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Nuria Pedrol, and Jaume Flexas

1  Introduction

1.1  Primary Carbon Metabolism and Gas Exchange in Leaves

Earth primary productivity reflects the balance between two important biological 
processes: photosynthesis and respiration (Atkin et  al. 2015; Niinemets 2016). 
Photosynthesis (A) refers to the assimilation of the atmospheric CO2 and its conver-
sion into sugars, the first basic organic compounds entering the metabolism. This 
process of CO2 fixation uses the sun radiation as the energy source, and water as the 
electron donor, which in turn releases oxygen in the atmosphere. Dark respiration 
(RD) or mitochondrial respiration (Atkin and Tjoelker 2003) employs the products 
of photosynthesis through the glycolysis (cytosol), the tricarboxylic acid cycle 
(TCA, matrix of mitochondria) and the electron transport rate chain (ETC, inner 
membrane mitochondria) to produce ATP and carbon skeletons needed for growth, 
cell maintenance, and other essential cellular processes. During the process of res-
piration, O2 is consumed, and CO2 is released to the atmosphere within the same 
order of magnitude than photosynthesis (Jansson et al. 2010), which highlights the 
importance of considering this process in the leaves, whole-plant and global models 
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of carbon, water, and oxygen fluxes (Valentini et  al. 2000; Canadell et  al. 2007; 
Atkin et al. 2015). The velocity and extent of both processes can be assessed at the 
leaf level using infrared-based gas exchange analysers.

In vascular plants, photosynthesis is a complex interaction between biophysical 
processes and chemical reactions. Leaves are specialized photosynthetic tissues 
where the CO2 from the atmosphere can be trapped into the leaf through the stomata 
to the substomatal cavity, subsequently crossing the mesophyll tissues that comprise 
several different cell structures (cell wall, plasmalemma, cytosol, chloroplast mem-
brane, stroma), to finally reach the carboxylation sites of the RubisCO (Flexas et al. 
2016). RubisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase, EC 4.1.1.39) 
is the primary enzyme with a central role in photosynthesis, responsible for the CO2 
uptake by photosynthetic organisms. It is important to consider that this enzyme 
presents two different catalytic activities: carboxylation and oxygenation (i.e., fixa-
tion of both CO2 and O2). This result in direct competition between O2 and CO2 for 
the final reaction with RuBP (ribulose-1,5-bisphosphate) and the beginning of the 
Calvin-Benson cycle (Farquhar et al. 1980). While the carboxylase (fixation of CO2) 
will end-up in sugar production, the oxygenase activity of Rubisco starts the photo-
respiration cycle that ends up in the net release of CO2 (instead of CO2 fixation). 
That is why photorespiration is considered as a counter-efficient process for the leaf 
regarding carbon balance: the oxygenase decreases RubisCO availability for the 
carboxylase process, it consumes electrons captured from light radiation, and it 
releases previously fixed carbon to the atmosphere (Galmés et al. 2005, and refer-
ences therein).

In consequence, the leaf in vivo net CO2 assimilation (AN), that is measured using 
an infrared gas analyser (IRGA), is not a true photosynthesis rate, but the net bal-
ance between the rates of a carbon flux entering the leaf (the gross photosynthesis) 
and leaving the leaf simultaneously (the photorespiration and the mitochondrial res-
piration in the light). The combination of these three processes determines the leaf 
carbon balance (Valentini et al. 1995; Flexas et al. 2002, 2016) that drives primary 
productivity for any terrestrial ecosystem. This fact highlights the importance of the 
gas-exchange techniques when considering carbon fluxes in the context of climate 
change, agriculture, forestry and the understanding of natural ecosystems.

2  Theoretical Approach

2.1  Measuring Leaf Gas-Exchange: Basic Concepts 
and Measurements

The key point of these measurements is based on the tight relationship between CO2 
assimilation and water losses by transpiration (E) in the leaves through the stomata. 
By taking profit of this relationship, both specifically responsive infrared wave-
lengths for CO2 and water vapour were used to develop sensors as the basis of the 
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infrared gas-exchange analyzers (IRGAs). Simultaneous monitoring of the changes 
in CO2 and water vapour across a leaf, provides a precise and integrated in vivo 
measurement of the net photosynthesis and the transpiration in illuminated samples, 
and also of the mitochondrial respiration rate and the residual transpiration in dark-
ened samples (Field et  al. 1989, 2000; Flexas et  al. 2012b; Evans and Santiago 
2014; Montero et al. 2016).

From the 1980s, gas-exchange analysers have become a common tool for plant 
ecophysiologists, and especially when the first models of “portable” equipment 
were developed, opening the possibility to measure plants in field conditions (Field 
et al. 1989, 2000; Long et al. 1996). There are two main approaches available, open 
and closed path gas-exchange systems. In closed systems, there is no net flow 
entrance of air in the chamber, and flux estimations are based on the variation of the 
gas concentration over time inside the closed circuit, which includes a cuvette with 
a leaf inside. Instead, the open pathways systems have a net flow of air entering and 
exiting the system, and the estimations are based on differences of concentration of 
two split fractions of air, one fraction having flown freely from the entrance to an 
IRGA, and the other one having passed through the leaf cuvette chamber into a 
second IRGA (Gallé and Flexas 2010). In this chapter, we will use as an example an 
open system (Fig.  4.1), the LI-COR 6400XT (LI-COR Inc., NE) portable gas- 
analyser coupled with chlorophyll fluorescence system.

Basically, the open system of the LI-6400 works as follows (Fig. 4.1): a pump 
forces the air flow to pass through a circuit, where air is split in two: a fraction goes 
straight to an IRGA, and the other fraction goes through a second IRGA after pass-
ing through the measuring chamber or cuvette with a leaf inside. [CO2] and [H2O] 
are measured in both IRGAs, the reference one reflecting the concentrations enter-
ing the chamber (Ce and We), and the sample one determining the concentrations 
after interaction with the leaf and exiting out of the leaf chamber (Co and Wo).

The differences in [CO2] and [H2O] between these two measurements are used to 
determine the leaf net assimilation and transpiration rates (Fig. 4.2).

CO2 and water vapour concentrations can be regulated in the equipment. If the 
user needs a determined concentration of any of the two gases, these can be 
decreased or even fully removed by passing air through different chemicals. For 
example, CO2 is absorbed by soda lime (Ca(OH)2 and NaOH granulates), and water 
vapour by drierite (CaSO4) or silica gel (caution: before manipulating these chemi-
cals check their safety datasheets carefully!). CO2 concentration can be automati-
cally regulated using the sensor readings using a mixer that controls the disposable 
compressed CO2 gas cylinders to provide the required CO2 air concentration into 
the already CO2-free air (after previous full depletion using soda lime). In the 
LI-6400 it is not possible to increase the concentration of water vapour automati-
cally using an analogous system; otherwise, with the new equipment LI-COR 6800 
(LI-COR inc., NE), and as well the Walz GSF-3000 (Walz, Effeltrich), water vapour 
can also be automatically controlled regulating the gas concentration employing 
desiccant and humidifier chemicals integrated into the air pipe system with electro-
mechanical valves.

