respiration (Reco) according to the method described
by Reichstein et al. (2005).

The GPP response to photosynthetic photon flux density (PPFD) for days where
ChlF measurements were performed was fit by a Mitscherlich equation (Dagnelie
2013) where the quantum light efficiency α (i.e., the initial slope of the curve) and
GPPmax (i.e., the asymptotic value of GPP for PPFD → ∞) were deduced using R
software version 3.3.0 (R Development Core Team, 2012). Only measurements with
PPFD values above 50 µmol m-2 s-1 were applied during the procedure. The equation
was as follows:

GPP (PPFD) = GPPmax ×

[
1− exp

(
−α×PPFD

GPPmax

) ]
(2.1)

This equation was used to calculate GPP1500 (i.e., GPP at PPFD = 1500 µmol m-2

s-1) to estimate GPP at light saturation. This parameter was used in this study rather
than GPPmax because the latter can lead to GPP overestimation at light saturation.
Conclusions of this study were not dependent on this choice, as similar results were
obtained applying both parameters. The response of Reco to Tsoil for days when ChlF
measurements were conducted was fit based on the Lloyd and Taylor (1994) equation
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where the activation energy E0 (i.e., respiration sensitivity to temperature) and R10

(i.e., dark respiration normalized at 10°C) were deduced from R software version 3.3.0.
The equation was as follows:

Reco(T soil) = R10 × exp

[
E0 ×

(
1

T ref + 46.02
− 1

T soil + 46.02

)]
(2.2)

The reference temperature (Tref) was set at 10°C.

However, because respiratory activity is extrapolated from night measurements,
CO2 fluxes estimated at day may have been biased because of several mechanisms
related to plant physiology that were not taken into account in this method. The omis-
sion of the inhibition of plant mitochondrial respiration by light (Atkin et al. 1997),
for instance, may have led to an overestimation of Reco at day (Heskel et al. 2013,
Wehr et al. 2016). In contrast, the omission of photorespiratory activity may have led
to an underestimation of Reco (Wohlfahrt and Gu 2015), especially during hot days
when photorespiration is high due to the increasing specificity of Rubisco with O2 at
high temperature (Sage 2013). This have consequences on GPP estimation since it
is derived from NEE and Reco. These issues are well known by the eddy covariance
researcher community and it is difficult to quantify the contribution of each potential
biases in our measurements. By using an adapted ‘big-leaf photosynthesis model’, a
study was able to assess the bias in CO2 fluxes measured by eddy covariance in re-
sponse to light (Wohlfahrt and Gu 2015). They showed that Reco was overestimated
at low light (ca. <800 µmol m-2 s-1) because the mitochondrial inhibition bias over-
weighed photorespiration in these conditions. In contrast, Reco was underestimated at
high light (ca. >800 µmol m-2 s-1) because photorespiration became stronger. They
also showed that, over a daily cycle, GPP was more representative of the ‘true pho-
tosynthesis’ (i.e., gross photosynthesis, carboxylation) rather than the ‘apparent pho-
tosynthesis’ (i.e., true photosynthesis minus photorespiration) and only overestimated
‘true photosynthesis’ by 3% on average. This was acknowledged in the interpretations
of our results.

2.2.4 Analysis of the fluorescence transient using the JIP test

Grassland ChlF emission measures were conducted on L. perenne, Taraxacum sp., and
T. repens at three plots (each 30 X 5 m) from June to October 2014 and May to Oc-
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tober 2015, using a HandyPEA fluorimeter (Hansatech Instruments, Pentney, Norfolk,
UK). Cows were allowed to graze between measurement periods. Measurements were
performed in each monitored plot 4x day-1 at 11:00, 13:00, 15:00, and 17:00 h (local
time zone). The number of replicates for each plot and time period was seven in 2014
and eight in 2015. Measurements were performed on non-senescent mature leaves.
Prior to each measurement, leaves were dark-adapted with leaf clips for 30 min. The
leaf clips applied to L. perenne were modified to fit the width of leaves by reducing
the measurement surface by half using black vinyl electrical tape, following the man-
ufacturer4s recommendations. The dark-acclimated leaf surfaces were then exposed
to red light with a flux density of 3000 µmol m-2 s-1 for 1 s, which was provided with
an array of three light-emitting diodes (peak wavelength at 650 nm). After irradiance
of the sample, the induced subsequent fluorescence signals were recorded every 10 µs
from 10 to 300 µs, then every 100 µs till 3 ms, then every 1 ms till 30 ms, then every
10 ms till 300 ms and finally every 100 ms till 1 s.

Fluorescence emissions measured at 50 µs (F50, step O), 300 µs (F300, step K), 2
ms (step J), 30 ms (step I), and maximal (FM, step P) were used to characterize fluores-
cence emission dynamics and determine several parameters describing photosynthetic
activity based on the JIP test (Strasser et al. 2000, 2004). Table 1 summarizes the ChlF
parameters used in this study. When a ChlF parameter showed an aberrant value (i.e.,
infinite), all parameters derived from this specific measurement were discarded. This
represented < 0.16% of the dataset.

2.2.5 Statistical analyses

Three groups of comparable meteorological conditions were defined by clustering
(Ward’s method based on the Euclidian distance). Clustering was performed on the
coordinates of the two first principal components of a principal component analysis
(PCA). All meteorological parameters (PPFD, Tair, VPD, SM, RH and Tsoil) were en-
tered as variables in the PCA. The influence of monitored plots on ChlF response was
examined using a General Linear Model (GLM) type III. The assigned cluster number
previously identified for each time period of measurement were used as a meteoro-
logical factor in the GLM analysis. The monitored plots were used in the GLM as a
block factor and was considered as random factor. Plot influence was not found sig-
nificant; therefore ChlF parameter values were averaged for the three species without
consideration of the different plots.
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Ecosystem photosynthetic performance was approximated from measurements
performed on the three dominant grassland species. In order to achieve this, ChlF
parameters from the three species were weighed based on the relative abundance of
their respective group (i.e., grass, N-fixing dicot, and non-N-fixing dicot) to extrapo-
late ChlF parameters for the entire pasture/grassland ecosystem. Relative abundance
values from the last survey were used. Three groups of contrasting photosynthetic
ecosystem performance based on ecosystem ChlF parameters were then defined using
the same methodological approach employed in the meteorological groups. The three
grassland species behaviour within groups was analysed. Ecosystem ChlF parameters
(FV/FM, PIABS, ΨE0 and ∆VIP) were entered as variables in this second PCA followed
by clustering, with the exception of the raw fluorescence values F50 and FM which
were used to calculate ChlF parameters. The behaviour of the three grassland species
within these groups was analysed. A type III GLM and Tukey’s Honest Significant
Difference test (Tukey HSD) were used to classify mean ChlF parameter values at
species and ecosystem levels, meteorological mean parameter values and CO2 fluxes
among ChlF clusters. Prior to statistical analyses, a correction factor based on the
reduction ratio surface measurements of L. perenne leaf clips was applied to F50 and
FM values to enable the monocot comparisons with those measured on dicot species.
ChlF parameters (except for PIABS due to the presence of negative values) and CO2

fluxes were square root-transformed for type III GLM analyses to improve normality
and homogeneity of variances. Photosynthetic processes influence on daily variation
in ecosystem respiration and grassland capacity to fix carbon at light saturation were
tested by simple linear regressions between the daily amplitude variability in ecosys-
tem ChlF parameters and R10 and GPP1500.

Relationships among ChlF-based photosynthetic responses, meteorological con-
ditions, and CO2 fluxes were explored using Canonical Correlation Analysis (CCA).
This multivariate statistical test serves to identify linear combinations among random
variables between two datasets (e.g., ChlF and meteorological data) in order to max-
imize their correlation. The two new sets of canonical variates, constructed based on
the original datasets, determine a pair of canonical variates with a maximized simple
correlation. Each set of constructed canonical variates has a variance = 1 and are un-
correlated with other constructed variates. The correlation relevance between the two
groups of datasets is tested by the significance of the correlation between the pairs of
canonical variates. Significance in at least one canonical pair means the two analysed
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datasets are not independent and enable the associations among the different variables.
Compared with the Pearson correlation test, CCA explores interdependence within a
set of variables. Approach of the canonical correlation is very similar to PCA as axis
are a linear combination of data. However, in contrast to PCA where linear combina-
tion maximizes the variance on the first axis, CCA maximizes the correlation between
two datasets. Three CCA analysis were performed by combining ChlF and meteoro-
logical data; meteorological and CO2 fluxes data; and ChlF and CO2 fluxes data.

All analyses were performed using the software Minitab version 17.1.0 (State Col-
lege, Pennsylvania, USA) and R software version 3.3.0 with the following R package:
‘FactoMineR’ (Husson et al. 2016), ‘Vegan’ (Oksanen et al. 2012), ‘CCP’ (Menzel
2015), ‘Car’ (Fox et al. 2016), and ‘Relaimpo’ (Groemping and Matthias 2013).

2.3 Results

2.3.1 Environmental conditions

The highest solar irradiance values were detected during summer (i.e., May to Au-
gust) for both years, with midday PPFD values above 1500 µmol m-2 s-1 (Fig. 2.1A).
This period was also characterized by the highest midday Tair and VPD values, which
exceeded 30°C and 2.0 kPa, respectively (Fig. 1B,D). Autumn (i.e., September to Oc-
tober) was characterized by PPFD, Tair, and VPD values below 1500 µmol m-2 s-1,
25°C and 1 kPa, respectively for most ChlF measurement days. Three specific mete-
orological events were observed in the grassland during the second year of the study.
A heat wave from 30 June to 5 July 2015 (Fig. 2.1A) characterized by six consecutive
days with maximum Tair between 28.9°C and 34°C, and two dry spells with 20% SM
during the months of June and July 2015 (Fig. 2.1C).
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Figure 2.1 – Environmental conditions encountered during chlorophyll fluorescence measurements in the 2014 and 2015 study
periods. Values at 11, 13, 15 and 17 h for each day of chlorophyll fluorescence measurements are represented for (A) PPFD,
photosynthetic photon flux density; (B) Tair, air temperature; (C) SM, soil moisture at a depth of 5 cm; (D) VPD, vapor pressure
deficit. Grey bars separate the different days of measurements. The arrows indicate the first and third day of the heat wave.
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2.3.2 Grassland ChlF parameters dynamics and influence of environmental condi-
tions

Grassland ChlF parameters exhibited diurnal variation and showed a pattern consistent
with PPFD (Figures 2.1A,2.2). Indeed, while other environmental parameters such as
Tair and VDP were still high at the end of the day, ChlF parameters usually went back
to a value similar to that of the first measurement performed, following the diurnal pat-
tern of PPFD. Variation in ChlF parameters for the three grassland species was highest
in summer, where the greatest diurnal decreases were measured around midday, when
high PPFD values were measured with high Tair and VPD. During the midday pe-
riod, frequent declines in absorbed photon energy use efficiency, expressed as a strong
decrease in maximum quantum yield of primary photochemistry (FV/FM) and perfor-
mance index (PIABS) were observed for the three grassland species. These declines
were characterized by decreased FV/FM and PIABS values as low as 0.12 and < 0.01,
respectively. In contrast, a stable FV/FM value of ≈0.76 was measured in autumn for
the three grassland species, indicating high PSII performance during this period. Dur-
ing the summer sampling period, decreased FV/FM was accompanied by strong midday
increased energy flux reduction in end electron acceptors (∆VIP) for the three grass-
land species measured (Fig. 2.2E). More stable ∆VIP values of 0.31 were observed
in autumn. Reduced variation in electron transport efficiency beyond QA

− (ΨE0) (Fig.
2.2B) was observed, with stable values of ≈0.53 for ΨE0. Changes in ΨE0 were only
observed during episodes with high increased ∆VIP. During these episodes, the three
grassland species presented the following ΨE0 response: strong augmentation in ΨE0

were observed in Taraxacum sp. and T. repens, whereas L. perenne showed reduced
variation or even decreased ΨE0.

Three groups of contrasted ecosystem photosynthetic performance were deter-
mined by PCA-clustering (Table 2.1). The first group (C1) was characterized by in-
creased capacity to employ photon energy, illustrated by high FV/FM and PIABS values
for the ecosystem and the three grassland species. C1 cluster response was charac-
terized as dominant in autumn and as it was detected in 171 observed time periods
(Fig. 2.2A). L. perenne and Taraxacum sp. exhibited the highest PIABS values in the
C1 group. In contrast, the third group (C3) was characterized by the lowest FV/FM

and PIABS values for the grassland ecosystem and the three species, demonstrating
low photosynthetic performance. The photosynthetic response characterized by this
group was detected in 11 observed time periods and the responses were only detected
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in summer, particularly at midday (Fig. 2.2A). Taraxacum sp. presented the highest
FV/FM values in this group, whereas the lowest values were observed in T. repens. The
second group (C2) showed intermediate FV/FM and PIABS values, where Taraxacum
sp. exhibited the highest FV/FM values in C2. Photosynthetic response characterized
by this cluster was observed throughout the season in 54 observed time periods (Fig.
2.2A). These results indicated the grassland ecosystem was more efficient in photon
energy use for photochemistry in autumn. Increased initial fluorescence (F50) and de-
creased maximum fluorescence yield (FM) were responsible for decreased FV/FM in
clusters C2 and C3 (Table 2.1). Only moderate ΨE0 changes were observed in the
three species between the C1 and C2 clusters. However, results indicated differences
in electron transport efficiency between dicot and monocot species beyond QA in the
C3 cluster. Indeed, dicot species exhibited either a stable (non-significant ΨE0 increase
for Taraxacum sp. even though high values were recorded in July 2014 and July 2015)
or an increased value (+86% ΨE0 increase for T. repens) of ΨE0 whereas a decrease
in ΨE0 was observed for L. perenne (-19%). FV/FM and PIABS decreased values were
accompanied by increases in ∆VIP for dicot species in clusters C2 and C3. L. perenne,
however, did not exhibit a significant change in ∆VIP between the cluster C2 and C3
despite changes in environmental conditions (Table 2.1). The photosynthetic ecosys-
tem response based on ChlF parameters was similar to L. perenne as the contribution
of grass species to the ecosystem response was estimated at 88.6%.
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Figure 2.2 – (Continued on the following page.)
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Figure 2.2 – Evolution of ChlF parameters (FV/FM, PIABS, ΨE0 and ∆VIP) for the
three grassland species and net CO2 exchange ecosystem (NEE, µmol CO2 m-2 s-1)
during the two measurement campaign in the grassland. For each measured day, the
ChlF parameter average value (n = 21 or 24) ± SD for each of the four measurement
time periods (11:00, 13:00, 15:00, and 17:00 h) is represented for the three grass-
land species (purple, L. perenne; orange, Taraxacum sp.; light blue, T. repens). The
top plot indicates the ChlF cluster (green, C1; dark blue, C2; red, C3) the group has
been assigned during each time period by the Principal Component Analysis (PCA)-
clustering. Grey bars separate the different days of measurements. The arrows indicate
the first and third day of a heat wave.

