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Abstract

Gas exchange measurements enable mechanistic insights into the processes that

underpin carbon and water fluxes in plant leaves which in turn inform understanding

of related processes at a range of scales from individual cells to entire ecosytems.

Given the importance of photosynthesis for the global climate discussion it is

important to (a) foster a basic understanding of the fundamental principles

underpinning the experimental methods used by the broad community, and (b)

ensure best practice and correct data interpretation within the research community.

In this review, we outline the biochemical and biophysical parameters of

photosynthesis that can be investigated with gas exchange measurements and we

provide step‐by‐step guidance on how to reliably measure them. We advise on best

practices for using gas exchange equipment and highlight potential pitfalls in

experimental design and data interpretation. The Supporting Information contains

Plant Cell Environ. 2024;1–21. wileyonlinelibrary.com/journal/pce | 1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Authors. Plant, Cell & Environment published by John Wiley & Sons Ltd.

http://orcid.org/0000-0001-6912-0156
http://orcid.org/0000-0002-3199-8999
http://orcid.org/0000-0001-8533-121X
http://orcid.org/0000-0001-5918-8093
http://orcid.org/0000-0003-4144-6028
http://orcid.org/0000-0003-3603-9997
http://orcid.org/0000-0003-4423-4100
http://orcid.org/0000-0002-4073-7221
http://orcid.org/0000-0001-6251-024X
http://orcid.org/0000-0002-7282-8929
http://orcid.org/0000-0003-1198-5389
http://orcid.org/0000-0002-3641-5967
http://orcid.org/0000-0002-2105-2825
http://orcid.org/0000-0001-5932-6468
http://orcid.org/0000-0003-1871-9497
mailto:Maria.Papanatsiou@glasgow.ac.uk
mailto:f.a.busch@bham.ac.uk
https://wileyonlinelibrary.com/journal/pce
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fpce.14815&domain=pdf&date_stamp=2024-02-06


exemplary data sets, experimental protocols and data‐modelling routines. This

review is a community effort to equip both the experimental researcher and the data

modeller with a solid understanding of the theoretical basis of gas‐exchange

measurements, the rationale behind different experimental protocols and the

approaches to data interpretation.

K E YWORD S

carbon reactions, photosynthesis, stomata

1 | INTRODUCTION

For decades, gas exchange techniques using infrared gas analysers

(IRGAs) have been widely used to measure fluxes of CO2 and H2O

into and out of leaves and, less frequently, nonfoliar tissues. These

measurements allow for assessments of the physiological perform-

ance of leaves and to benchmark the biochemical capacity for

photosynthesis (von Caemmerer, 2013; Long & Bernacchi, 2003;

Long et al., 1996). Measurements of leaf‐level gas exchange enable

mechanistic understanding of the molecular processes determining

carbon and water fluxes and inform understanding of ecosystem

function (Bernacchi et al., 2013; Ely et al., 2021; Rogers et al., 2017).

Built on a long history of technology innovation in the space of

chamber design and analyser setup (Bloom et al., 1980;

Gaastra, 1959; Long & Hallgren, 1985), current commercial gas

exchange systems are precise, often portable, and relatively easy to

use. They have enabled measurements of in situ photosynthetic CO2

assimilation (A) and stomatal conductance (gs) in diverse ecosystems

from the tropics (e.g., Carter et al., 2021; Slot & Winter, 2017) to the

arctic (Rogers et al., 2019), and from grasslands to forests to

agricultural fields (e.g., Coast et al., 2021; Dillaway & Kruger, 2010;

Koester et al., 2016; Wohlfahrt et al., 1999).

Gas exchange measurements can test how fluxes of CO2 and

H2O between the leaf and the atmosphere change as environmental

conditions in the leaf chamber are manipulated (e.g., Ball et al., 1987;

Leakey et al., 2006; Li et al., 2021; Miner et al., 2017; Wolz

et al., 2017) and how long‐term growth under different environ-

mental conditions impacts rates, biochemical capacity and diffusional

limitations of photosynthesis (see Ainsworth & Long, 2005; Medlyn

et al., 2002; Wittig et al., 2007; Yan et al., 2016 for meta‐analyses).

Gas exchange measurements have also improved our understanding

of the physiology of species operating different types of photo-

synthesis (such as C3, C4, CAM) (Hogewoning et al., 2021; Lundgren

et al., 2016; Sage & Kubien, 2007; Schuster & Monson, 1990).

Several introductory guides to gas exchange have been

published, mostly focusing on the details of a particular measure-

ment technique (Busch, 2018; Evans & Santiago, 2014; Haworth

et al., 2018; Long & Bernacchi, 2003; Parsons et al., 1997). In the

following, we give an overview of the biochemical and biophysical

photosynthetic processes that can be investigated with gas

exchange measurements and outline the parameters that can be

estimated. We then discuss suitable approaches for quantifying

these parameters with photosynthetic gas exchange techniques in

C3 plants, which operate the dominant photosynthetic pathway.