4 Measuring Photosynthesis and Respiration with Infrared Gas Analysers
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Fig. 4.2 Scheme of the gas-exchange measurement chamber with the main calculations. 
Photosynthesis (A) and transpiration (E) are calculated as differences in CO2 and H2O concentra-
tion, based on the readings of the IRGAs in the Reference and Sample circuits (mass balance 
equations), with F the flow and La as leaf area inside the measurement chamber. The mass-balances 
fluxes are hypothesised to reflect the pure physiological fluxes faithfully. From this basics equa-
tions, it can be further calculated the stomatal conductance (gs) employing Tleaf (leaf temperature) 
and CO2 concentration at the sub-stomatal cavity (Ci)

Fig. 4.1 In the LI-6400 Open Flow-Through Systems (bottom), the gas stream is split up into 
sample and reference flow, which continuous differential measurements without alternating; more-
over, IRGAs are located in the head, so that gas measurements take place in the same space in 
which leaf is located, thus avoiding delay between response and measurement. For comparison of 
advantages with respect to previous models: (top) One absolute IRGA, switch between in and out, 
discontinuous measurements; (middle) two absolute IRGAs, continuous measurements, long tub-
ing; (bottom) two absolute IRGAs, continuous measurements, IRGA in the head, shorter tubing
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CO2 and water vapour leaf fluxes are measured by the difference between the 
reference and sample circuits (Figs.  4.1 and 4.2) as early proposed by Gaastra 
(1959) and then modified like in von Caemmerer and Farquhar (1981):
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where Ce and Co are the CO2 mole fraction at the chamber entrance and output, 
respectively; ue is the incoming flow air (mol air s−1), La is the leaf area surface (m2), 
and E is the transpiration rate (mol H2O m−2 s−1). IRGAs can be used as well to 
measure leaf dark respiration when the leaf is under darkness conditions: photosyn-
thesis and photorespiration are both suppressed by the absence of light through the 
chloroplast electron transport chain. When measuring leaf respiration with an 
IRGA, the “photosynthesis” measured by the device will appear as negative (the 
system applies the same equation under light or dark conditions). In consequence, 
that flux must be interpreted as a positive CO2 flux corresponding to the leaf respira-
tion, driven by the mitochondria in darkness.

Stomatal conductance to water vapour (gs) can be calculated from E, by using the 
leaf temperature – wich is measured by a thermocouple placed inside the cuvette 
(caution: before each use, it should be tested that the thermocouple is working, well 
calibrated, and in close contact with the leaf to be measured!) – and accounting for 
the boundary layer effect. This calculation assumes that within the substomatal cav-
ity the relative humidity is around 100%. This allows to calculate the Wi ([H2O] in 
the sub-stomatal cavity), that in turn allows the estimation of the conductance of the 
water pathway using the first Fick’s law of diffusion: gsw = E/(Wi – Wa) (with Wa the 
[H2O] in the atmosphere – chamber in this case) (Fig. 4.2). Physiologists commonly 
use gs more than E, since E is sensible to Wa (a variable atmospheric condition) and 
this is not a biological process. In turn, gs is a full biological process mostly reflect-
ing the degree of stomatal aperture (Osmond et al. 1979). Keep in mind that gs can 
be affected by external factors, but the leaf itself actively controls it. Stomatal con-
ductance can be expressed in terms of H2O (gsw) or CO2 (gsc), with gsw = 1.6 gsc. The 
1.6 factor denotes the difference in diffusivity in the air of the two molecules. This 
allows to calculate the CO2 concentration at the substomatal cavities (Ci), applying 
again the first Fick’s law of diffusion with Ci = Ca – AN/gsc where Ca is the atmo-
spheric [CO2] (inside the chamber in this case) (Fig.  4.2) (Gaastra 1959; von 
Caemmerer and Farquhar 1981; Gallé and Flexas 2010).

From these measurements, another interesting parameter can be calculated, the 
water use efficiency (WUE), which represents the balance between carbon gains 
and the associated costs in water. So, employing instantaneous gas exchange mea-
surements, it is easy to directly estimate it using the ratio between AN and either E 
(so- called instantaneous WUE) or gs (intrinsic WUE). This parameter drives plant 
productivity and the interaction of the plant with a changing environment, becom-
ing highly important to improve irrigation and crop breeding strategies to face 
with the climatic change challenge threat to agriculture in the semi-arid regions 
(Gago et al. 2014).

4 Measuring Photosynthesis and Respiration with Infrared Gas Analysers
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These are the basic measurements that can be performed with a gas-exchange 
system. It is essential to know how the system works, the theory behind and its 
practical limitations to guarantee the precision and quality of your data. Moreover, 
these measurements take more relevance when considering that they are at the basis 
of many other procedures that are used to characterize the leaf physiology com-
pletely. We can also recommend excellent practical protocols for gas-exchange and 
fluorescence measurements already published as Evans and Santiago (2014) “Gas 
exchange using a LI-COR 6400”, or the Licor LI-6400XT Manual itself.

2.2  Combining Chlorophyll Fluorescence and Gas-Exchange: 
Opportunities for Deep Photosynthesis Characterization

As mentioned previously, photosynthesis is driven thanks to the energy that comes 
from the sun. Leaves first capture the photon radiation by the chlorophyll mole-
cules; then, this energy can be transferred through three different main processes: 
(1) used in photochemistry, where the energy captured is employed in the photosyn-
thetic process; (2) dissipated by an exothermic reaction (heat dissipation); and (3) 
re-emitted in a longer wavelength (i.e., less energetic radiation than that received), 
the so-called chlorophyll fluorescence. These processes work in competition, so any 
decrease in one of them directly imply increases in some of the other two. This 
theory is employed to estimate the yield of chlorophyll fluorescence, capturing 
information about photochemistry and heat dissipation.