CCA analysis revealed significant correlations between environmental factors and
the photosynthetic performance of the studied grassland species and the ecosystem;
correlation for the first and the second canonical pairs equaled to 88.6% (p ≤ 0.001)
and 60.5% (p ≤ 0.001) respectively (Fig. 2.3A). ChlF parameters FV/FM, PIABS,
and ∆VIP showed similar relationships with environmental parameters for the three
species. Decreased FV/FM and PIABS was associated with increased PPFD, VPD, Tair,
and Tsoil, and decreased RH and SM. These results suggested a decline in photosyn-
thetic performance under these conditions, typically observed in summer, especially
at midday. Compared with FV/FM and PIABS, ∆VIP exhibited an opposite relationship
with environmental parameters. The parameter representative of electron transport
efficiency beyond QA, ΨE0 was least influenced by meteorological parameters, partic-
ularly for L. perenne. SM exhibited the lowest influence on ChlF parameters. ChlF
parameters which described the ecosystem photosynthetic performance exhibited a
similar relationship with meteorological parameters than ChlF parameters describing
L. perenne response.

2.3.3 Influence of environmental conditions and ChlF-based photosynthetic parame-
ters on CO2 fluxes

Significant correlations between environmental factors and CO2 fluxes, with correla-
tions for the first and the second canonical pairs equal to 78.8% (p≤ 0.001) and 54.7%
(p ≤ 0.001) respectively, were shown by the CCA (Fig. 2.3B). Elevated Reco and GPP
fluxes were associated with high PPFD, Tair, Tsoil, and VPD, but low RH and SM
values. Reco was primarily correlated with temperature and VPD, whereas GPP was
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mainly correlated with PPFD, suggesting an augmentation of photosynthetic activity
with increased light energy availability.

The same approach was used to determine the influence of ecosystem photosyn-
thetic performance on CO2 fluxes (Fig. 2.3C). The correlation for the first canonical
pair was 72.4% (p ≤ 0.001) while the correlation for the second canonical pair was
not significant (P = 0.155). The relationship between ChlF parameters and CO2 fluxes
was therefore defined by the correlation of variables on the first canonical pair. High
CO2 flux values were associated with high ∆VIP values and low FV/FM and PIABS

values. This was particularly noted in Reco, where GPP was mainly represented on the
second canonical axis and poorly correlated with ChlF parameter variation. The ChlF
parameter ΨE0 was least related with CO2 flux changes, as it was poorly represented
on the first canonical axis.

Linear regression detected the absence of significant relationships between vari-
ation in ChlF parameters with GPP1500 and R10 (Fig. 2.4), suggesting the influence
of changes in photosynthetic processes were negligible. Average NEE decreased in
absolute value with decreased ecosystem photosynthetic performance (Fig. 2.5A).
However, reduction in net CO2 uptake by the grassland was not significant. Ecosys-
tem respiration exhibited an opposite trend and increased with decreased ecosystem
photosynthetic performance (Fig. 2.5D), probably due to its strong correlation with
temperature (Fig. 2.3B). Stable R10 values detected in the three photosynthetic per-
formance clusters (Fig. 2.5E) supported this hypothesis. The lowest GPP values were
observed during periods of high photosynthetic performance, while the highest GPP
values were observed at lower ecosystem photosynthetic performance (i.e., C2 and C3
clusters) (Fig. 2.5B). Difference in GPP between the C2 and C3 ChlF clusters was not
significant, despite reduced potential performance of photosynthesis in the C3 cluster.
The three photosynthetic performance clusters showed the absence of differences in
GPP1500 values (Fig. 2.5C), indicating GPP1500 was not affected by ecosystem photo-
synthetic performance.

118



Part IV. Chapter 2. Influence of the photochemical capacity on CO2 fluxes

2.4 Discussion

2.4.1 Combined abiotic stresses in summer led to a decline in PSII photosynthetic
performance.

The three grassland species examined showed strong decreases in photosynthetic per-
formance in summer (Fig. 2.2), when environmental constraints were combined (Fig.
2.1). Important FV/FM decreases in summer were reported in various ecosystems
(Fernández-Baco et al. 1998, Bussotti 2004, Ciccarelli et al. 2016) and primarily at-
tributed to an excess in solar radiation. A relationship between FV/FM and PPFD was
confirmed in our study by a similar diurnal evolution and strong correlation between
the parameters (Fig. 2.3A). Werner et al. (2001, 2002) interpreted the reduction in
PSII photochemical efficiency as a protective mechanism, serving to preserve PSII by
dissipating excess light energy as heat. The associated increase in F50 also suggests the
dissociation of the antenna complex from the PSII which might contribute to the re-
duction of the transfer of excess energy to the RC (Mathur and Jajoo 2015). Such reor-
ganisation within the thylakoid membrane has been observed in Arabidopsis thaliana
(ecotype Col-0) after long-term acclimatization to high light and was characterized
by the detachment of the moderately bound LHCII trimer from the PSII supercom-
plexes (Bielczynski et al. 2016). It is also possible that a (zeaxanthin-antheraxanthin)-
dependent sustained non-photochemical quenching was operating during sunny days
and contributed to the reduction of FV/FM. In such situation, some components of
the non-photochemical quenching can still operate after dark-adaptation and lead to
the measurement of not fully unquenched FM values (i.e., not fully relaxed in dark-
ness) (Adams and Demmig-Adams 2004). However, such sustained energy dissipa-
tion mechanism is usually observed at low temperature while warm condition (such
as observed at midday) was observed to efficiently relax this photoprotection process
(Demmig-Adams and Adams 2006).
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Table 2.1 – (Continued on the following page.)

Average in the different clusters and
associated relative change

C1 C2 ∆% C3 ∆%

Sp
ec

ie
s

PP

L
ol

iu
m

FV/FM 0.755a 0.610c −19 0.307f −57
PIABS 1.807a 0.894c −51 0.150d −92
ΨE0 0.565c 0.608b +8 0.458ef −19
∆VIP 0.324e 0.516c +59 0.497c +54
F50 459f 558d +21 791b +72
FM 1895b 1530d −19 1192e −37

Ta
ra

xa
cu

m

FV/FM 0.768a 0.662b −14 0.398e −48
PIABS 1.736a 0.662b −39 0.269d −85
ΨE0 0.531d 0.520de −2 0.568bcd +7
∆VIP 0.294f 0.384d +31 0.687b +134
F50 519e 607c +17 856b +65
FM 2262a 1940b −14 1517d −33

Tr
if

ol
iu

m

FV/FM 0.746a 0.503d −33 0.206g −72
PIABS 1.592b 0.541d −66 0.072d −95
ΨE0 0.470f 0.472f 0 0.618a +89
∆VIP 0.312ef 0.618b +98 1.139a +264
F50 566d 821b +45 1178a +108
FM 2277a 1805c −21 1500d −34

E
co

sy
st

em
PP

FV/FM 0.755a 0.607b −20 0.320c −58
PIABS 1.791a 0.884b −51 0.153c −91
ΨE0 0.558b 0.595a +7 0.489c −12
∆VIP 0.322b 0.514a +60 0.544a +62
F50 469c 575d +23 816a +74
FM 1938a 1568d −19 1228c −37

M
et

eo
.

PPFD 917b 1463a +59 1639a +79
Tair 17.06c 23.84b +40 28.27a +66
VPD 0.59b 1.34a +129 1.67a +185
SM 28.37a 25.07b −12 23.86b −16
RH 72.57a 57.22b −21 57.29b −21
Tsoil 14.69b 18.71a +27 20.21a +38
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Table 2.1 – Description of the three clusters of photosynthetic performance (PP) based
on ChlF measurements (C1, C2, and C3) for each grassland species and the ecosys-
tem, and the prevailing micrometeorological conditions. Mean values are represented
for each cluster. The relative change (∆%) in the mean with respect to cluster 1 is
indicated for clusters 2 and 3. PPFD, photosynthetic photon flux density (µmol m-2

s-1); Tair, air temperature (°C); VPD, vapour pressure deficit (kPa); SM, soil moisture
at a depth of 5 cm (% v/v); RH, relative air humidity (%); Tsoil, temperature of soil at a
depth of 2 cm (°C). Different letters indicate significant differences among the clusters
(Tukey HSD, α = 0.05) within species, ecosystem, or micrometeorological data
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Figure 2.3 – (Continued on the following page.)
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Figure 2.3 – Canonical Correlation Analysis (CCA) with variables performed by com-
bining the (A) meteorological parameters and ChlF parameters (with distinction be-
tween purple, L. perenne; orange, Taraxacum sp.; blue, T. repens; black, ecosystem)
data. This analysis establishes a multivariate relationship between parameters from the
two datasets. Correlations between the first canonical axis of the two CCA plots and
between the second canonical axis of the two CCA plots were 88.6% (Wilks’ Lambda
= 0.071, F96, 1173 = 7.26, p ≤ 0.001) and 60.5% (Wilks’ Lambda = 0.333, F75,995 =
3.42, p ≤ 0.001), respectively. The same approach was then used by combining (B)
meteorological parameters and CO2 flux data. Correlations between the first canonical
axis of the two CCA plots and between the second canonical axis of the two CCA
plots were 78.8% (Wilks’ Lambda = 0.266, F12,402 = 31.44, p ≤ 0.001) and 54.7%
(Wilks’ Lambda = 0.701, F5, 202 = 17.26, p ≤ 0.001), respectively. Finally, the same
approach was used by combining (C) ecosystem ChlF parameters and CO2 flux data.
Correlations between the first canonical axis of the two CCA plot and between the sec-
ond canonical axis of the two CCA plots were 72.4% (Wilks’ Lambda = 0.468, F8,422

= 24.4, p ≤ 0.001) and 15.6% (Wilks’ Lambda = 0.976, F3, 212 = 1.8, P = 0.155), re-
spectively. Green, blue and red colors highlight ChlF response from the C1, C2 and C3
PCA clusters respectively. Light green, purple and brown colors highlight meteorolog-
ical data from the W1, W2 and W3 PCA clusters respectively. PPFD, photosynthetic
photon flux density (µmol m-2 s-1); Tair, air temperature (°C); VPD, vapour pressure
deficit (kPa); SM, soil moisture at a depth of 5 cm (% v/v); RH, relative air humid-
ity (%); Tsoil, temperature of soil at a depth of 2 cm (°C); Reco, respiration of the
ecosystem (µmol CO2 m-2 s-1); GPP, gross primary productivity (µmol CO2 m-2 s-1).
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Figure 2.4 – Linear regression between (A) gross primary productivity at light saturation (GPP1500) and the daily variation of
ecosystem ChlF parameters (FV/FM, PIABS, ΨE0 and ∆VIP) and (B) dark respiration normalized at 10°C (R10) and the daily
variation of ecosystem ChlF parameters. Data were not root squared transformed for this test, but relationships were similar on
transformed data and results are not dependent of this choice.
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Figure 2.5 – Average CO2 fluxes associated with the different ecosystem photosynthetic performance clusters. The average
± SD (A) NEE, net CO2 exchange ecosystem; (B) GPP, gross primary productivity; (C) GPP1500, GPP at light saturation (D)
Reco, respiration of the ecosystem and (E) R10, dark respiration normalized at 10°C were compared for the different photosynthetic
performance responses based on the ChlF clusters defined during the PCA-clustering analysis. Different letters indicate significant
differences among the clusters (Tukey HSD, α = 0.05).
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High temperature can also lead to reversible conformational changes in some RC,
which can no longer reduce QA. These ‘silent RC’ act as excitation energy traps,
where the energy is subsequently dissipated (Strasser et al. 2004, Bussotti 2004). This
reduction in the PSII donor side efficiency can lead to decreased FM (Mathur et al.
2011b), which was observed in our study (Table 2.1). RC inactivation also caused
FV/FM and RC/ABS reductions (data not shown), which exhibited strong diurnal de-
creases and were responsible for the low midday PIABS values in summer during hot
sunny days (Fig. 2.2C). End of day increased PIABS along with reduced PPFD in-
dicated PSII functionality was not irreversibly impaired, but rather down-regulated.
PIABS reductions reaching 95% in the C3 cluster for the three grassland species (Table
2.1) suggest a high capacity to dissipate excess excitation energy within PSII under
stressful environmental conditions.

The PSII is generally described as drought-resistant (Kalaji et al. 2016) although
drought-induced damages to the PSII are observed in situation of severe drought stress
(Goltsev et al. 2012) especially in sensitive variety (Ghotbi-Ravandi et al. 2014). It
is difficult to assess the potential impact of the two dry spells periods observed in
June and July 2015 on ChlF parameters because of the low amount of data and the
implication of other environmental factors during this period, especially in July due to
the heat wave. Regarding the June period, most of the ChlF measurements performed
during this period belonged to the high photosynthetic performance cluster, which
suggests a low/negligible impact of the relatively low soil moisture content on ChlF
parameters. This is in accordance with the low influence of soil moisture observed on
ChlF parameters (Fig. 2.3A). This does not exclude, however, the influence of soil
moisture in combination with other environmental factors as low soil moisture was
suggested to enhance PSII sensitivity to heat stress in cottonwood (Tozzi et al. 2013)
and L. perenne at this site (Digrado et al. 2017).

2.4.2 Studied dicot species exhibited the highest capacity to increase PSI efficiency.

High midday ∆VIP values measured in summer (Fig. 2.2E) suggested up-regulation
of the photochemical pathway for de-excitation under stressful conditions (Pollastrini
et al. 2011, Desotgiu et al. 2012a), particularly in dicot species (Table 2.1). Cascio
et al. (2010) suggested rapid reduction of the end electron acceptor might play a role in
protecting the photosynthetic structure by limiting formation of unmanaged electrons
beyond the PSI acceptor side, which contributes to the formation of ROS in sunny
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environments. Increased PSI efficiency was accompanied by increased electron flux
efficiency beyond QA

− in the C3 cluster for dicots, especially in T. repens (Table 2.1).
It is possible electron flow in the electron transport chain was stimulated by increased
PSI efficiency. Interestingly, these changes in ∆VIP and ΨE0 in the C3 cluster were
more related to an increase in air temperature than in light availability (Table 2.1)
emphasizing the influence of temperature in these processes. This might suggest that
PSI accepted almost all electrons as electron supply by the PSII was partly inhibited
by high temperature (Brestic et al. 2012).

In contrast, L. perenne did not exhibit increased electron transport efficiency be-
yond PSI under stressful conditions and a decrease in ΨE0 was observed (Table 2.1).
This limitation in PSI efficiency could be attributed to PSI photoinhibition due to light-
induced oxidation of the PSI iron-sulphur component commonly observed in condition
of chilling temperature (Scheller and Haldrup 2005). However, it was shown in a re-
cent study that such inactivation of PSI can be observed at high light and at room
temperature (Tiwari et al. 2016). Inactivation of the PSI induced by light, however,
would require a flux of electrons from the PSII higher than the PSI acceptor side could
handle. Therefore, photoinhibition of PSI could be questioned in our case as a decrease
in the efficiency of electron transport beyond QA was also observed. The decrease in
ΨE0 observed in our study can be interpreted as a mechanism to preserve PSI under
imbalance between electrons leaving PSII and those reaching electron acceptors be-
yond PSI (Cascio et al. 2010, Bussotti et al. 2011). A high electron flux under sunny
environments might lead to the formation of ‘free electrons’ if the availability of end
electron acceptors is insufficient. The free electrons can subsequently activate oxy-
gen and lead to hydrogen peroxide production (Asada 2006). Reduction in electron
transport efficiency beyond QA might therefore contribute to the reduction of ‘free
electron’ formation, and therefore, oxidative damage. Further experimentations such
as the measurements of the actual electron flow through leaf gas exchange measure-
ments and the monitoring of PSI RC oxidation by leaf transmission changes at the 820
nm wavelength band would be required to test and verify these hypotheses.

2.4.3 Decline in photosynthetic performance did not lead to a decrease in GPP.

GPP variation was well explained by environmental conditions, such as PPFD, com-
pared with ecosystem photosynthetic performance (Fig. 2.3). Moreover, declined
ecosystem photosynthetic performance did not result in reduced carbon uptakes (Fig.
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2.5B). The absence of GPP decrease during episodes of high-energy dissipation can
be explained by increased photons received during these periods. Stable GPP values
in C2 and C3 clusters (Fig. 2.5B) also suggested the lack of stomatal limitations to
carbon assimilation in the grassland during summer stress conditions.

The carbon amounts fixed by the ecosystem at light saturation were not affected
by the ecosystem photosynthetic performance (Fig. 2.5C) or variation in the different
photosynthetic processes (Fig. 2.4A). A close relationship between FV/FM and carbon
uptake was found in studies on maize plants and fodder shrubs, particularly under
severe stress, when non-stomatal components effected photosynthesis (Xu et al. 2008,
Boughalleb et al. 2009). Our results suggested the absence of non-stomatal limitations
during photosynthesis and high ecosystem tolerance to environmental stress during the
study but for a particular period of time in which high VPD and Tair were recorded.

A previous study conducted at the Dorinne Terrestrial Observatory has shown that
herbage height was subjected to small variation during the grazing season as the stock-
ing density was adapted to plants (re)growth by the farmer (Gourlez de la Motte et al.
2016). Beginning of the grazing season in May 2015, however, was characterized by a
higher herbage height which might have been responsible for the higher GPP and the
stronger negative NEE fluxes observed at this period (Fig. 2.2F) as higher biomass has
been associated to higher negative NEE in another grazed temperate grassland study
(Zhu et al. 2015). Outside this period, we do not expect a significant influence of vari-
ation in biomass on CO2 fluxes as herbage height only fluctuated by around 2 cm (data
not shown).

2.4.4 Photosynthesis saturation was associated with PSI limitations to manage high
electron flux.

Results indicated a lack of GPP increase between C2 and C3 clusters despite increasing
temperature, suggesting optimal temperature conditions and/or photosynthetic satura-
tion due to high PPFD recorded under these conditions. Subsequently, an associated
absence of significant increased ∆VIP was observed for the ecosystem whereas di-
cot species exhibited a significant ∆VIP increase in these conditions (Table 2.1). The
incapacity for additional carbon assimilation by the grassland ecosystem under these
conditions might be attributed to an impairment of the PSI acceptor side to manage
a higher electron flux. Indeed, a high correlation between net photosynthesis and I-P
phase related parameters was found in ozone stress studies under high light (Cascio
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et al. 2010, Desotgiu et al. 2012b), suggesting this OJIP curve region might be applied
as a probe for the photosystem’s capacity to feed the Calvin-Benson cycle. In our
study, however, we detected a weak correlation (r = 0.111, p ≤ 0.001, data not shown)
between the I-P phase and photosynthetic activity (i.e., GPP) compared with r-values
reported in the aforementioned studies (r = 0.324 and 0.425 for Cascio et al. (2010)
and Desotgiu et al. (2012b), respectively). The lower coefficient we observed might
be explained because gas-exchanges were not measured on specific leaf species, but
resulted from a blend of different species.

It is also likely that photorespiration activity in the grassland have increased with
increasing temperature (Sage 2013), competing with Rubisco carboxylation and thus
reducing the apparent photosynthesis (i.e., ‘true photosynthesis’ plus photorespira-
tion). Photorespiration serves a protective role in the photosynthetic apparatus, par-
ticularly under excess light conditions, by consuming excess photon energy and pre-
serving PSII from photodamage (Massacci et al. 2008, Bai et al. 2008). Increased
photorespiration can stimulate the apparent linear electron transport, which is not fully
dedicated to carbon fixation (Rho et al. 2012, Osório et al. 2013). Increase in the ef-
ficiency of electron transport beyond PSI and QA was measured in dicot species in
the absence of GPP increase in the C3 cluster and can be indicative of an increase in
photorespiration activity. Dicot species, however, only represented 11.4% of the pop-
ulation, which questions dicots contribution to CO2 fluxes. In addition, as explained
in the material and methods section, GPP in high light condition is likely to more rep-
resentative of ‘true photosynthesis’, which represents only carboxylation activity and
would not reflect increase in Rubisco oxygenation. It is also possible that the observed
increase in the electron transport efficiency for dicots results from enhanced cyclic
electron transport, a mechanism involved in the protection of the photosynthetic ap-
paratus under high light (Takahashi et al. 2009, Kalaji et al. 2012). This hypothesis is
supported by the associated ∆VIP increase which was also observed by Campos et al.
(2014) in Agave salmiana Otto ex Salm-Dyck seedlings where the enhancement in
cyclic electron flow had promoted PSI activity.

2.4.5 High respiration activity was associated with low photosynthetic performance.

Total ecosystem respiration increased with temperature in the grassland (Fig. 2.3B),
most likely due to increased enzyme activity. Aboveground vegetation and soil might
have contributed to increased Reco. Indeed, several studies demonstrated soil respira-
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tion (i.e., root and microbial components) responded positively to increasing tempera-
ture (Hill et al. 2015, Borchard et al. 2015, Chen et al. 2017). Belowground respiration
might have been an important contributor to Reco, as soil respiration represented more
than 70% of ecosystem respiration in an alpine grassland study (Ganjurjav et al. 2014).
However, Hoover et al. (2016) cautions comparisons of CO2 soil fluxes among studies
must be conducted carefully, as different plant communities were shown to influence
soil respiration. The potential important soil respiration contribution to Reco increase,
however, does not exclude the potential for increased vegetation respiration. Atkin
and Tjoelker (2003) reported plant respiration responded positively to increasing tem-
perature. Chen et al. (2016) also showed the response of carbon flux to warming was
dependent on plant functional types in meadow grasslands, emphasising the integral
role of vegetation on aboveground fluxes. Our results did not determine the contribu-
tion of aboveground vegetation and soil to Reco fluxes.

Increasing ecosystem respiration was also associated with decreasing photosyn-
thetic performance (Fig. 2.3C,2.5D). This observation, however, might result from the
common Reco and photosynthetic processes sensitivity to temperature, as decreased
photosynthetic performance was associated with increased temperature (Fig. 2.3A).
Moreover, the absence of a significant linear relationship between variation in ChlF
parameters and R10 (Fig. 2.4) suggested the Reco response to temperature was not
influenced by changes in photosynthetic processes measured by ChlF. Because pho-
torespiratory activity was not taken into account in the partitioning, Reco may have
been underestimated, especially during hot and sunny days. Even though the absence
of significant increase in the efficiency of electron transport beyond PSI and QA for
the ecosystem suggests a negligible activity of alternative electron sink, this hypothe-
sis need to be confirmed by gas-exchange measurements at leaf scale.

2.5 Conclusions

Results of this study revealed contrasted responses of the photosynthetic apparatus in
three grassland species under combined environmental stresses in summer. Because
stress drivers are multiple and untangled, it is probable that the observed photosyn-
thetic response for the different species results from the combination of different events
such as energy dissipation within the antenna, dissociation of LHCII from the PSII su-
percomplexes, PSII RC silencing, regulation of the electron flow and change in PSI
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efficiency. The causes for the contrasted responses observed among measured species
are yet to be identified and might also depend on plant/leaf anatomy as well as phys-
iological factors such as the phloem loading capacity (Demmig-Adams and Adams
2006). In a grassland study, Gielen et al. (2007) also suggested that difference in
plants height among species might lead to difference in shading and, therefore, differ-
ent susceptibility to midday photoinhibition between species. Results also highlighted
that a decrease in the ecosystem photosynthetic performance did not result in reduced
carbon fixation. We wonder if an increase in abundance of the studied dicot species
might improve carbon fixation during stress episodes, as the two dicots expressed an
enhanced capacity to stimulate PSI efficiency under stressful conditions. However this
response, which was associated with improved efficiency in electron transport, might
also indicate increased alternative electron sinks, such as photorespiration. Further
studies are needed to partition the relative contribution of these different electron sinks
to PSI activity under stressful conditions. Better understanding of these mechanisms
in response to environmental constraints and their impact on ecosystem CO2 fluxes
might be useful in elucidating ecosystem response to climate change and might help
in selecting cultivated varieties favouring carbon fixation during stress episodes.
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Part V. Chapter 1. General discussion

1 GENERAL DISCUSSION

GHG emissions from agriculture was estimated to 5.2-5.8 GtCO2 eq/yr in 2010 (Smith
et al. 2014) and is expected to increase due to a rise in agricultural activity in order to
meet the growing demand in food and bioenergy (Popp et al. 2010). Part of the GHG
emissions can be offset by grassland ecosystems through the storage of carbon in soil
via photosynthesis. However, as previously discussed in the ‘State of the art’ of this
thesis, detrimental environmental conditions can lead to an impairment of photosyn-
thesis by altering various process involved in carbon assimilation. While the impact of
an individual stress on photosynthesis has been well characterized in laboratory con-
ditions, the impact of combined stresses on the photosynthetic process appears to be
more difficult to predict. Indeed, multiple factors such as the intensity of the different
stressors, the timing of their occurrence and the involvement of physiological response
not directly related to photosynthesis (e.g., osmolytes accumulation) contribute to de-
termine the photosynthetic response. In addition, it is still unknown to which extend
acclimation of photosynthetic process occurring at leaf scale can influence ecosystem
CO2 fluxes. This is particularly true in complex ecosystems such as grasslands as they
are composed of different species which can potentially express contrasted photosyn-
thetic response. As unfavorable climatic events such as heat wave and drought are
expected to increase in future climatic conditions (IPCC 2014), a better understand-
ing of photosynthetic response under combined environmental stressors in grasslands
is therefore essential in the establishment of strategies aimed at the GHG mitigation.
The objectives of this PhD thesis were to evaluate how processes involved in the light
reactions were impacted by environmental constraints and if alterations in the photo-
chemical capacity of grassland species had a detrimental impact on the carbon fixation
by the ecosystem.

In this study, we showed through frequent chlorophyll fluorescence measurements
that photochemical capacity of primary grasslands species exhibited diurnal and sea-
sonal variations. The strongest declines in photochemical capacity were observed in
summer when abiotic stresses such as high light and high air temperature were com-
bined. Among the different photosynthetic process investigated, the efficiency in elec-
tron transport ΨE0 appears to be the least influenced by the environmental conditions.
The monocot L. perenne and the dicots (Taraxacum and T. repens) exhibited differ-
ent acclimatization strategies. All species exhibited the onset of energy dissipation
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mechanisms within the PSII but expressed contrasted response in the PSI efficiency.
Important declines in the efficiency of electron transport beyond QA were observed in
the monocot L. perenne only during strong climatic events such as heat waves. In con-
trast, dicot species exhibited an increase in the efficiency of electron transport along
with PSI efficiency under comparable conditions. Variations in GPP fluxes and in
ecosystem photochemical capacity estimated based on leaf-scale measurements were
observed in the grassland. However, decreases in photochemical capacity were not
associated with a decreased ability to fix carbon in the grassland. The maintenance
of carbon assimilation despite the onset of energy dissipation mechanisms is probably
explained by the higher availability of light energy under these conditions.