Currently, theoretical frameworks basically rely on the so-called “Kautsky 
effect”, early observed when a leaf transferred from dark to light has its fluorescence 
that rapidly increases (within 1 s or so) and then slowly decreases to steady state. 
This pattern can be explained as follows: In the dark, heat dissipation processes 
depending on enzyme activity (e.g., those related to the xanthophyll cycle) are dis-
abled (e.g., Murchie and Niyogi 2011; Demmig-Adams et al. 2012). But chlorophyll 
fluorescence and the early steps of photochemistry (i.e., light capture by antenna 
chlorophylls, charge separation in the reaction center, and most of the electron trans-
port in the thylakoid) are active because being physical and not enzymatic processes. 
Photochemistry can absorb a reduced amount of the incoming energy, and therefore 
all the remaining leads to a rapid large increase of chlorophyll fluorescence from a 
basal level (Fo) up to its maximum capacity (Fm). Then, as the light is kept on, the 
RubisCO and other enzymes become activated, as well as the xanthophyll cycle-
related heat dissipation. Since these two processes compete with chlorophyll fluo-
rescence for the use of the energy absorbed by chlorophylls, their progressive 
light-induced activation leads to a subsequent slow decrease of chlorophyll fluores-
cence that will relax until reaching some steady-state value (Fs). Such effect reflects 
the competitive balance between the three processes that depend on the light inten-
sity as well as on the physiological status of the leaf. If a short but intense pulse of 
light is applied now, photochemistry will become rapidly saturated, and chlorophyll 
fluorescence will rise again within 1 s or so, but still a lower value than Fm (referred 
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as Fm′). This is because, contrary to darkness, heat dissipation under light condition 
is competing with chlorophyll fluorescence for the use of the light energy.

Several parameters were defined to determine the PSII photochemistry status, and 
probably some of the most useful are the following: the maximum efficiency of the 
PSII (Fv/Fm = (Fm – Fo)/Fm)) (dark conditions); the quantum efficiency of the PSII 
photochemistry (light conditions) (ΦPSII = (Fm′ – Fs)/Fm′); the fraction of open PSII 
reaction centers, the photochemical quenching (qP = (Fm′ – Fs)/(Fm′ – Fo); and the 
thermal dissipation of energy excess (non photochemical quenching NPQ = (Fm – 
Fm′/Fm′) (see Demmig-Adams et al. 1996 and Maxwell and Johnson 2000 for further 
information). In a dark-adapted non-stressed leaf Fv/Fm should range around 0.8, this 
is the maximum potential fraction of the energy that can be converted in photochem-
istry. Any decrease of this value would come from either an increase in thermal dis-
sipation (non-photochemical quenching) or photodamage to PSII, indicating different 
types of photoinhibition process (Genty et al. 1990; Osmond and Förster 2006).

It was reported that the ΦPSII in a light-adapted leaf is a proxy for PSII photo-
chemistry, i.e., for the quantum efficiency of electron transport at the level of 
PSII. Thus, ΦPSII can be used to estimate the photosynthetic linear electron transport 
rate (ETR, Genty et al. 1990; Laisk and Oja 2018), with ETR = ΦPSII * PARi * α * β, 
where PARi is the incident photosynthetically active light radiation (μmol photons 
m−2 s−1), β the fraction of absorbed light distributed between PSII and PSI, and α the 
leaf absorbance. Note that ΦPSII and PARi can be directly measured by any gas 
exchange system coupled to a Fluorometer (like a LI-COR 6400 equipped with an 
LCF). It also gives a direct estimation of the ETR. Using the by-default parameter-
ization (found in the literature), with β = 0.5 and α = 0.87, the α * β product value 
will be 0.435, but it is highly recommended to perform a direct estimation of this 
term. First, because ETR estimates are highly sensitive to the α * β value (and thus 
all the subsequent variables calculated from ETR, like gm −the mesophyll conduc-
tance to CO2,), and, secondly, because they can largely vary among species and 
conditions, especially α (see Pons et al. 2009 and Martins et al. 2013 for a detailed 
method description). Note that leaf absorbance can be measured independently 
employing a spectroradiometer and an integration sphere; nevertheless, there is no 
robust easy-to-use method for independent estimation of β. The best way to estimate 
the value of α * β is measuring the relationship between ΦPSII and ΦCO2 through light 
or CO2 response curves under non-photorespiratory conditions (Valentini et  al. 
1995; Martins et al. 2013). This procedure will be described below (Sect. 3.2.4).

2.3  Modeling Gas-Exchange: Going Deeper in the Leaf 
Photosynthetic Characterization

Combining gas-exchange with fluorescence technologies allows going deeper in the 
leaf physiology understanding. Some of the most important in vivo information that 
can be retrieved or estimated are: (1) the mesophyll conductance – gm (that directly 
restricts the CO2 available for the RubisCO at the chloroplast stroma site); (2) the 
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rate of photorespiration (that is an important sink of energy and carbon loss for the 
leaf); (3) relative photosynthetic limitations occurring for a given leaf (stomatal, 
mesophyll and biochemical limitation; see Grassi and Magnani 2005); and (4) pho-
tosynthetic capacity parameters originally established in the model of Farquhar 
et al. (1980), i.e., the maximum velocity of carboxylation by RubisCO (Vcmax), the 
maximum capacity for electron transport rate and driving the Calvin cycle (Jmax) and 
the triose-phospate use (TPU).

 1. Mesophyll conductance estimation is based on combined gas-exchange and 
chlorophyll fluorescence data: this method was established by Harley et  al. 
(1992) and is based on the basic photosynthetic stoichiometry, i.e., that, in the 
absence of photorespiration, 4 electrons should be processed in the thylakoid 
electron transport chain to reduce two molecules of NADPH, which are required 
to fix one CO2 molecule in a carboxylation event. The idea is to find an estimate 
of Cc ([CO2] at the carboxylation site in the chloroplast stroma), and then apply 
the Fick’s law of diffusion again with gm = AN/(Ci – Cc). The complete equation 
to estimate gm is so:
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where Rday is the mitochondrial respiration in light and Γ* is the CO2 compensation 
point in the absence of Rday, and it accounts for the fact that measurements are per-
formed under photorespiratory conditions. Keep in mind that even if a model is 
robust, its correct parameterization (i.e., attributing a value to each parameter in the 
equation) is crucial to obtain reliable results. So, several methods allow estimating 
Rday, two of them being the Yin et al. (2011) method (requires a light response curve 
coupled with a Fluorometer), or the more simple Niinemets et  al. (2005, 2009) 
approach, using an empirically-based agreement that Rday equals to half Rdark. Γ* can 
also be estimated via several methods: or by gas exchange, that needs two A/Ci 
curves each performed at 21% and 2% [O2] (see Yin et al. 2009), or by in-vitro esti-
mations of the RubisCO kinetics, from which Γ* is derived (see Galmés et al. 2017 
for an extensive comparison of the methods, and Hermida-Carrera et al. 2016 for 
RubisCO kinetics database in crops). Note that other methods were developed along 
the years for those two parameters (like the “Kok” method for Rday, ot the “Laisk” 
method for both Rday and Γ*), but these are now considered non-reliable. Recent 
literature is now comparing the different methodologies to establish the robustness 
of each one (see Walker et al. 2016; Galmés et al. 2017; Walker et al. 2017).