The use of a PEA fluorimeter instead of a PAM fluorimeter to assess the photo-
chemical capacity was determined by practical reasons in addition to the physiological
information provided by the analysis of the OJIP curves. Indeed, in order to correlate
variations in ecosystem CO2 fluxes to plants photochemical capacity, it was essential
to perform an important number of measurements in order to take into account both
the temporal and the spatial variation in photochemical capacity in the grassland for
the three investigated species. Assessment of photochemical capacity using PAM fluo-
rimeter was therefore not feasible since about 20 min are required for the assessment of
the photochemical capacity of one leaf due to the application of successive saturating
pulses of light. PEA analyzer, in contrast, offered us the possibility to collect a large
number of data in a short amount of time since only 1 sec is needed to take one mea-
surement. Still, measurements using a PEA analyzer are performed manually and does
not enable data collection at high frequency such as performed for eddy covariance
measurements. In addition, leaves have to be dark-adapted prior to measurements.
However, the development of a new type of fluorimeter, the monitoring-PAM fluorime-
ter (Porcar-Castell et al. 2008), makes possible data collection at a higher frequency.
This device can be left outdoor on a leaf for continuous automated measurements un-
der ambient light (e.g. every 10 min), allowing long-term study and the study of the
full diurnal dynamic of photochemical capacity. The presence of blue LED providing
modulated fluorescence excitation light, actinic light and saturation flashes makes pos-
sible the measurement of parameters describing the PSII functioning in light condition
such as the actual quantum yield of PSII (ΦPSII) (García-Plazaola et al. 2012, Janka
et al. 2015). Value of FV/FM can also be obtained if the first measurement is sched-
uled before sunset to obtain FV/FM at predawn. Evolution of predawn FV/FM provides
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further information as decline of its value is indicative of chronic photoinhibition or
sustained down-regulation of PSII (Maxwell and Johnson 2000, Murchie and Lawson
2013). However, monitoring-PAM cannot be used to estimate JIP-test derived param-
eters. Frequency of saturating flash application during automated measurements also
have to be thought carefully as repeated saturating flash at high frequency can lead to
a chronic photoinhibition (Porcar-Castell et al. 2008).

Whereas average ChlF parameters were characterized by a low standard deviation
in periods of high photochemical capacity, strong variations around the mean were
observed during stressful periods. In addition, we occasionally observed differences
in average ChlF parameters between blocks for particular time period of measurement,
especially during events characterized by strong variations (Fig. S1,S2,S3). Still, we
did not find a spatial heterogeneity (i.e., a significant influence of the block factor) in
the investigated ChlF parameters during our study (Table S2) and behavior of ChlF
parameters among blocks was consistent. Spatial heterogeneity of ChlF parameters
at leaf scale was shown to increase during stressful events (Guidi and Degl’Innocenti
2011, Bresson et al. 2015) and might explain the high standard deviation observed
during period of low photochemical capacity. Grazing may also represent an additional
source of variation in the leaf photochemical capacity as herbivory damages were also
shown to increase spatial heterogeneity of ChlF at leaf scale due to water loss around
the sites of damaged (Tang et al. 2006). Difference in background between plants may
also have contributed to the variability in our measurements.

Spread in the pasture, there was patches of ungrazed vegetation characterized by
leaves taller than the average. ChlF measurements were not performed on plants from
these ungrazed areas because they were considered not representative of the pasture.
These small areas of ungrazed vegetation were expected to be less exposed to environ-
mental conditions due to self-shading and thus to present a photochemical efficiency
response specific from this microcosm. Indeed, it was shown that plants exposed and
acclimated to high irradiance prior to an exposition to high light were more resistant to
photoinhibition and exhibited a faster recovery of photochemical capacity (Aro et al.
1994). Thus, measurements on leaves from ungrazed plots used to shading conditions
would have lead to conclusions that could not be extrapolated to grazed leaves ex-
posed to full sun which represented most of the vegetation area in the pasture. As a
result, responses from these ungrazed regions were not integrated in our estimation of
the ecosystem photochemical efficiency even though it certainty contributed to some
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extent. Leaves showing visual symptoms of biotic stress were not measured either.
Still, virus (Spoustová et al. 2013) and fungal infection (Rios et al. 2017, 2018) can
be responsible for the decline of photochemical capacity by leading to increase energy
dissipation within the LHC and the inactivation of RC. However, because the pasture
did not experienced any episodes of high biotic stress pressure during the study, mea-
surement on infected leaves was considered not representative of the overall pasture
condition. Still, we cannot exclude that present infected leaves contributed to the over-
all ecosystem photochemical capacity. This inability to take into account these small
variations in the photochemical capacity within the pasture and to integrate them into
the estimation of the ecosystem constitute a weakness of the method used in our study.
Only measurements at high density such as satellite data would have allowed to high-
light this spatial variation. Considerable effort are made to export the study of photo-
synthesis at a larger spatial scale. For instance, a research team is currently working
on a method to extract PAM-derived parameters from satellite data by the analysis
of wavelength-specific fluorescence emission (Magney et al. 2017). A recent study
has also shown the possibility to estimate the maximum carboxylation rate of Rubisco
from satellite data (Landsat TM/ETM satellite, 30 m resolution) by estimating the leaf
Chl content from the canopy-level reflectance (Croft et al. 2017). Such advances offer
great perspectives for the study of photosynthesis at the ecosystem-scale.

Our results have shown that variations in ChlF parameters did not explain varia-
tions in GPP and that strong decrease in the ecosystem photochemical capacity did not
result in an impairment of CO2 assimilation by the ecosystem. Decline of ecosystem
photochemical capacity was usually observed at midday in periods of light saturation.
In environmental condition where light is a limiting factor, increase in light availability
leads to an increase in the photosynthesis rate. However, after reaching the point of
light saturation, increase in light intensity does not lead to a further increase in CO2

fixation because light is no more a limiting factor for photosynthesis and other factors
such as CO2 concentration becomes limiting (Formighieri 2015). Light energy that
is in excess compared to downstream biochemical reactions is then dissipated to limit
the production of ROS. While the diurnal downregulation of PSII activity can play a
photoprotective role to avoid irreversible damage, it eventually results in the deviation
of light energy away from the photosynthetic energy conversion, leading to a reduc-
tion in the potential carbon gain (Werner et al. 2001). Such process is reflected by
the reversible decrease in FV/FM and is often referred as a reversible photoinhibition.
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If the amount of light energy were to overcome photoprotective mechanisms of the
photosynthetic apparatus and the rate of the PSII repair cycle, ROS production would
eventually lead to a photoinhibition of photosynthesis associated with net damage of
the photosynthetic apparatus and a lower recovery (Goh et al. 2012). Photoinihibi-
tion increases with light intensity (Aro et al. 1994) and the duration of light exposure
(Werner et al. 2001). Prolonged exposure to high light regime (5 days of 500 µmol m-2

s-1 from 6:00-18:00 with 2 hours at 1000 µmol m-2 s-1) was shown to induce strong
reduction in carbon assimilation partly attributed to an irreversible destruction of PSII
RC reflected by the decline in FV/FM, leading to a reduction in energy conversion ef-
ficiency and electron transport between the PSII and PSI (Lu et al. 2017). Carvalho
et al. (2016) have also shown that the oxidative pressure on the photosynthetic ap-
paratus was higher under combined stresses compared to a situation where stressors
are applied alone. Stronger declines in carbon assimilation, associated with declines
in FV/FM, were also observed in treatments when stressors were combined compared
with treatments when stressors were applied alone. Results in our study suggest that
even in periods of strong combined environmental constraints, photoprotective mech-
anisms efficiently prevented oxidative damages to the photosynthetic apparatus, con-
tributing to the maintenance of carbon assimilation by the ecosystem in periods of
strong reduction of photochemical capacity (i.e., during periods associated to the C3
cluster).

There are other acclimation mechanisms of photosynthesis that could have been
responsible for an impairment of CO2 assimilation and that have not been assessed in
our study. For instance, it was shown that energy dissipation by heat within the LHCII
through the zeaxanthin-facilitated process can lead to lower carbon assimilation by
reducing the quantum yield for CO2 uptake (ΦCO2

), especially under light fluctuating
environment (Kromdijk et al. 2016). The measure of NPQ using modulated fluorime-
try (i.e., PAM) can be used to estimate energy dissipation within the LHCII mediated
by the xanthophyll activity (Krause and Jahns 2004, Brestic and Zivcak 2013). As-
sessment of the photosynthetic apparatus using PAM technique also enables the study
of the PSII under light conditions. While the study of the OJIP curve is indicative of
the ‘potential’ photochemical capacity, PAM-derived parameters give information on
the actual photosynthetic efficiency such as ΦPSII and the proportion of open PSII RC
under illumination. It is likely that these parameters would have been more correlated
with CO2 fluxes as they characterize the photosystem in light condition in contrast
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with OJIP-derived parameters. Indeed, Genty et al. (1989) found a strong linear cor-
relation between ΦPSII and ΦCO2

at 1% O2 for barley and 20% O2 for maize. This
good relationship, however, can be altered in stress condition when alternative path-
ways for electrons such as photorespiration increase (Baker 2008). Because quantum
yield parameters in light-adapted leaves (e.g., ΦPSII) tend to be more sensitive to stress
events than the maximum quantum yield in dark-adapted leaves (FV/FM) (Calatayud
et al. 2007) differences can be observed between PEA- and PAM-derived parameters
(Nussbaum et al. 2001). Still, because parameters derived from PAM measurements
are more representative of the photosynthetic apparatus activity under light condition,
this does not impair the relevancy of our study nor the conclusions driven by our study
of fast ChlF kinetics. The consistency existing between results derived from the two
fluorescence techniques was illustrated in several studies using both PAM and PEA
fluorimeters (Chen et al. 2014, Ajigboye et al. 2016) with changes in the efficiency of
electron transport measured by a PEA fluorimeter supported by results derived from
PAM fluorimeter measurements (Zivcak et al. 2014). As already mentioned, the two
techniques provide complementary information and can be used together for a more
exhaustive diagnosis of the photosynthetic apparatus.

We also found contrasted ability between L. perenne and dicots species to improve
PSI efficiency (∆VIP) under stressful conditions. However, if the amplitude of the I-P
phase can be used to characterize the efficiency of electron transport beyond the PSI,
it does not represent the actual PSI activity or a change in PSI content (Zivcak et al.
2015). Leaf transmission changes at the 820 nm wavelength band, however, can be
used to accurately monitor P700 oxidation (Harbinson and Woodward 1987, Strasser
et al. 2004). The reasons for different PSI efficiency under stressful conditions are
still uncertain. A possible explanation is the natural variation in the FNR enzyme ac-
tivation/deactivation dynamics among the observed species, leading to a difference in
electron transfer on the acceptor side of PSI after dark adaption (Hamdani et al. 2015).
The difference among species in the dark relaxation of the FNR enzyme was made
by Schansker et al. (2008) who observed the inactivation of FNR in the dark after
15 min for Pea sativum L. and more than 45 min for Pinus brutia Ten. trees. Since
differences in ∆VIP between monocot and dicots were essentially observed in stress
conditions, it is possible that environmental conditions influenced the FNR enzyme ac-
tivation/deactivation dynamics. Measurements of the fast fluorescence transient along
with transmission changes at 820 nm under changing environmental conditions for the
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three grassland species can provide a better understanding of the acclimation mecha-
nisms of the PSI.

The absence of leaf-scale gas exchange measurements constitutes a missing link
between plants photochemical capacity and ecosystem CO2 exchange. Questions re-
main in our study regarding how disturbance in photosynthetic processes affected
the carbon assimilation of individual plants. Measurement of photosynthesis using
a portable infrared gas analyzer in addition to ChlF measurement could help in the
identification of the most limiting process to carbon assimilation under stress condi-
tion and assess the impact of different photosynthetic acclimation strategies on carbon
assimilation and respiration. Other photosynthetic traits such as the stomatal conduc-
tance, the carboxylation rate of Rubisco and the actual ETR can be derived from such
leaf-scale gas measurements and provide further information related to the acclima-
tion response. Light-response curve of photosynthesis using a portable infrared gas
analyzer would also allow the determination of the quantum light efficiency (i.e., the
photon use efficiency in low light represented by the initial slope of the curve) for the
different species at the different time periods of the day. Photoinhibition is known to
affect the quantum light efficiency and changes in FV/FM were shown to influence in
the initial slope of the light-response curve of photosynthesis (Björkman and Demmig
1987, Genty et al. 1989, Werner et al. 2001). Thus, the reduction of CO2 assimilation
by moderate PSII inactivation is only visible at low light or during transient change
in light intensity (Kornyeyev et al. 2006, Hubbart et al. 2012). Since photoinhibition
usually occurs at high light, a reduction in the photon use efficiency is expected to have
only a minor impact on carbon assimilation at light saturation unless limitation in PSII
efficiency leads to an increase of the point of light saturation or affect photosynthesis
at all light intensity (Long et al. 1994, Werner et al. 2001). Indeed, we did not observed
in our study FV/FM values below 0.74 in low light condition (Fig S4) and variations
in GPP were not explained by variations in FV/FM in high light environment (Fig S5).
The impact of photoinhibition on light-saturated photosynthesis was also tentatively
assessed in our study by investigating the influence of variations in the photochemical
capacity on GPP1500. Our results showed that GPP1500 was not depressed during days
of strong decline in photochemical capacity suggesting no severe impairment of carbon
assimilation at light saturation. However, since GPP1500 is derived from the Mitscher-
lich equation based on flux measurements during the whole day, this does not inform
us on potential variations of light-saturated GPP occurring through the day. Explor-
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ing the relationship between the photon use efficiency and JIP-test derived parameters
would have provide further information on potential limitations of photosynthesis in-
duced by the light reaction. Even though in our study we estimated the quantum light
efficiency α of the ecosystem by using the Mitscherlich equation, we could not use the
estimated α to explore its relationship with the different ChlF parameters for different
reasons. First, the standard error associated with its estimation was too high because
there were not enough reliable eddy covariance measurements of CO2 fluxes at low
light, making the estimation of α not robust enough for analysis (Fig. S6). Second,
because α represents the quantum photon efficiency at low light, only comparison with
ChlF measurements performed at predawn would have been pertinent. Light-response
curve at the different time periods would also have allowed us to assess the evolution of
light-saturated photosynthesis through the day along with the onset of photoinhibition.

Based on leaf-scale measurements of gas exchange, the contribution of the differ-
ent plant species to ecosystem fluxes could also be determined. Heterotrophic respi-
ration from soil, which is expected to be an important contributor to respiration flux
(Ganjurjav et al. 2014), could also represent a valuable information in order to appre-
ciate the relative contribution of plants to the total ecosystem respiration flux.

Leaf-scale gas exchange measurements combined to ChlF can also provide valu-
able information regarding alternative electron sinks. We highlighted in our study that
Reco and GPP did not account for photorespiratory activity in the grassland which is
assumed to be high under hot and sunny conditions. We also hypothesized that the
increase in PSI efficiency and in the efficiency of electron transport beyond QA (ΨE0)
for dicot species could be indicative of an increase in alternative sinks for electrons,
such as Mehler reaction and photorespiration. This hypothesis could be verified by
measuring plant CO2 assimilation and estimating the actual ETR through the PSII.
One method consists in the comparison between ETR calculated through gas-exchange
measurements (ETRg, eq. 1.1) according to Harley et al. (1992):

ETRg = 4
(
ACO2

+RL
)(
ci + 2Γ*)/(ci − Γ*) (1.1)
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and the ETR calculated based on ChlF measurements (ETRPSII, eq. 1.2) as de-
scribed by Genty et al. (1989) and Krall and Edwards (1992) :

ETRPSII = ΦPSII . PAR .αII . f (1.2)

Where ACO2
represents the carbon assimilation rate, ci represents intercellular con-

tent of CO2, RL represents mitochondrial respiration in light, and Γ* represents CO2

compensation point measured in the absence of respiration in eq. 1.1. The parameter
PAR represents the photosynthetically active irradiance, αII represents proportion of
absorbed quanta used by PSII RC, and f represents the fractional light absorbance in
eq. 1.2. A ETRPSII > ETRg may therefore indicates the presence of alternative electron
pathways, suggesting that the PSII releases more electrons than used for carboxylation
(Zivcak et al. 2013). An alternative method is based on the assumption that 4 electrons
are required to fix one CO2 molecule. Therefore, the alternative electron pathways can
be estimated by dividing ETRPSII by four and subtracting the gross photosynthetic rate
from this value (Long and Bernacchi 2003, Massacci et al. 2008, Yi et al. 2016).

The improvement in PSII thermotolerance of L. perenne highlighted during our
study also constitutes an interesting observation and deserves further study. Different
hypotheses were put forward as possible explanations for this improved resistance of
the PSII. One of them was the possible accumulation of osmolyte compounds such as
glycine betaine and proline after a water stress event. These compounds were shown
by Oukarroum et al. (2012) to improve OEC stabilization during heat stress and are
known to be produced by grass species (Hitz and Hanson 1980, Gargallo-Garriga et al.
2015, He et al. 2017a). Analysis of proline content in leaf along with the evaluation
of the OEC activity by ChlF would allow to test this hypothesis. A second hypothesis
was the selection of better adapted genotypes. This hypothesis could be tested by
determining the genetic diversity in L. perenne population in the grassland with the
use of microsatellite DNA markers (Evans et al. 2014). Change in L. perenne genetic
diversity after stressful events would indicate the selection of potentially more adapted
genotypes. Analysis of single nucleotide polymorphisms could open the way to the
identification of favorable alleles (Dwivedi et al. 2017). Such experiments, along with
a long-term monitoring of the floristic composition in the grassland, may offer a better
insight of the long-term impact of repeated environmental constraints. They can also
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help in the prediction of a potential shift in the grassland floristic composition and/or
loss of biodiversity in the absence of farmer intervention (e.g. sowing) if sensitive
species were to be determined. Alteration in plant diversity might have an impact
on the resilience of grassland ecosystem and its ability to fix carbon under stressful
conditions (Isbell et al. 2015).
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2 PERSPECTIVES

2.1 The CROSTVOC project. Stress and emission of biogenic volatile
organic compounds by plants.

How biogenic volatile organic compounds (BVOC) emissions in managed grasslands
are influenced by abiotic environmental factors constituted an important question of
the CROSTVOC project. BVOC are continuously produced and released by plants
through their above- and belowground organs (Laothawornkitkul et al. 2009). These
compounds are chemically diverse and most of them can be assigned to one of the
following classes: isoprenoids (i.e., compounds derived from the deoxyxylulose-5-
phosphate pathway in chloroplast or the mevalonate pathway in the cytoplasm such as
isoprene and monoterpenes), fatty acid and derivatives including lipoxygenase path-
way products, benzenoids and phenylpropanoids as well as various nitrogen and sulfur
containing compounds (Dudareva et al. 2004). Once released into the atmosphere,
BVOC are degraded and ultimately oxidized to CO2 (Atkinson and Arey 2003), re-
sulting in a carbon loss for the ecosystem and an indirect CO2 emission (Kesselmeier
et al. 2002). Depending on the degradation pathway, intermediary reactions can have
various implications for air quality and climate. For instance, by reacting with hy-
droxyl (OH) radicals, BVOC can reduce the oxidation capacity of the atmosphere and
indirectly increase the lifetime of CH4, resulting in an increase in CH4 air concentra-
tion (Peñuelas and Staudt 2010). BVOC degradation can also promote O3 formation
in the troposphere. Indeed, by reacting with OH radicals, BVOC can lead to the pro-
duction of peroxide radicals. In presence of NOx, produced peroxide radicals can react
with nitric oxide to form NO2. In light conditions, degradation of NO2 can lead to the
formation of O3 (Calfapietra et al. 2009). As a result, BVOC emissions can have a
significant influence on the atmospheric chemistry and GHG balance.

Emission profile of BVOC in grassland ecosystems were shown to be composed
of more than 40 volatile compounds, which bouquet was mostly constituted of com-
pounds such as methanol (Bamberger et al. 2010), aldehydes and monoterpenes (Fukui
and Doskey 2000). By reacting with OH radicals, monoterpenes might decrease the
oxidation capacity of the atmosphere, with a consequent increase in CH4 lifetime.
However, monoterpenes can also lead to OH radicals production by reacting with O3,
making difficult prevision on atmospheric OH radicals pool (Atkinson and Arey 2003).
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Grassland ecosystems are not reported as important monoterpenes emitters compared
to forest ecosystems (Hantson et al. 2017) and some studies even report monoterpenes
deposition in mountain grasslands (Spielmann et al. 2017), especially when these com-
pounds are present in the atmosphere at high volume mixing ratio (Bamberger et al.
2011). Management practices, however, can have a significant influence on the emis-
sion profile of BVOC. Over-grazing, for instance, can lead to an increase in the propor-
tion of monoterpenes emitters as shown in Inner Mongolia grassland (He et al. 2005).
Grazing can also be an important source of BVOC emission in pasture since impor-
tant fluxes of methanol, acetaldehyde, acetone and GLV compounds were reported
from manually cut grass (Davison et al. 2008). Increase in grazing stocking rate could
therefore result in an increase in CH4 lifetime due to a stronger depletion of atmo-
spheric OH radicals by grazing-induced aldehydes compounds (Atkinson and Arey
2003). Increase in forage production may also result in higher methanol emissions, a
compound related to plant growth (Bamberger et al. 2010), which can also react with
OH radicals (Atkinson and Arey 2003). Environmental conditions also strongly in-
fluence BVOC emissions from plants (Peñuelas and Staudt 2010). Temperature for
instance, by regulating chemical reaction rates and the BVOC vapor pressure, is one
of the major driver of emission (Laothawornkitkul et al. 2009, Tiiva et al. 2017). It
was estimated that a 2-3°C increase in mean air temperature could result in a 30-45%
increase in BVOC global emission (Peñuelas and Llusià 2003). Drought events, how-
ever, negatively affect emissions essentially by reducing stomatal diffusion (Loreto
and Schnitzler 2010). However, because of differences in solubility among BVOC,
the increase in intercellular partial pressure induced by gs reduction differently affects
volatile compounds. As a consequence, the most highly volatile compounds such as
isoprene and monoterpenes characterized by a lower solubility were shown not to be
controlled by stomatal aperture in contrast to soluble compounds such as methanol
(Niinemets and Reichstein 2003). Other factors such as UV-B radiation and ozone (at
a certain threshold) can be responsible for cellular damages and lead to the emission
of green leaf volatiles (GLVs) compounds (Holopainen and Gershenzon 2010). The
GLVs are 6- or 9-carbon compounds derived from lipoxygenase activity acting on the
fatty acids linolenic acid and linoleic acid found in the plasma membrane (Feussner
and Wasternack 2002, Gigot et al. 2010) frequently observed after mechanical dam-
ages (Holopainen and Gershenzon 2010). As a result, stressful events can have a
significant influence on BVOC emission profile. Whereas carbon emissions as iso-
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prenoids are estimated to represent around 1% of fixed carbon in forest (Kesselmeier
et al. 2002), stress events such as high temperature and water stress can increase this
ratio to 20-67% (Sharkey and Loreto 1993, Staudt and Bertin 1998). Whereas it is
well established that BVOC play a key role in air quality and GHG balance, consider-
able uncertainties remain regarding how combined abiotic environmental factors affect
BVOC emissions in a managed grassland ecosystem.

To answer this question, BVOC were sampled using two different approaches. One
method consisted of BVOC sampling using the eddy covariance method to estimate
BVOC fluxes at the ecosystem scale. A second method consisted in realizing BVOC
sampling using dynamic chambers installed in the grassland. In both methods, BVOC
were identified by proton-transfer-reaction mass spectrometry (PTR-MS), allowing a
real-time detection and analysis of sampled BVOC. ChlF measurements performed in
this study can be usefully used to identify stressful events in the grassland, allowing to
assess changes in BVOC emission profiles in relation with plants physiological stress.
Modeling of ChlF response to meteorological conditions would further allow to extent
the analysis to days where ChlF measurements were not performed. In the same way
some empirical PI multiparametric indice are built to be sensitive to specific stress
(Stirbet et al. 2018), the construction of a PIBVOC indice dedicated to the identification
of environmental conditions leading to altered BVOC emission could be performed.

Isoprene and monoterpenes are considered as side products of leaf photosynthesis
and their production therefore depends on photosynthetic activity (Loreto et al. 1996,
Hantson et al. 2017, Machado et al. 2017). In addition, light was shown to play an
important role in the de novo emissions of some isoprenoid compounds (van Meenin-
gen et al. 2017) and experiments using 13C isotope have shown that around 80% of the
carbon in the isoprene molecule originated from recently fixed carbon (Ferrieri et al.
2005, Brilli et al. 2007). Gas-exchange measurements in shoot enclosures have also
demonstrated that the increase in monoterpenes emission from Scots pine in spring
was closely related to the recovery of photosynthetic activity after winter (Aalto et al.
2015). Emissions of volatile terpenes, however, can be uncoupled from photosynthe-
sis as these compounds can be emitted at night from storage structures (Ghirardo et al.
2010). Moreover, growth under elevated CO2 concentration was shown to reduce iso-
prene emission despite an increase in photosynthetic activity (Scholefield et al. 2004),
supposedly due to the reduction in cytosolic phosphoenolpyruvate enzyme involved
in the production of precursor in isoprene biosynthesis (Rosenstiel et al. 2003, Ve-
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likova et al. 2009). Still, because of the dependence of isoprene and terpenes on pho-
tosynthesis, events altering photosynthetic process and acclimation response of the
photosynthetic apparatus can influence their emissions. Reduction in net photosynthe-
sis induced by high temperature stress, for instance, was accompanied by a reduction
in monoterpenes emissions, supposedly due to the substrate limitations coming from
photosynthesis for monoterpenes biosynthesis (Staudt et al. 2011). Under water stress,
isoprene emissions were also shown to decline with the reduction of photosynthetic
activity at both a leaf (Beckett et al. 2012) and ecosystem scale during drought events
(Zheng et al. 2017). It may therefore be expected that events altering leaf photochem-
ical capacity may affect isoprene and monoterpenes emissions. However, it may be
expected that only a strong reduction in photochemical capacity, resulting in a de-
pressed carbon assimilation and photosynthate limitation, leads to reduced isoprene
and monoterpenes emissions.

Whereas isoprenoids emissions are intrinsically linked to photosynthetic activity,
alteration in the emission of other BVOC such as methanol and GLV during stressful
events are related to structural damages. Increase in methanol emissions observed in
hybrid poplar exposed to ultraviolet-A irradiation was attributed to damages to the cel-
lular structure and was accompanied by a decline in carbon assimilation (Pallozzi et al.
2013). Heat treatment was also shown to induce high emission in GLV compounds in
Mediterranean oaks which was attributed to membrane damages and oxidative stress
(Staudt et al. 2011). In this study, the high emission in GVL compounds was also
associated with a sustained depression of FV/FM and net photosynthesis, indicating
irreversible damages of the photosynthetic apparatus. Association of BVOC emission
profile with ChlF measurements could therefore provide a new insight into the study
of stress perception and physiological response by plants.