 2. Estimation the photorespiration: this was established by Epron et  al. (1995), 
based again on the basic stoichiometry of electrons required for a carboxylation 
or an oxygenation event: Rp = 1/12[ETR – 4(AN + Rday)].
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 3. Estimating the relative limitations to photosynthesis: this approach was first pro-
posed by Grassi and Magnani (2005), based on an earlier model by Jones (1985), 
in which it was not considered the limitation by mesophyll conductance. This 
kind of analysis can be useful to compare different species (e.g., Carriquí et al. 
2015), or compare the photosynthetic performance and limitation under different 
stressed environments (e.g., Gallé et al. 2009). The aim is to decompose the dif-
ferent factors that limit the photosynthesis at a given moment and to establish a 
hierarchy of those different limitations. Two of them concern the diffusive limi-
tation: the stomatal (ls) and the mesophyll (lm) limitation. They come from the 
fact that the AN flow is considered a continuous flow restricted by two resistances 
(1/conductance) in series, since we assume that AN = gs (Ca – Ci) = gm (Ci – Cc). 
The third limitation comes from the carboxylation itself (lb). So, we can establish 
the following equations based on Grassi and Magnani (2005):
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where gtot is the total conductance to CO2 between the leaf surface and the carbox-
ylation sites (1/gtot  =  1/gs  +  1/gm). Note that this model has been improved by 
Buckley and Díaz-Espejo (2015), but the complexity of the latter is so that, in many 
cases, parameterizing this model would not be feasible, for which the Grassi and 
Magnani approach is still useful.

 4. Retrieve the biochemical photosynthetic parameters of a leaf: this approach was 
used by Farquhar and colleagues at the time to establish their extendedly used 
model (Farquhar et al. 1980). Their idea consisted in seeing the measured photo-
synthetic rate as if it was a ‘reaction velocity’ in response to ‘reaction substrate 
availability’ (approached by the Ci estimated during IRGA measurements). In 
this way, by performing gas exchange meaurements along a CO2 gradient (i.e., 
the A-Ci curves), it was possible to apply well known and simple enzyme- 
reaction equations to estimate the maximum carboxylation by the RubisCO 
(Vcmax, from the portion of the curve where the substrate CO2 is most limiting, 
under the rule of the Michaelis-Menten law for the case of inhibitory competi-
tion by substrate O2), the maximum capacity for electron transport (Jmax, from the 
CO2 non-limiting region of the curve, reflecting a limitation by RuBP regenera-
tion and, thus, the activity of photochemistry and the Calvin cycle), and the rate 
of triose-phosphate utilization (TPU, from the saturated part of the curve at very 
high [CO2]). All these parameters can be extracted from the analysis of a com-
plete A-Ci curve performed at ambient O2 and under saturating light. However, as 
Ci does not reflect the actual CO2 concentration at the chloroplast stroma (Cc) it 
is better to apply the model after considering gm, i.e., to A-Cc curves (Flexas et al. 
2012a). It can be done using gas exchange and chlorophyll fluorescence esti-
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mates of gm and Cc as outlined in previous sections, or directly based on pure gas 
exchange measurements. For the latter, Ethier and Livingstone (2004) modified 
the equations use for the fitting of the measured data against the theoretical 
model (to retrieve Vcmax, Jmax, and TPU). They transformed the Farquhar’s model 
original equation into several non-rectangular hyperbolae, improving the quality 
of the estimated parameters. They also included gm into their model (originally 
considered as infinite in the 1980s Farquhar’s model), allowing a gm estimation 
without the employment of the chlorophyll fluorescence method (see Ethier and 
Livingstone 2004). The most interesting point of this method is that it provides a 
second independent approach to estimate gm that can be useful to reinforce its 
estimation through the other methodologies mentioned. Several tools have been 
developed to facilitate this purpose, like the Excel sheet of Sharkey et al. (2007; 
Sharkey 2016).

Other useful physiological parameters can be extracted from gas exchange and 
fluorescence measurements. Other Excel tools exist, like that provided by Bellasio 
et al. (2016). These authors propose a systematic analysis of light and CO2 response 
curves (under ambient and low O2 concentration) and, in a step-by-step approach, 
the tool provides: Rday, initial PSII (photosystem II) photochemical yield, initial 
quantum yield for CO2 fixation (ΦCO2), fraction of incident light harvested by PSII 
(α * β product), initial quantum yield for electron transport, electron transport rate 
(ETR), photorespiration, stomatal limitation, RubisCO (ribulose 1·5- bisphosphate 
carboxylase/oxygenase) rate of carboxylation and oxygenation, RubisCO specific-
ity factor, gm, light and CO2 compensation point, and RubisCO apparent Michaelis–
Menten constant and Vcmax (RubisCO CO2-saturated carboxylation rate).

3  Practical Approach: Hands-on Protocol

3.1  Preparing Your Gas-Exchange Analyser for Precise 
Measurements

At the beginning of the preparation of your equipment, the most important action is 
the calibration of the sensors to ensure that your device can reproduce reliable 
results. For this purpose, regular checks of the different sensors of the gas exchange 
system are crucial; but all sensors do not require the same checking frequency.

At the beginning of this “hands-on protocol”, we split the “checks” of your 
equipment depending on the frequency that it is recommended to apply them. First, 
we propose “daily checks” the ones that need absolutely to be done every day before 
start any measurement, and second “long-term” checks to ensure quality  maintenance 
of the equipment. For this purpose, this “hands-on protocol” employs as an example 
the LI-COR 6400XT equipped with the fluorescence chamber. All the IRGAs are 
based on the same concepts, so users of others equipment can also find useful the 
recommendations that we described below. This protocol is intended to be comple-
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mentary to the manufacturer’s manual (LI-COR 2012), so we strongly recommend 
a careful reading of the manual to guarantee the proper utilisation of the equipment. 
Figure 4.3 will help you to understand what you are checking, where, and why.

3.1.1  Daily Checks Before Measuring

These checks consist of evaluating the most important sensors of the gas exchange 
system to give the best chance to perform good and reliable measurements.

First of All: “Check Around”
 – Ensure to plug every cable and tube in its right position. For example, the 

Reference and Sample tubes on the console side have the same connector, check 
that the black taped tube (Sample) is on its good (Sample) position.

 – Check that the exhaust tube (right-angled semi-transparent 10  cm tube, 
bottom- side of the chamber) is in place.

 – Check that the gaskets of the chamber are in good state and overlap each 
other perfectly when you close the leaf measurement chamber.

 – When you are sure that everything is at its place, go to next step.