In the PTR-MS techniques, BVOC are identify by their characteristic protonated
parent ions or fragments. However, since the same ion can result from the protonation
of different BVOC, it is difficult to determine the contribution of each BVOC in the
yield of resulting protonated masses. It was therefore necessary to complement PTR-
MS analysis with another technique: gas chromatography-mass spectrometry (GC-
MS) which allows to formally identify and quantify BVOC compounds present in the
sample. BVOC sampling for off-line GC-MS analysis required that BVOC are precon-
centrate on an adsorbent trap such as the Tenax TA. Such samplings were realized in
static and dynamic chambers within the CROSTVOC project. However, BVOC sam-
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pling in field condition for off-line GC-MS analysis can be technically challenging.
Indeed, the sampling condition must not disturb the sampled material (i.e., grassland
vegetation) in order to be representative. BVOC also have to be sampled in a suffi-
cient amount to allow their detection and identification by GC-MS, which depend on
the rate of emission of the material and the volume sampled. Preliminary experiments
performed on static chambers revealed that a 2L sampling was not enough to detect
BVOC emitted by the grassland vegetation, even during favorable environmental con-
ditions such as hot and sunny days. This suggested that the grassland vegetation was
not a high emitter of compounds with a high molecular weight, as Tenax TA adsorbent
only traps volatile compounds of >5 carbons meaning that very volatile compounds
like methanol could not be sampled using this adsorbent. The sampling volume had to
be increased up to 12L in order to sample sufficient BVOC for GC-MS analysis. How-
ever, increasing the sampling volume implied to increase the sampling flow from 100
mL min -1 to 200 mL min -1 and to extent the sampling duration for 10 min to 60 min.
Such sampling conditions could not be performed in a static chamber because the long
duration of sampling tended to increase the air temperature and the relative humidity
inside the chamber. As a consequence, the rate of BVOC emission was altered and
not representative of real conditions anymore. The increase in air relative humidity
inside the cuvette caused by the vegetation transpiration also led to the partial solu-
bilization of the most hydrophile BVOC compounds. BVOC sampling was therefore
realized in an automated chamber by performing successive sampling every 10 min
for 10 min on the same Tenax TA cartridge. Preliminary experiments have highlighted
important emissions of GLV after grazing events whereas only few compounds were
retrieved in low quantity in the absence of grazing (Fig. 2.1), which is in accordance
with Davison et al. (2008) results. Alternative adsorbent trap such as Carbosieve SIII,
Carboxen 569, Carboxen 1003 can be used in order to sample volatile compounds with
lower molecular weight (i.e. as low as 2 carbons). However, these adsorbents possess
a higher affinity for water, which can lead to serious problem during GC-MS analysis
(Gawryś et al. 2001). This is problematic for sampling in field conditions where atmo-
spheric humidity is high. Different methods exist in order to reduce the water-uptake
by adsorbent traps by heating the trap during sampling (Gawryś et al. 2001) or by set-
ting a drying agent in front of the cartridge (Dettmer and Engewald 2003). However,
these techniques can induce some biases by altering BVOC sampling (Niinemets et al.
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2011). Flowing a helium gas through the cartridge prior to analysis can also reduce
the amount of water adsorbed but can also lead to a loss of some sampled compounds.

Further experiments are needed to determine how environmental conditions and
grazing influence BVOC emission in pasture and their impact on GHG budget. The
selection of grassland species based on their BVOC emissions may also provide a bet-
ter control of the impact of agricultural activity on the atmospheric chemistry as grass
species are known to be low methanol emitter (Galbally and Kirstine 2002, Brun-
ner et al. 2007). Cultivar selections based on their BVOC emission profile, however,
should not neglect the ecological role of these compounds as they play an important
role in plant defense and communication with its environment (e.g., attraction of polli-
nators, interaction with others plants, etc.) (Maffei 2010). Some BVOC also promote
a protection against herbivores by having a repellent role or by attracting natural en-
emies (Arimura et al. 2005, Heil 2008, Kos et al. 2009, Maffei 2010). In addition to
their ecological role, BVOC can also exert a protective function against abiotic stress
(Dudareva et al. 2006). For instance, monoterpenes was reported to enhance leaf ther-
motolerance by improving membrane stability (Loreto et al. 1998). Isoprene was also
shown to be involved in the photosynthetic apparatus resistance to high temperature
(Holopainen and Gershenzon 2010) by improving the photosynthetic membrane sta-
bilization and electron transfer through PSII (Pollastri et al. 2014). Isoprene can also
confer the photosynthetic apparatus a protection against ozone stress at the membrane
level by quenching H2O2 formed in leaves (Loreto and Velikova 2001). Even though
BVOC emissions constitute a loss of carbon by the ecosystem and may unfavorably
alter GHG balance by reacting with other atmospheric compounds, their protective
functions can contribute to the carbon sink resilience of the ecosystems. The carbon
balance of BVOC emission is complex and require further studies. However, since
most of the BVOC having a protective role are induced in response to a stress factor,
it is possible that their emission benefit carbon storage by the ecosystem. Maybe im-
provement in the reduction of carbon loss could be achieved by tuning their emission
both quantitatively and qualitatively.
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Figure 2.1 – Emission of biogenic volatile organic compounds (arbitrary units) after
grazing. Compounds were collected on a Tenax TA cartridge 40 min after grazing by
sampling air from a 5 L home-made Teflon cuvette. Cuvette air inlet was set at 2 L
min−1 and was purified on an active charcoal filter. The sampling flow was set at 200
mL min−1. A total volume of 12 L was sampled by performing 6 successive run of
10 min sampling and 10 min break (e.g., let the cuvette open to avoid an increase in
air relative humidity and temperature inside the cuvette). Tenax TA cartridges were
analyzed by gas chromatography-mass spectrometry. Our unpublished data.
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2.2 How photosynthesis can help in the mitigation of greenhouse gas
emission?

2.2.1 Exploitation of the diversity in plants photochemical capacity and acclimation
response.

The maintenance of photosynthesis activity under unfavorable condition is a grow-
ing interest in the scientific community (Johnson et al. 2015) due to climate change
(Abberton et al. 2016). Grasslands productivity was shown to be more resistant and
resilient after unfavorable climatic events in ecosystems characterized by a high diver-
sity in plant communities (Isbell et al. 2015). Shading induced by species presenting
different plants height may also contribute to reduce photoinhibition in sunny day in
multispecies ecosystems (Gielen et al. 2007). It is also possible that species exhibiting
different photosynthetic acclimation strategies to environmental constraints, such as
observed in our study, might contribute to the resilience of the ecosystem by express-
ing complementary response to environmental constraints. Intraspecific diversity is
also advantageous as a genotype well-adapted to its environment may not be suited in
altered environmental conditions. Systems characterized by high diversity may there-
fore be more resilient. The benefit of genotypic diversity to changing environmental
conditions was highlighted in seagrass populations confronted to a shading treatment
(Evans et al. 2017). It was shown that populations characterized by a high diversity
were more likely to present individuals more adapted to altered conditions. In the men-
tioned study, high performing genotype were determined as individuals with FV/FM of
0.8 or greater. This enhanced resilience to stress events of ecosystems characterized
by high diversity is well known of farmers who sometimes use seeds that are consti-
tuted by a mix of genotypes adapted to local conditions (i.e., landraces) (Blair et al.
2010). Experiments comparing the productivity resilience of grassland ecosystems
characterized by different acclimation strategies, floristic composition and intraspe-
cific variation can contribute to improve our understanding of the resilience of these
ecosystems and be of strategic importance in the management of its diversity.

Diversity in photosynthetic traits among or within species constituting an ecosys-
tem might contribute to the resilience of the ecosystem by expressing different re-
sponse to environmental constraints. Significant variations in key catalytic parameters
for the Rubisco enzyme was shown among plant taxa (Orr et al. 2016) as well as
differences in Rubisco large subunit gene sequence and photosynthetic rate in wil-
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low species (Andralojc et al. 2014). The exploitation of such diversity to select crops
with improved stress resilience has been suggested in many studies (Silvestre et al.
2014, Thiry et al. 2016). The use of ChlF to assess photochemical capacity and stress
tolerance among species was shown to be successful in many experiments (Mauromi-
cale et al. 2006, Strauss et al. 2006, Brestic et al. 2012, Ghotbi-Ravandi et al. 2014,
Pouresmael et al. 2015, Estrada et al. 2015). Recently, correlations between JIP-test
parameters and quantitative trait loci (Czyczyło-Mysza et al. 2013, Yin et al. 2015) un-
derlying the intrinsic features of the photosynthetic apparatus (Yin et al. 2010, 2011)
and stress response (Šimić et al. 2014, Ripoll et al. 2016) were also reported, offering
new opportunities in breeding programs. Screening of such photosynthetic traits might
provide a new insight into the range of photochemical capacity present in nature which
can later be used by breeders.

2.2.2 Plant engineering as a strategy to mitigate greenhouse gas emission by improv-
ing carbon uptake.

Plant breeding and engineering offer great opportunities to mitigate GHG emission
by improving CO2 uptake (Pulles 2017). Increasing photosynthesis capacity is often
cited as one of the prime target to increase carbon assimilation by plants (Reynolds
et al. 2009, Flügge et al. 2016). Indeed, the theoretical conversion efficiency of solar
energy into biomass is about 4.6% and 6% for C3 and C4 photosynthesis respectively
(Zhu et al. 2008) while the maximum conversion efficiency of solar energy to biomass
currently observed is only 2% (de Bossoreille de Ribou et al. 2013).

Rubisco is a promising target for the enhancement of photosynthesis as improving
its regeneration or increasing its content in leaves can considerably enhance carbon
uptake by plants (Murchie et al. 2009). The transfer of a more efficient Rubisco from
another species in an agricultural cultivar also offer promising perspectives (Furbank
et al. 2015). Many research on photosynthesis and its improvement are also focused on
the improvement of Rubisco carboxylase activity through engineering of the Rubisco.
Genetic engineering of the entire Rubisco, however, is technically challenging due
to the dual origin of the genome coding for its constitutive proteins: the large and
the small subunits which are respectively encoded by the chloroplast and the nuclear
genomes (Whitney et al. 2011). The difficulties to express a functional Rubisco in
a bacterial host has also hampered genetic engineering for long (Parry et al. 2011).
This challenge, however, has been recently overcome by Aigner et al. (2017) who
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were the first to successfully assemble plant Rubisco in E. coli with five chloroplast
chaperones. This offers great perspectives for Rubisco engineering in C3 plants aimed
at the improvement of its catalytic properties.

Reduction of photorespiration activity by increasing CO2 concentration around
Rubisco and the conversion of C3 plants to C4 have also received considerable atten-
tion these last years (Murchie et al. 2009). Such manipulations have the potential to
both improve carbon uptake and to reduce carbon emission from the oxygenase activ-
ity of Rubisco in ecosystems. This could be achieved by the introduction of carbon
concentrating mechanisms from single celled photosynthetic organisms in C3 plants.
Thylakoid-located CO2 pumps found in cyanobacteria and microalgae constitute in-
teresting candidates due to the small number of genes required for their introduction
(Price et al. 2013, Hagemann and Bauwe 2016). Conversion of C3 grassland species
to C4 is more challenging as it involves a more important number of genes due to the
important number of traits. Indeed, C4 leaf is characterized by specialized enzymes
and anatomical features referred as the Kranz anatomy. Reproduction of this anatomy
in C3 plants would involve considerable modifications including the restructuring of
the mesophyll, bundle sheath, veins order and photosynthetic enzymes compartmen-
talization (Schuler et al. 2016). However, it appears that some features such as veins
spacing are not indispensable for C4 function (von Caemmerer et al. 2012). Consider-
able efforts have been made for the development of C4 rice with promising results of
a C4 rice prototype (Furbank et al. 2015).

Improving the rapidity of photosynthesis recovery from photoprotection was
also estimated to potentially increase crops yield by 20% (Kromdijk et al. 2016).
Zeaxanthin-facilitated dissipation of the excess of energy within the LHC contributes
to reduce the PSII excitation and potential photooxidation damages under high light
(Goh et al. 2012). Under plant canopy, leaves are usually subjected to sharp fluctu-
ations of sun irradiance. As a consequence, light conditions often switch between
high to low light conditions where dissipation mechanisms are not fully required.
Zeaxanthin-facilitated energy dissipation processes involved in NPQ, however, are not
instantaneous and can therefore lag in response to changes in irradiance. Moreover,
the rate of relaxation of energy-dissipation process is slower than the rate of induc-
tion. This results in an inefficient light exploitation and substantial loss of carbon
assimilation. Improved relaxation in NPQ was achieved in tobacco plant by enhanc-
ing xanthophyll cycle kinetics and PsbS expression, resulting in a 15% increase in
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dry matter (Kromdijk et al. 2016). The onset of photoprotective mechanisms was fre-
quently observed in our study as reflected by the reversible diurnal decrease in FV/FM

values. Improving the recovery from photoprotection might therefore allow conse-
quent improvement in the exploitation of light energy and lead to potential increase in
ecosystem carbon storage.

Manipulations of the photosynthetic light reactions were also shown to constitute
a promising pathway for improved photon use efficiency by plants. For instance, Bres-
san et al. (2016) have recently shown in Arabidopsis (Arabidopsis thaliana) mutant
lacking its LHCI antenna system that the energy transfer from LHCII to PSI was more
efficient. However, due to a reduction in light harvesting, a reduction in growth was
observed for these mutants. This limitation in light harvesting was explained by a
decrease in the absorption cross-section due to the reduction in light harvesting sys-
tem but also by a reduction in the absorption above 700 nm. It is likely that an in-
crease in LHCII might partially contribute to offset this reduction in light harvesting
efficiency. Another promising result in the improvement of photosynthetic efficiency
was obtained by Jin et al. (2016) who optimized light-harvesting pigments by alter-
ing the High Photosynthetic Efficiency1 (HPE1) gene in Arabidopsis. This mutation
led to a reduction in the size of light-harvesting complexes but optimized light cap-
ture and energy conversion during the light reaction. As a result, mutants presented a
faster electron transport and a higher biomass production. However, field experiments
should be conducted to determine if the reduction in chlorophyll content does not lead
to an increased sensitivity of hep1 mutants to abiotic stress such as drought or salt
stress which are known to lead to a reduction in photosynthetic pigment (Ashraf and
Harris 2013). Another approach that has been recently considered in the improvement
of photosynthesis is the broadening of the spectral range which can be harvested and
used by plant. This could be achieved by the generation of transgenic plants able to
synthetize and utilize Chl d and/or Chl f, expending the plants absorption spectra near
infrared (700-750 nm) (Miyashita et al. 1996, Chen et al. 2010, Chen and Blankenship
2011). Marosvölgyi and van Gorkom (2010), however, cautioned against the increase
of absorption spectrum due to the energy cost of the light harvesting system. Accord-
ing to the authors, it is possible that the energy cost required for molecular structure
aimed at expansion of absorbed photon energy by the photosynthetic apparatus at other
wavelength exceeds the benefit. As a consequence, mutant plants might not be able to
properly grow.

155



Influence of stresses on photochemical capacity and CO2 fluxes in a grassland

The improvement of the ETR between the PSII and the PSI is another pathway
considered for the increase of carbon assimilation by plants. Especially, manipulation
of the cyt b6f complex is a promising target for the increase of ETR as it catalyzes the
most rate-limiting step of the linear electron transport (Schneider et al. 2007, Tikhonov
2014, Schöttler et al. 2015). A recent study performed on Arabidopsis observed both
an increase in photosynthesis and biomass yield on transgenic plants overexpressing
the Rieske FeS protein, a component of the cyt b6f complex, along with an increase
in ETR. However, this observation could not be solely attributed to an improvement in
electron transport as transgenic plants also expressed an increase in proteins involved
in both the PSII and the PSI complexes.

2.3 Plants’ influence on greenhouse gas balance through other pathways
than carbon uptake.

2.3.1 Stomatal conductance and transpiration

The amount of water in soil is known to have a significant influence on microbial ac-
tivity and GHG fluxes (see Section 1 of the ‘State of art’). Plant continuously harvests
water from soil through its root system for its growth and tissue expansion. As plant
biomass increase, water consumption increases as well, progressively depleting water
resource in the root zone. Plants influence on soil water content can have a consider-
able impact on microbial activity by promoting oxygen diffusion in soil and therefore
CH4 oxidation (Feng et al. 2017) and N2O emissions (Zhang et al. 2015). As a conse-
quence, water consumption by plants should be taken into account when considering
plant impact on GHG balance.

Projected increase in mean annual air temperature (IPCC 2014) within the next
50 years is susceptible to induce an increase in plant transpiration rate (E). Selection
of plants characterized by an enhanced photosynthesis is also likely to promote E,
as carbon assimilation and stomatal conductance are highly correlated (Farquhar and
Sharkey 1982). Both phenomena tend to induce a faster plant-mediated depletion of
the soil water content in the surrounding rhizosphere, which might benefit CH4 ox-
idation and nitrification processes in the following years. Such situation might also
impair plants growth due to a quicker water limitation, resulting in NEE decline and
carbon storage by ecosystems.

Improvement in plant water-use efficiency (WUE), however, might counterbal-
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ances this trend. More than 90% of the water taken by plant is not used in biochemical
reactions and is subsequently emitted in the atmosphere through stomata. In a context
where water availability is one of the major limiting factor in crop production, many
efforts are underway to improve WUE in plants (Morison et al. 2008). The challenge
in such improvement lies in the maintenance of high carbon uptake while reducing
water loss. The most intuitive approach that has been adopted in many experiments
was to manipulate stomatal aperture in order to save water. However, improved WUE
by the reduction in gs was often accompanied by a reduction in photosynthesis (Law-
son and Blatt 2014) as gs and carbon uptake are usually coupled. However, recent
studies using antisense technology have shown that gs and carbon assimilation could
be uncoupled in situation of reduced Rubisco activity (von Caemmerer et al. 2004) or
electron transport (Baroli et al. 2008). These results, by showing that gs can be inde-
pendent of carbon assimilation, therefore offer new perspectives in the amelioration
of the WUE. Short-term variations in environmental condition such as light irradi-
ance frequently encountered in field can also lead to transient situation where gs and
ACO2

are not synchronized as shown by McAusland et al. (2016). The authors revealed
that upon sudden increase in light, the slow stomatal response could lead to a 10%
limitation in Anet. However, after reaching 95% of optimal ACO2

in steady conditions,
gs continued to increase by 80% for only a 5% gain in photosynthesis. Improvement in
the dynamic of stomatal response to its environment therefore constitutes an interesting
alternative approach in the amelioration of WUE (Lawson et al. 2014). Manipulation
of genes involved in stomatal development can also offer promising results as shown
by the success story of Yoo et al. (2011). Alteration in the expression of GT-2 LIKE
1, a transcription factor involved in the regulation of stomatal density and transpira-
tion, was shown by the authors to reduce by 25% transpiration in Arabidopsis without
affecting net carbon assimilation. Regulation of photosynthesis gene expression and
regulatory networks involved in the coordination response to the environment still need
to be elucidated (Wang et al. 2017). There are also evidences that the redox state of the
ETC acts as a signal regulating the opening of stomata, with a higher reduction of the
ETC corresponding to a higher stomatal conductance (Busch 2014). In tobacco plants,
the overexpression of the PsbS protein, which is involved in NPQ, resulted in a lower
reduced state of QA and a lower stomatal conductance (Głowacka et al. 2018). Since
no significant reduction of photosynthesis was observed in a steady-state, this manip-
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ulation resulted in an improved WUE. Such results offer encouraging perspectives in
the implication of single gene involved in the regulation of plant WUE.

2.3.2 Biological nitrification inhibition

Recent studies have highlighted the biological nitrification inhibition (BNI) ability of
certain plants by releasing biological nitrification inhibitors (BNIs) through their root
system (Subbarao et al. 2017). Such activity allows the immobilization of N-soil re-
source into the less mobile form NH4

+ by suppressing microbial nitrification. BNI is
particularly advantageous in environments where N-soil resources are limited and sub-
jected to leaching in their NO3

− form. The production and the release of BNIs by plants
is triggered by the presence of NH4

+ in the immediate environment of roots. As nitri-
fiers are especially found in NH4

+-rich environment, the release of BNIs is essentially
active in environment with potentially high nitrification activity (Subbarao et al. 2015).

Grass species expressing such ability have already been found in savanna (Lata
et al. 2004) and tropical pasture (Subbarao et al. 2013) ecosystems. Transfer of BNI
traits into highly productive cultivated grassland species offer the opportunity for con-
siderable reduction in ecosystem N2O emissions (Subbarao et al. 2012, Coskun et al.
2017). Their potential in the reduction of N2O fluxes was illustrated in an experiment
where plants characterized by a high BNI activity was able to reduce N2O emission
from soil treated with bovine urine by 60% compared with plants expressing a lower
BNI capacity (Byrnes et al. 2017). A bioassay involving 18 species revealed that the
pasture grass Brachiaria humidicola was among the tropical forage crops expressing
the highest BNI activity (Subbarao et al. 2007). B. humidicolas was also character-
ized by an important genotypic variation in the amount of BNIs released by the root
systems (Subbarao et al. 2009). For these reasons, this species may be considered
a good candidate for BNI traits transfer into other cultivated grass through breeding
approaches.

Intensive use of BNI technology, however, can have potential side effects that need
to be considered. For instance, the increase in BNIs production and exudation can have
a metabolic cost for the plant (Coskun et al. 2017) that needs to be quantified in order
to maintain plant growth and carbon storage by the ecosystem. A meta-analysis also
revealed that the use of nitrification inhibitors promoted the increase in NH3 emission
in agricultural soil by 20% (Qiao et al. 2015). NH3 can later deposit and be oxidized
into N2O, resulting in indirect emission (Lam et al. 2017). This might not be the
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case, however, in pasture soils where increased NH3 emissions were not highlighted
by the meta-analysis (Qiao et al. 2015). Further studies are needed to improve our
understanding of mechanisms involved in the short and long-term response of pasture
ecosystems to nitrification inhibitors.
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3 CONCLUSIONS

In this study, we investigated the relationship between the photochemical capacity of
an ecosystem and variations in CO2 fluxes. To this end, three specific objectives were
defined and consisted in (1) evaluating the photochemical capacity of primary grass-
lands species, (2) evaluating the impact of combined environmental constraints on
processes involved in the light reaction of photosynthesis and (3) linking alterations
in the ecosystem photochemical capacity to ecosystem CO2 fluxes. We learned from
this study that the investigated species were characterized by different acclimatization
strategies. We also showed that the efficiency of electron transport at the different steps
of the light reactions was impacted differently by environmental constraints. Finally,
we showed that variations in GPP were not explained by changes in the ecosystem
photochemical capacity. Our study provides a better understanding of the photosyn-
thetic response to combined environmental constraints and their relationship with CO2

fluxes. We also offer a new insight in the diversity of acclimatization mechanisms in a
grassland ecosystem.

There are still some questions remaining to be answered, such as how alterations
in photochemical capacity affected carbon assimilation at leaf-scale and to which ex-
tent. We also wonder whether plants exhibiting varied acclimatization mechanisms of
photosynthesis actually benefit the ecosystem resilience or not. The contribution of
soil to measured CO2 fluxes also remains unknown.

Many perspectives arises from these results, in various fields of study. The defini-
tion of stress periods by ChlF can be exploited to associate stressful events to changes
in BVOC emission, which was a major goal of the CROSTVOC project. The diver-
sity of acclimatization mechanisms observed in response to environmental constraints
also offers perspectives for physiological, ecological and evolutionary studies in or-
der to identify the mechanisms underlying of these differences. These results may
also provide potential targets for the development of varieties with improved abiotic
stress resistance as the different process involved in the light reactions were differently
affected.

Measurements of photochemical capacity performed at leaf-scale were associated
with measurements of CO2 fluxes by eddy covariance in a tentative approach to ex-
plain variations in CO2 fluxes at the ecosystem level by phenomenon occurring at the
leaf level. However, this technique showed spatial and temporal limitations, empha-
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sizing the need of new tools with higher resolution for a better characterization of the
spatial and temporal variation in the field. The development of such tools would offer
new perspectives in ecological studies but also in any field of study willing to upscale
phenomenons from the molecular level to a higher scale.
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Efeoğlu, B., Ekmekçi, Y., and Çiçek, N. (2009). Physiological responses of three
maize cultivars to drought stress and recovery. South African Journal of Botany,
75(1):34–42.

Estrada, F., Escobar, A., Romero-Bravo, S., González-Talice, J., Poblete-Echeverría,
C., Caligari, P. D., and Lobos, G. A. (2015). Fluorescence phenotyping in blue-
berry breeding for genotype selection under drought conditions, with or without
heat stress. Scientia Horticulturae, 181:147–161.

Eurostat (2016). Agriculture, forestry and fishery statistics. Publications Office of the
European Union, Luxembourg.

Evans, S. M., Sinclair, E. A., Poore, A. G. B., Steinberg, P. D., Kendrick, G. A.,
and Vergés, A. (2014). Genetic diversity in threatened Posidonia australis seagrass
meadows. Conservation Genetics, 15(3):717–728.

Evans, S. M., Vergés, A., and Poore, A. G. B. (2017). Genotypic Diversity and Short-
term Response to Shading Stress in a Threatened Seagrass: Does Low Diversity
Mean Low Resilience? Frontiers in Plant Science, 8:1417.

Faria, T., Silvério, D., Breia, E., Cabral, R., Abadia, A., Abadia, J., Pereira, J. S., and
Chaves, M. M. (1998). Differences in the response of carbon assimilation to summer
stress (water deficits, high light and temperature) in four Mediterranean tree species.
Physiologia Plantarum, 102(3):419–428.

Farquhar, G. D. and Sharkey, T. D. (1982). Stomatal Conductance and Photosynthesis.
Annual Review of Plant Physiology, 33(1):317–345.

183



Influence of stresses on photochemical capacity and CO2 fluxes in a grassland

Feller, U. (2016). Drought stress and carbon assimilation in a warming climate: re-
versible and irreversible impacts. Journal of Plant Physiology, 203:84–94.

Feng, S., Leung, A. K., Ng, C. W. W., and Liu, H. W. (2017). Theoretical analysis of
coupled effects of microbe and root architecture on methane oxidation in vegetated
landfill covers. Science of The Total Environment, 599:1954–1964.

Fernández-Baco, L., Figueroa, M. E., Luque, T., and Davy, A. J. (1998). Diurnal and
seasonal variations in chlorophyll a fluorescence in two mediterranean-grassland
species under field conditions. Photosynthetica, 35(4):535–544.

Ferrieri, R. A., Gray, D. W., Babst, B. A., Schueller, M. J., Schlyer, D. J., Thorpe,
M. R., Orians, C. M., and LERDAU, M. (2005). Use of carbon-11 in Populus shows
that exogenous jasmonic acid increases biosynthesis of isoprene from recently fixed
carbon. Plant, Cell & Environment, 28(5):591–602.

Feussner, I. and Wasternack, C. (2002). The lipoxygenase pathway. Annual Review of
Plant Biology, 53:275–297.

Flexas, J., Bota, J., Galmés, J., Medrano, H., and Ribas-Carbó, M. (2006). Keeping a
positive carbon balance under adverse conditions: responses of photosynthesis and
respiration to water stress. Physiologia Plantarum, 127(3):343–352.