 1. Start the machine, and then Scrub the desiccant and soda lime tubes. 
Meanwhile, the system is opening and you are doing the other checks, the pump 
system will empty the airflow circuit of CO2 and water. You may save some time 
at the moment to check the Zero of the IRGA. You can also place CO2 cartridge 
to fill the CO2 mixer if needed.

 2. Check the “Match Valve” test visually during the opening sequence of the 
system (the downside of the head). You can also directly activate it in the mea-
surements menu “Match” button to check its good functioning. This is what 
happens:
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Fig. 4.3 Schematic gas flow and parts of the LI-COR 6400
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 3. Check the Zero of the flow meter. For that, go to “Calib Menu” and select the 
“Flow meter zero...” wait for the countdown, then the values in mV should be 
within 1 mV from zero. Adjust it in consequence, but keep in mind this param-
eter is not likely to change day by day.

 4. Check the “Max” of the flow. Go to “New Measurements”, and fix the flow to 
1000 μmol s−1, then the reading value should be >700 μmol s−1 (menu b). On 
the contrary, a resistance on the flow is happening through the air circuit: check 
the air mufflers (white filters) there is two inside the desiccant and two in the 
soda lime tube. They are very likely to provoke this problem. If ok, fix back the 
flow to 500 μmol s−1 (for 6 cm2 chamber) or 300 μmol s−1 (for 2 cm2 chamber) 
as standard measurement flow rates.

 5. Check the “Zero” of the thermocouple. To do that, disconnect the thermo-
couple from the LI-6400 head (purple 2-pin connector, see the manual for more 
information), then the Tleaf (leaf temperature value) value must be close by ± 
0.1 °C from the Tblock (block temperature value) value (menu h). If not, this 
can be adjusted with the small screw of the downside of the head, close to the 
Reference and Sample tubes connection (see manual for further information). 
Adjustment of Tleaf zero must be made in stable temperature condition and 
after a warm-up of the system (ideally ~30 min).

 6. Check the sensitivity of the thermocouple. Gently touch the thermocouple 
with the tip of your finger and check the proper variation in Tleaf (menu h, it 
must increase). Check later also that each Tblock, Tair, and Tleaf gives reason-
able values. For your next measurements set the Tblock or Tleaf as desired.

 7. Set the light “ON”, usually with 90% red and 10% blue. Check that LEDs are 
active, and pay attention to the purplish color that ensures that blue LEDs are 
active. Check that the reading value of PARin (menu g) agree with your settings 
(chamber must be closed).

 8. Check the leaf fan (or mixing fan). Change its value (Function Key 1, f1) from 
5 to 0 to stop it, and then set it up again at 5. If you listen carefully (place the 
chamber close to your ear because the noise change is not easy to distinguish), 
you will hear a change of the sound coming from inside the leaf chamber. If not, 
check the fuses inside the console, some debris that can obstruct the fan. 
 Unfortunately, if the leaf fan is broken, you need to replace it following the 
manufacturer’s manual strictly.

 9. Check the Zero of the IRGA. This procedure consists of passing CO2 and H2O 
free air thought the IRGA; then check if the sensor reading is close to zero. 
Look for values within 5 μmol mol−1 for CO2 and 0.5 mmol mol−1 for H2O (fol-
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lowing the LI-COR manual, v 6.2, p 4–5). Focus on the Reference value only, 
since Sample will take the Reference value after a Match. Zeroing the IRGA 
must be done with care, essentially with totally free CO2 and H2O air and a 
perfectly sealed circuit. In most of the cases, non-zero values come from non- 
fresh chemicals or leaks through the air circuit. The common “guilties” are bad 
tube connections, the bad seal of the leaf chamber (2 × 3 o-rings at the chamber/
head connection), or leaks from the desiccant and soda lime tubes themselves 
or their connection with the console. An IRGA is unlikely to drift from several 
CO2 μmol mol−1 between days, as the temperature does not change drastically. 
Zeroing the IRGA is encouraged to be performed only in laboratory condi-
tions with calibrated gas tanks (pure N2, see below).

 10. Set the desired CO2 concentration. You need to close well the chamber, adjust 
the tight screw and wait for mixer stabilization. Then do a “Match” to get the 
Sample reading be “calibrated” based the Reference. Now, you can check pos-
sible leaks of the chamber gaskets by a blow-test around the chamber. If there 
is no increase >1 μmol CO2 mol−1, then, after all, you are ready to measure 
a leaf.

3.1.2  “Long-Term” Maintenance

“Long-term” maintenance procedures are not likely to be performed every day. 
They are most likely to be done… let’s say, once per month, for example, but this 
mostly depends on the frequency and intensity employing of your equipment. In 
general, they can be performed when some problems are detected and can help to 
solve it. A typical example of these type of maintenance could be the CO2 Mixer 
calibration: if the CO2 Mixer needs too much time to reach the targeted [CO2] (or 
the same for Light intensity and the light source), this can be a signal to do the 
“Mixer Calibration” procedure. However, since “prevention is always better than 
cure”, it is better to check these procedures periodically.

Internal Calibrations (Calibrations that Do Not Require an External Item 
for the Procedure)

 1. Mixer calibration

This routine checks the control signal (mV) of the CO2 mixer and the [CO2] 
delivered by the mixer itself into the circuit. This procedure is not strictly a calibra-
tion itself, in the sense that does not adjust the reading value of a sensor, but helps 
the CO2 Mixer to reach more rapidly the desired [CO2]. Go to “Calib Menu” and 
follow instructions detailed in the manual equipment. When the mixer needs too 
much time to reach the targeted [CO2], this routine can solve this problem. Also, 
keep in mind to frequently change the filter present inside the mixer (do it without 
CO2 cartridge inside), because the accumulated oil can also provoke problems of 
CO2 regulation.
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 2. Light Source Calibration

The LEDs source and the LCF (Leaf Chamber Fluorometer) can be calibrated in 
the same way it is for the Mixer. The light source will associate the different voltage 
feeding the LEDs with the corresponding reading value of PARin. This association 
will help to reach faster the desired light intensity. There is also a “Zero PARin” 
procedure that checks the offset reading that can remain in darkness. Check it 
monthly can avoid this problem.

 3. Fluorometer calibration

The Leaf Chamber Fluorometer (LCF) also needs some specific calibration/
checks. We will find the same procedure as for classical LEDs light source: a check 
of the Zero, and a calibration curve mV versus measured light. However, other pro-
cedures are specific to the LCF. One of the most important is the “Square Flash 
Calibration”, that is impaired with the “MultiPhase Flash” method (MPF). It is 
highly recommended to set the flash method on “MPF” (Function Key 8, f2, 
type = “Multiphase”), since it will ensure a better estimate of the Fm′ parameter 
even when saturation values are not easy to reach with your leaf (Loriaux et  al. 
2013). You will find this in the “Calib menu”, then “LCF source”. Keep in mind that 
other procedures can help to determine the “Optimum Flash Intensity” and the 
“Optimum Measuring Intensity”. The first one is less important since using the 
MPF method avoid the previous commented problems of PSII saturation. The sec-
ond one helps to determine the ideal intensity for Fo determination (in darkness, 
without inducing photosynthesis).