Flügge, U. I., Westhoff, P., and Leister, D. (2016). Recent advances in understanding
photosynthesis. F1000Research, 5(2890):2234.

Foken, T., Aubinet, M., and Leuning, R. (2012). Eddy Covariance. In Aubinet, M.,
Vesala, T., and Papale, D. (Eds.) Eddy Covariance. A Practical Guide to Measure-
ment and Data Analysis, pages 1–19. Springer, Dordrecht, Netherlands.

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston,
M., Mueller, N. D., O’Connell, C., Ray, D. K., West, P. C., Balzer, C., Bennett,
E. M., Carpenter, S. R., Hill, J., Monfreda, C., Polasky, S., Rockstrom, J., Sheehan,
J., Siebert, S., Tilman, D., and Zaks, D. P. M. (2011). Solutions for a cultivated
planet. Nature, 478(7369):337–342.

Formighieri, C. (2015). Light Saturation of Photosynthesis. In Formighieri, C., editor,
Formighieri, C. (Eds.) Solar-to-fuel conversion in algae and cyanobacteria, pages
55–58. Springer International Publishing, Cham, Switzerland.

184



Bibliography

Fox, J., Weisberg, S., Adler, D., Bates, D., Baud-Bovy, G., Ellison, S., Firth, D.,
Friendly, M., Gorjanc, G., Graves, S., Heiberger, R., Laboissiere, R., Monette, G.,
Duncan, M., Nilsson, H., Ogle, D., Ripley, B., Venables, W., Winsemius, D., Zeileis,
A., and R-Core (2016). Car: Companion to applied regression.

Fukui, Y. and Doskey, P. V. (2000). Identification of nonmethane organic compound
emissions from grassland vegetation. Atmospheric Environment, 34(18):2947–
2956.

Furbank, R. T., Quick, W. P., and Sirault, X. R. R. (2015). Improving photosynthe-
sis and yield potential in cereal crops by targeted genetic manipulation: Prospects,
progress and challenges. Field Crops Research, 182:19–29.

Gago, J., Douthe, C., Coopman, R., Gallego, P., Ribas-Carbo, M., Flexas, J., Escalona,
J., and Medrano, H. (2015). UAVs challenge to assess water stress for sustainable
agriculture. Agricultural Water Management, 153:9–19.

Galbally, I. E. and Kirstine, W. (2002). The Production of Methanol by Flower-
ing Plants and the Global Cycle of Methanol. Journal of Atmospheric Chemistry,
43(3):195–229.

Ganjurjav, H., Gao, Q., Borjigidai, A., Guo, Y., Wan, Y., Li, Y., Jiangcun, W., and
Danjiu, L. (2014). Alpine grassland ecosystem respiration variation under irrigation
in Northern Tibet. Acta Ecologica Sinica, 34(5):271–276.

García-Plazaola, J. I., Esteban, R., Fernández-Marín, B., Kranner, I., and Porcar-
Castell, A. (2012). Thermal energy dissipation and xanthophyll cycles beyond the
Arabidopsis model. Photosynthesis Research, 113(1):89–103.

Gargallo-Garriga, A., Sardans, J., Pérez-Trujillo, M., Oravec, M., Urban, O., Jentsch,
A., Kreyling, J., Beierkuhnlein, C., Parella, T., and Peñuelas, J. (2015). Warming
differentially influences the effects of drought on stoichiometry and metabolomics
in shoots and roots. New Phytologist, 207(3):591–603.
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Part VI. Glossary

GLOSSARY

Acclimation/acclimatization: according to Wilson and Franklin (2002), refers
to the adjustment of a physiological trait in response to changes in an environmental
variable. Acclimation is used for changes of a single variable in a lab environment
whereas acclimatization is used for changes of one or more variables under field con-
dition. Whereas the physiological response can either be positive, negative or have a
neutral effect for the stress tolerance of the considered organism, the terms acclimati-
zation/acclimation will be used here to refer to positive effect.

Adaptation: in a population, refers to an evolution process leading to the selection
of genotypes better fitted to the local environmental conditions (Bussotti et al. 2015).

Apparent photosynthesis: also referred as ‘net photosynthesis’, represents the
true photosynthesis minus (dark- and photo-)respiration.

Gross primary production: is derived from the flux partitioning of the net ecosys-
tem (CO2) exchange measured by eddy covariance and is intended as an integration of
the apparent photosynthesis.

Net ecosystem (CO2) exchange: net balance between CO2 uptake and release by
the ecosystem.

Net primary productivity: net balance between CO2 uptake and release by plants.

Photochemical capacity: ability and efficiency of the photosynthetic machinery
to absorb and use a photon to produce chemical energy. Also referred as ‘photosyn-
thetic performance’ in the Results section.

Photosynthetic capacity: according to the definition given by Hopkins and Hüner
(2008), is determined by the balance between the carboxylation capacity and the elec-
tron transport capacity.

Photoinhibition: inactivation or a decrease in the efficiency of the PSII in response
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to an excess of light absorption or a prolonged exposition, resulting in the reduction of
the photosynthetic rate.

Photosynthetic performance: see Photochemical capacity.

Stress: from a physiological perspective, stress is defined as environmental
changes leading to physiological responses of the individuals and affecting their per-
formance.

True photosynthesis: also referred as ‘gross photosynthesis’, represents the total
CO2 fixed through carboxylation activity.

Water-use efficiency: defines the amount of assimilated CO2 per unit of water
used and can be expressed by the ratio ACO2

/gs in the case of the ‘intrinsic’ water-
use efficiency and by the ratio ACO2

/E in the case of the ‘instantaneous’ water-use
efficiency (Morison et al. 2008).
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Table S1 – Botanical diversity evaluated on 24 quadrats (0.5 x 0.5 m) during September 2010 and June 2011 at the Dorinne
Terrestrial Observatory. The number of quadrats where the species was found (Presence), the frequency or probability of finding
the species in a quadrat (F, [%]), the frequency relative to the total presence of all species (P, [%]) and the relative abundance
(B, [%]). The relative abundance was calculated as the sum of the abundance index of the considered species for the 24 quadrats
divided by the total abundance index for all species. The abundance index was based on the surface occupation of the considered
species inside the quadrat and was evaluated on a scale from 0 to 3 the first year and on a scale from 0 to 10 the second year. The
floristic inventory was realized by Hautot (2011) during his master thesis.

September 2010 June 2011

Species Presence F P B Presence F P B
Grass 70 62.5 75.2 100 68.0 88.6
Agrostis stolonifera L. 13 54.2 11.6 6.3 12 48.0 8.2 4.2
Alopecurus geniculatus L. 0 0.0 0.0 0.0 9 36.0 6.1 2.4
Bromus hordeaceus L. 0 0.0 0.0 0.0 1 4.0 0.7 0.2
Cynosurus cristatus L. 5 20.8 4.5 4.0 5 20.0 3.4 1.2
Dactylis glomerata L. 6 25.0 5.4 3.6 7 28.0 4.8 5.0
Elymus repens (L.) Gould 0 0.0 0.0 0.0 3 12.0 2.0 0.8
Festuca pratensis (Huds.) P. Beauv. 2 8.3 1.8 2.3 0 0.0 0.0 0.0
Holcus lanatus L. 11 45.8 9.8 9.9 11 44.0 7.5 4.6
Lolium multiflorum Lam. 0 0.0 0.0 0.0 1 4.0 0.7 0.2
Lolium perenne L. 24 100.0 21.4 43.7 25 100.0 17.0 61.0
Poa annua L. 0 0.0 0.0 0.0 1 4.0 0.7 0.2

Continued on next page
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Table S1 – continued from previous page
September 2010 June 2011

Species Presence F P B Presence F P B
Poa pratensis L. 1 4.2 0.9 0.7 0 0.0 0.0 0.0
Poa trivialis L. 8 33.3 7.1 4.6 25 100.0 17.0 8.8
N-fixing dicots 22 19.6 15.9 20 13.6 5.6
Trifolium repens L. 22 91.7 19.6 15.9 20 80.0 13.6 5.6
Non-N-fixing dicots 20 17.9 8.9 27 13.6 5.8
Capsella bursa-pastoris (L.) Medik. 0 0.0 0.0 0.0 2 8.0 1.4 0.4
Carduus L. 1 4.2 0.9 0.3 2 8.0 1.4 0.6
Matricaria discoidea DC. 0 0.0 0.0 0.0 2 8.0 1.4 0.4
Plantago major L. 3 12.5 2.7 2.0 2 8.0 1.4 0.6
Ranunculus repens L. 1 4.2 0.9 0.3 6 24.0 4.1 1.4
Stellaria media (L.) Vill. 2 8.3 1.8 0.7 2 8.0 1.4 0.2
Taraxacum sp. 13 54.2 11.6 5.6 11 44.0 7.5 2.2

Total 112 100 147 100
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Table S2 – Results of the General Linear Model analysis type (GLM) III. The as-
signed cluster number identified for each time period of measurement resulting from
the principal component analysis-clustering based on meteorological data were used
as a meteorological factor (Meteo.) in the GLM analysis to take account of the dif-
ferent meteorological conditions. The monitored plots were used as a block factor
and was considered a random factor. Chlorophyll fluorescence data were square root-
transformed previous to analysis to improve normality and homogeneity of variances,
with the exception of PIABS due to the presence of negative values. DF, degree of
freedom; SS, sum of squared; MS, mean squares.

Source DF SS MS F-Value P-Value
Analysis of Variance for Transformed FV/FM

pecies 2 7.102 3.551 165.51 0
Block 2 0.026 0.0129 0.26 0.78
Meteorological 2 59.515 29.7575 734.78 0
Species*Block 4 0.086 0.0215 1.72 0.237
Species*Meteo. 4 4.333 1.0833 86.49 0
Block*Meteo. 4 0.162 0.0405 3.23 0.074
Species*Block*Meteo. 8 0.1 0.0125 1.21 0.287
Error 15625 161.523 0.0103
Total 15651 231.096

Analysis of Variance for PIABS

Species 2 208.5 104.27 14.56 0.015
Block 2 2.6 1.28 0.18 0.84
Meteorological 2 2556.6 1278.32 837.3 0
Species*Block 4 28.7 7.16 4.2 0.04
Species*Meteo. 4 37.6 9.4 5.46 0.02
Block*Meteo. 4 6.1 1.53 0.89 0.514
Species*Block*Meteo. 8 13.8 1.72 2.35 0.016
Error 15625 11462.5 0.73
Total 15651 14295.1

Analysis of Variance for Transformed ΨE0

Species 2 11.399 5.69949 107.93 0
Block 2 0.089 0.04471 1.61 0.505

Continued on next page
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Source DF SS MS F-Value P-Value
Meteorological 2 0.756 0.378 41.23 0.002
Species*Block 4 0.211 0.05281 1.55 0.277
Species*Meteo. 4 1.946 0.48643 14.09 0.001
Block*Meteo. 4 0.037 0.00917 0.27 0.892
Species*Block*Meteo. 8 0.276 0.03453 3.12 0.002
Error 15625 173.108 0.01108
Total 15651 188.116

Analysis of Variance for Transformed ∆VIP

Species 2 9.49 4.7452 274.89 0
Block 2 0.168 0.0841 1.94 0.366
Meteorological 2 63.092 31.5461 518.05 0
Species*Block 4 0.069 0.0173 0.5 0.734
Species*Meteo. 4 7.789 1.9472 56.42 0
Block*Meteo. 4 0.244 0.0609 1.76 0.229
Species*Block*Meteo. 8 0.276 0.0345 2.59 0.008
Error 15625 208.039 0.0133
Total 15651 286.885
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Figure S1 – Time course of ChlF parameters (FV/FM, PIABS, ΨE0 and ∆VIP) measured for Lolium perenne L., on the last fully
developed leaf, in the three monitored plots in the grassland. For each measured day, the ChlF parameter average value (n = 7 or
8) ± SD for each of the four measurement time periods (11:00, 13:00, 15:00, and 17:00 h) is represented for the three monitored
plots (A, purple; B, orange; C, blue).
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Figure S2 – Time course of ChlF parameters (FV/FM, PIABS, ΨE0 and ∆VIP) measured for Taraxacum sp. in the three monitored
plots in the grassland. For each measured day, the ChlF parameter average value (n = 7 or 8) ± SD for each of the four mea-
surement time periods (11:00, 13:00, 15:00, and 17:00 h) is represented for the three monitored plots (A, purple; B, orange; C,
blue).
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Figure S3 – Time course of ChlF parameters (FV/FM, PIABS, ΨE0 and ∆VIP) measured for Trifolium repens L. in the three
monitored plots in the grassland. For each measured day, the ChlF parameter average value (n = 7 or 8) ± SD for each of the four
measurement time periods (11:00, 13:00, 15:00, and 17:00 h) is represented for the three monitored plots (A, purple; B, orange;
C, blue).
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Figure S4 – Linear relationship between gross primary production (GPP, µmol CO2

m-2 s-1) and FV/FM under low light condition (PPFD values from 67.36 to 498.5 µmol
m-2 s-1). The selection of observations performed for PPFD values from 67.36 to 199.2
µmol m-2 s-1 leads to the same conclusion.

Figure S5 – Linear relationship between gross primary production (GPP, µmol CO2

m-2 s-1) and FV/FM under high light condition (PPFD values from 1511 to 1926 µmol
m-2 s-1).
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Figure S6 – Coefficient of variation (standard error/estimated value) for the quantum
light efficient estimated for the Mitscherlich equation for each day of measurement
(DOM). Two values with a coefficient of variation exceeding 100% (208% and 552%)
are not represented in the figure.
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"The important thing is not to stop questioning. Curiosity has its own reason for existence.
One cannot help but be in awe when he contemplates the mysteries of eternity, of life, of the

marvelous structure of reality. It is enough if one tries merely to comprehend a little of this
mystery each day."

Albert Einstein (1879-1955)
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