External Calibrations (Calibrations that Required an External Item 
for the Procedure)

 1. Calibrating the IRGA: Zero and Span

Zeroing the IRGA: As said in the LI-COR manual (all versions), “You will do 
more harm than good, however, if you dutifully re-zero every day using chemi-
cals…”. Another important thing to bear in mind is that “If conditions (temperature, 
mostly) haven’t changed a great deal since the last time you zeroed the IRGAs, it 
won’t need adjusting”. So, we recommend to do the check of the Zero on a daily 
basis, but zeroing the IRGA only in laboratory conditions, with pure N2 tanks. The 
best way is to connect the N2 tank to a “Y” tube-connector that feed both Reference 
and Sample circuits to the LI-6400 head (avoiding the console), with a flow of about 
0.5 to 1 L min−1. Go to “Calib menu”, then to IRGA, then IRGA Zero. Waiting for 
stabilization time is crucial at this moment, and more specifically for zeroing the 
water. The phenomenon of adsorption/desorption of water in many components 
(plastics, overall), induce a longer stabilization of the water zero. This procedure 
must also be done with a fully warmed-up machine. This means that a proper 
“Zeroing” procedure needs at least 30 min for warming and another 15–20 min for 
fully stable gases concentration.

C. Douthe et al.



65

Setting the Span: The span corresponds to the sensitivity of the sensor (here the 
IRGA) to the concentration measured. This corresponds to the slope of the relation-
ship between measured concentration and real concentration. So, you will need a 
tank with a certified CO2 concentration (for CO2 span), or a dew-point generator that 
fixes a known concentration of water (for H2O span). In principle, you need to use a 
known concentration that is within or slightly above the concentrations you are 
likely to measure. For example, the LI-COR factory uses tanks of 1500 μmol CO2 
mol−1. The procedure consists on the same set-up as for “Zeroing” the IRGA: use a 
“Y” tube-connector, set a flow of about 0.5 to 1 L min−1, and plug it directly to the 
LI-COR 6400XT head, then wait for stabilization. Then use the adjust button to 
match the reading concentration to the value of the tank (or the dew-point, in case 
of water span). The water span can be done with the LI-810 dew-point generator, 
that it was specially designed for this purpose.

 2. Light calibration

As times passes, the PARin sensor or both LCF and LEDs chamber can drift, lead-
ing to an over or under- estimation of the real PAR reaching the leaf. Light sources 
can be sent back to LI-COR factory for calibration, but checks can be done manu-
ally by the user. This possible drift can take larger importance when the PAR is used 
for further calculations, for example for ETR calculation that is subsequently 
employed for several equations as photorespiration estimation or mesophyll con-
ductance (Valentini et al. 1995; Flexas et al. 2012a). To do that, is it possible to fix 
a PARout sensor on the bottom part of the chamber (here it is really important than 
the sensor are centered and at the same exact position and distance to the light than 
leaves are placed in the chamber). Obviously, this sensor must be absolutely well 
calibrated, ideally a new fresh sensor from LI-COR factory or with less than 1-year- 
old calibration. Then, establish a calibration curve by changing the PARin value in 
let’s say 4–5 steps, and record the reading value given by the PARout sensor. Then 
it is possible to calculate the slope and the intercept of this relationship, then use 
those values to set-up your next light intensity set-up.

3.2  Making a Measurement

Now, you are almost ready to perform a precise measurement of your leaves. The 
equipment is prepared but there are some important considerations that you need to 
care when you are measuring the leaf gas-exchange and fluorescence in plants.

3.2.1  Plants Need Time to Adapt to Your Measurements Conditions

The ideal case is to measure the plant without affecting its behaviour and physiolog-
ical status, as leaves and plants are continuously interacting with the environment 
that means that leaves will need time to adapt to the new conditions in the 
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measurement chamber. Thus, reach leaf steady-state becomes really important for 
the reproducibility of your data and as well for the comparison with another data 
from other researchers worldwide.

Also, take in mind that even the photosynthesis chamber is providing stable, 
uniform and regulated conditions between all your measurements, changing the 
condition of the rest of the plant will affect the behaviour of the portion of leaf that 
is inside the chamber. So, it could be an important source of variability in your data 
measure the photosynthesis inside the chamber meanwhile the rest of the plant is 
under dark conditions, or the contrary measure the respiration in the targeted leaf 
tissue inside the chamber meanwhile the rest of the plant is under light conditions.

3.2.2  Selecting Your Target Leaves

Selecting the same type of leaf can avoid a lot of variability between your biological 
replicates. Usually, the intra-plant variability (among all leaves within the same 
plant) is much larger than the inter-plant variability (among the same type of leaf 
among several plants grown in the same conditions). Conventionally, in the litera-
ture, the researcher classically uses the “youngest fully expanded leaf”. This selec-
tion ensures to have a fully functional leaf that is not affected by ontology (leaf age). 
This leaf, in the vast majority of cases, must be a direct sun/light exposed leaf (not 
inside the canopy, not overlapped by other leaves). Of course, the leaf must be 
healthy and vigorous, not presenting any sign of herbivory, degradation, chlorosis, 
nitrogen deficiency, or any factor that can affect the physiology of the leaf.

3.2.3  The Leaf Inside the Chamber

Ensure Tight Closure Between Gaskets and the Leaf

When you have chosen the “good” leaf, then, how to clamp-it in the LI-6400 cham-
ber? The aim is to tight the leaf enough to reduce leaks (CO2 entry/exit between the 
chamber and the atmosphere) as much as possible, but not too much to do not dam-
age the leaf. To do so, it is good to use the screw of the head handle to adjust how 
tight the leaf is: “enough, but not too much”. To ensure that no or few leaks are 
present, after clamping the leaf and waited for ~30s to ensure a stabilization of the 
gas Sample circuit, you can gently blow around the chamber gaskets. Check for any 
variation within 1 μmol mol−1 of the CO2S ([CO2] in the sample = leaf chamber).

Reading Correct Leaf Temperature Values

The reading value of Tleaf should be checked after placing the leaf inside the cham-
ber. This value must be coherent with the TBlk and Tair, obviously depends on the 
light intensity selected (the higher radiation will tend to be higher the leaf tempera-
ture). Leaf temperature is a function of transpiration and stomatal conductance, so 
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stressed plants with reduced stomatal conductance would tend to show higher Tleaf 
values. Keep in mind that measuring at field conditions with the open-top chamber 
(no light source, direct sun high radiations) and high air temperature will increase 
leaf temperature importantly over the selected TBlk. If some suspicious values occur 
or leaf temperature is unstable, check if the leaf perfectly contacts the thermocou-
ple. The ultimate check consists of checking the reading of the Tleaf with a stan-
dardised thermocouple (external confirmation).

Area Correction

All the gas-exchange calculations are taking into account the area of the leaf. 
Photosynthesis chambers have a defined area, so if your leaf coverage the entire 
measurement area then calculations can be done automatically. Several species have 
leaves that do not allow you to cover the entire measurements area. Thus area cor-
rection is needed. Fortunately, the LI-COR output excel file provide all the formu-
lae: so you just have to correct the area values and the rest of calculations change 
automatically. Area correction is typically done taking a picture of the exact piece 
of leaf inside your chamber, and then area calculation can be done with an image 
analysis software, for example, ImageJ (Carriquí et al. 2015; Tosens et al. 2016).

Light Saturation Measurements

In most of the cases, you want to measure your plant at saturating light to avoid 
changes in photosynthesis from intensities below saturating conditions. On the 
other hand, in some cases like shade species, too high saturating light radiation can 
induce photoinhibition. For this, it is recommended to determine the correct light 
intensity at which your plant saturates for light. To do so, perform a light response 
curve and take the minimum light intensity when the photosynthesis is saturated.

Air Vapor Pressure Deficit, Humidity and Stomata Interaction

Once the leaf is stabilized in the chamber and Tleaf reading is correct, others checks 
must be done concerning the water vapour inside the chamber. This parameter can 
be assessed when you read the value of H2OS (concentration of water vapor in the 
Sample) or HR_S (relative humidity in the Sample). Preferably, check the relative 
humidity and ensure that is comprised between 40% and 70%. Dry air will increase 
the Vapour Pressure Deficit (VPDa) around the leaf provoking a stomatal closure 
(stomatal conductance, Cond) that can, in turn, induce a possible decrease of the 
photosynthetic rate (Photo) (Pérez-Martín et al. 2009). In the other hand, relative 
humidity higher than 80% in the LI-COR 6400XT can affect the stability of the CO2 
readings importantly, as well reduce the precision of estimation of the 
water-exchange.
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It is also important to check as well that the difference in water vapor concentra-
tion between the surrounding atmosphere and that inside the chamber (H2OS). A 
too large gradient between chamber and atmosphere can provoke leaks of water 
vapor, which will affect the estimation of stomatal conductance and leaf transpira-
tion rate (Trmmol). To check this, before clamping the leaf, do a check of the H2OS 
when the chamber is open, and let the surrounding air enter the chamber. This will 
give an idea of the water concentration and the relative humidity of the surrounding 
atmosphere during the measurements.

The Importance of Reaching the Leaf Steady-State

The leaf steady-state means the stabilization of all photosynthetic parameters before 
starting the measurements. Steady-state is a crucial point for good measurements. 
Once the leaf is inside the chamber, usually at saturating light, the photosynthesis is 
very likely to stabilize pretty rapidly. This comes from the fact that carbon fixation 
depends directly on the light available to feed the electrons transport rate. Those 
reactions are very fast, so any change in light is almost instantaneously reported on 
the photosynthetic rate.

The other factor limiting photosynthesis is the availability of CO2 at the RubisCO 
site. This second factor is directly affected by the degree of aperture of the stomata, 
i.e., the stomatal conductance. This parameter, in turn, changes very slowly over 
time. The time needed to change from closed stomata to fully open can take 1 hr for 
some species. The steady-state is reached when both photosynthetic rate (Photo) 
and stomatal conductance (Cond) are fully stable. At that moment, the leaf is in 
steady-state, the measurements can begin. So once the leaf is clamped, wait mini-
mum 15 min and then check the stability of Photo and Cond, over a time scale of 
10 min in the LI-6400 graphs menu. If both are stable over a 10 min time lap, there 
is a good probability that the steady-state is reached. For very fine measurements or 
specific species, a steady-state of 1 h can be required. Typically, plants at field con-
ditions reach the steady-state faster than plants from growing-chambers.

3.2.4  Ensuring the Precision of Your Measurement

The estimations of photosynthesis and transpiration rate are based on the difference 
of concentrations between the Reference and the Sample. Knowing that each IRGA 
has its own error of measurement (maximum deviation of ±5 μmol mol−1 from 0 to 
1500 μmol mol−1, and ± 10 μmol mol−1 from 1500 to 3100 μmol mol−1), when the 
difference of concentration between Reference and Sample is very low, the precision 
of measure decreases. When the delta (of CO2, for example) gets close to 0.5 μmol 
CO2 mol−1, then it is comprised within the measurement error. No reliable data can 
be obtained this way. One solution that can help to avoid or at least reduce this prob-
lem is to decrease the air flow through the chamber. This action decreases the air 
turn-over of the chamber and lets the leaf affecting more the [CO2] and [H2O] in the 
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chamber. This provokes an increased delta, so we obtain a better precision but 
employing more time to make the measurements. Decreasing the air flow through 
the chamber is especially useful when measuring leaf respiration, plants with 
extreme low photosynthetic rates, or plants under a treatment (water stress, low 
light, low nitrogen, etc.). Since normal operating flows are 500 μmol s−1 (for 6 cm2 
chamber) or 300  μmol  s−1 (for 2  cm2 chamber), consider that the flow can be 
decreased up to 200–150 μmol s−1 depending on the chamber. Lower values would 
affect response time. In certain cases, e.g., for species with low exchange rate such 
as mosses, lower flow values could be attained. Another possible solution is to 
increase the area of measurement by choosing larger leaves.

Why do not work all the time at very low flows? Low flows also increase the 
influence of aside (chamber/surrounding atmosphere) CO2 and H2O exchanges (like 
leaks, typically). The second limit is the risk of condensation inside the chamber. At 
very low flow, the water coming from leaf transpiration can accumulate too much 
inside the chamber (rising air humidity). This accumulation increases the probabil-
ity to reach the dew-point of the chamber (100% relative humidity), thus provoking 
water condensation inside the chamber. Condensation is a dramatic problem for the 
gas exchange user. Condensation will “trap” water inside the chamber inducing a 
wrong estimation of the transpiration rate. Moreover, once the water has condensed 
inside the air circuit of the LI-6400 (chamber, or in another part), it is very hard to 
fully re-evaporate this liquid water to come back to the proper conditions of mea-
surement. If you have problems with condensation in your circuit, you must dry it. 
This can be done by connecting a dry air source to the system (console inlet or head) 
with a vent to avoid over or under-pressure. This can take several hours, overnight 
is recommended.

3.3  Further Considerations and Useful Tips

3.3.1  Leak Corrections

As said above, CO2 (and H2O) exchanges between inside the photosynthesis cham-
ber and the surrounding atmosphere can be present. This is particularly the case 
during A/Ci curves since the chamber (Sample) [CO2] changes dramatically (from 0 
to 2000 μmol CO2 mol−1). Leakage can produce an artifactual photosynthesis rate 
that does not come from the leaf. For example, at low CO2 the CO2 is going from the 
atmosphere to inside the chamber, decreasing the estimate photosynthesis; at high 
CO2, the CO2 is entering from the inside of the chamber to atmosphere, increasing 
the estimate photosynthesis. The importance of the leaks flow will directly depend 
on the morphology of the measured leaf (thickness, regularity of the shape, size of 
leaf’s vein).

In order to compensate this effect, “leaks curves” must be performed. The basic 
idea relies on employing the very same leaf to reproduce the leakage of its surface 
with the gaskets of the chamber, to check for the physical leakage. However, obvi-
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ously, you do not want any biological gas-exchange from the leaf disturbing the 
physical leakage that you want to analyse. So, you can stop the biological gas- 
exchange using different manners: submerge the leaf in boiling water for 2–3 min, 
place in an oven at 110 °C for 1–2 min, or employ an oven for 2–3 min at 110 °C. Any 
case, you must ensure that the tissue is dead (thus no gas-exchange) with a Log with 
fluorescence measurement, and check the value of the ETR. If it is negative, then 
your leaf will not interact with the chamber atmosphere. Obviously, the method 
employed must preserve as much as possible the structure of the leaves to simulate 
the interaction between leaf surface and chamber gaskets that drives the leakage. 
Now place the leaf in the chamber and perform a classical A/Ci curve (ideally the 
same used to measure the functional leaf). The A/Ci curve performed with the dead 
leaf will produce a response curve of apparent photosynthesis (Photo) to the [CO2] 
changes in the chamber (CO2S). This relationship is positive, relatively linear, with 
min and max values of apparent photosynthesis from −1 to 4 μmol m−2 s−1. A trick: 
in theory, the CO2S at which Photo = 0 should correspond to the [CO2] of the sur-
rounding atmosphere at the moment of the measurement. The next step is to calcu-
late the equation of the obtained relationship Photo = a*CO2S + b where a and b are 
the slopes and the intercept of a linear function. This allows calculating the apparent 
photosynthesis (leaks) that occurred during the A/Ci curve performed with the func-
tional leaf, using its own CO2S. The apparent photosynthesis  – or leak, will be 
rested to the measured photosynthesis to obtain the leaf photosynthesis corrected 
for leaks. Keep in mind that any variable calculated from the photosynthesis rate, 
like Ci must be corrected as well. Fortunately, the excel data files (.xls) generated by 
the LI-COR 6400XT recalculate all those variables in consequence.

3.3.2  Correction of the ETR: ΦPSII and ΦCO2 Under Non Photorespiratory 
Conditions

Some parameters, like ETR, need some specific parameterization procedure to be 
correctly estimated. As it was reported previously:

 ETR = * * *PARi PSIIF a b  

where PARi is the incident photosynthetically active radiation, ΦPSII is the quantum 
yield of the PSII, α the leaf absorption (by default 0.87) and β the electrons portion-
ing between PSI and PSII (by default 0.5). There are some methods which estimate 
them separately, but here we will see the main method used to estimate α  *  β 
product.

The aim is to generate a linear relationship between ΦPSII and ΦCO2 under non- 
photorespiratory conditions (low, ~2% O2 atmosphere). The source of variation can 
be light of CO2 (knowing that the CO2 method will need leaks correction). See 
Martins et al. (2013) for an extended description and test of the method. To do so, 
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AN/PAR or AN/Ci curves should be performed by feeding the LI-COR 6400XT with 
air without O2 (typically N2 air-compressed tank). This can be achieved by plugging 
the inlet of the LI-6400 console to a tank of pure N2, with the caution a place vent 
(using a “Y”) between them to do not damage the pump because of overpressure. To 
check that low O2 air truly feeds the leaf, the steady-state photosynthesis at low O2 
should be around 20–30% higher than under 21% O2 (because you are inhibiting the 
photorespiration activity of RubisCO). After checking the increase of photosynthe-
sis (wait ~10 min after plugging to the N2 source), you can start the A/PAR or A/Ci 
curve. Only the very linear part of the relationship will be employed in the calcula-
tions. Once the (positive) linear part of the ΦPSII and ΦCO2 relationship is selected, 
extract the slope to have: α * β = 4/slope.

3.3.3  Physiological “Tricks” to Keep in Mind

Once the machine is well calibrated and the leaf correctly placed in the chamber, 
there are some tricks that you are better to know to ensure that data provided are 
reliable.

 – There is a “general rule” about the proportion of photosynthetic rate and the 
stomatal conductance, for the vast majority of the species. In general, when the 
photosynthesis is ca. 10 μmol m−2 s−1, the gs is about 0.1 mol H2O m−2 s−1. Species 
with high photosynthesis (>20 μmol m−2 s−1) will systematically present high gs 
values (0.2–0.3 mol m−2 s−1). For example, a plant with very high photosynthesis 
cannot have very low gs. The inverse can be more likely (low photosynthesis, 
high gs) but this will be true only for specific species (typically from wet/flooded 
areas, or from shade conditions). Any case, you have plenty of data in the litera-
ture analyzing this relationship (for example Flexas et al. 2013; Gago et al. 2014) 
and, of course, the topic deserves from you a previous search in the literature to 
know reported photosynthetic data of your species.

 – Combining gas-exchange with fluorescence data is very useful to check the ETR/
AN ratio. The theory says that photosynthesis needs at least 4 electrons to fix one 
molecule of CO2 through the Calvin-Benson cycle; so, knowing that the photo-
respiration is also present (and also consuming electrons), the ETR/AN ratio range 
from 8–10 for C3 species (Flexas et al. 2002). For C3 species, low ETR/AN ratio 
indicates that it could be a problem in the estimation of the ETR. Alternatively, if 
you are using thick leaves, it could be an impairment between ETR (collected 
from the upper cell layer of the leaf) and net photosynthesis, that integrates all 
the layer of the leaf. Wrong estimation of α * β product can be the cause, wrong 
estimation of the PAR, or non-saturation of the PSII (too low Fm′ values). Higher 
values of this ratio will indicate stress in your plants as typically CO2  assimilation 
shows a steeper slope reduction under stress than the ETR (Flexas et al. 2002).
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