However, in many cases the approaches can be applied to C4 or

CAM species with appropriate modifications, some of which are

discussed in this article.

While recording gas exchange data with current commercially

available equipment is relatively easy, the obtained data are not

necessarily meaningful. Both the correct experimental design and the

correct data interpretation are crucial for obtaining high quality

information. We therefore include here “how‐to” tips that have not

been part of prior guides. Of course, the specific design of

commercial gas exchange equipment varies between manufacturers

and the reader should refer to the manufacturer manuals for their

operation (see, e.g., LI‐COR, 2012, 2022; Walz, 2019). Our

recommendations and nomenclature are based on current common

practice but deviate where we feel a new approach is beneficial. In

particular, this includes new recommendations for fitting light

response curves. The review will thus equip the novice with a solid

foundation in the technique and also offers the experienced

researcher some new ideas. Overall, our intention is to outline

procedures that facilitate successful measurements, but we note that

these recommendations can and may have to be modified to address

specific research questions.

2 | KEY PARAMETERS OBTAINED FROM
GAS EXCHANGE MEASUREMENTS

Photosynthetic CO2 fixation is the result of a complex set of

biochemical and biophysical processes, many of which can be probed

with gas exchange techniques. Gas exchange measurements inform

us about diverse aspects of carbon and water relations, ranging from

processes associated with the light‐dependent and light‐independent

reactions to CO2/H2O diffusion and the sink capacity of a leaf. The

only information that gas exchange measurements give us directly

are concentrations of CO2 and H2O and the associated net fluxes.

However, a wide range of parameters can be estimated from these

values indirectly, based on certain assumptions. These parameters
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can be crudely divided into three categories (Figure 1, Table 1): The

first category informs on the ‘maximum’ capacities of the leaf, and its

parameters describe the intrinsic properties of a leaf's investment

into different photosynthetic aspects. These parameters may have a

fixed temperature response or may change throughout leaf develop-

ment but can otherwise be treated as constants. The second category

informs on the current physiological state of a leaf, that is, the

‘instantaneous’ or ‘effective’ rates that are realised during the

instance of the measurement. These are variables that can be

expected to change in the short‐term (seconds to hours) with

changing environmental conditions, such as light intensity, atmo-

spheric [CO2] or water status. The third category includes parameters

that describe some aspect of photosynthetic performance, but may

not directly correspond to a single identifiable physiological trait.

Examples include the CO2 concentration at which A transitions from

one biochemical limitation to another, or the relative contribution of

different physiological processes limiting A. For a list and definitions

of all parameters see Table 1.

2.1 | Maximum capacity, flux and conductance

The maximum capacity of the biochemical processes is captured by three

variables: (i) The maximum rate of ribulose 1,5‐bisphosphate (RuBP)

carboxylation (Vcmax) represents the capacity of RuBP consumption in the

Calvin–Benson–Bassham (CBB) cycle, with ribulose‐bisphosphate

carboxylase‐oxygenase (Rubisco) thought to be the key rate‐limiting

step. (ii) The maximum rate of photosynthetic electron transport (Jmax)

represents all processes involved in RuBP regeneration, and it is thought

to be limited by the rate of water splitting at photosystem II (PSII) and/or

the rate of electron transport through cytochrome b6f (Johnson &

Berry, 2021). Vcmax and Jmax are the rates that can theoretically be

achieved when the chloroplastic CO2 concentration (or light intensity in

case of Jmax) is infinite, and no process other than Rubisco carboxylation

(or electron transport) is limiting. (iii) The maximum rate of triose

phosphate utilisation, Tpmax, relates to the capacity of starch synthesis or

sucrose export from the chloroplast. Tpmax may reflect a limitation of

other plant organs to metabolise or store the new assimilates and is thus

F IGURE 1 Choosing the right parameters to measure for the research question at hand. Photosynthetic properties can be separated into
traits describing biochemical and gas diffusion properties as well as gas fluxes into or out of the leaf. The first step is therefore to determine the
broad category of traits the gas exchange measurements to assess. The next question is whether the photosynthetic properties of interest relate
to an instrinsic leaf property or the operational state of a leaf under a specific environmental condition. Other, more descriptive, properties can
also be estimated from gas exchange measurements. The parameters that can then be quantified in support of the research question are given
along with suitable experimental approaches for each, described in detail in Supporting Information S1. Definitions for the parameters and
variables can be found in Table 1.
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TABLE 1 Variables, units and typical values under ambient conditions.

Variable Unit with scaling
Typical value
at 25°C a

A Net CO2 assimilation rate μmol m−2 s−1 10–20

Ac Potential Rubisco‐limited net CO2 assimilation rate μmol m−2 s−1

Aj Potential electron transport‐limited net CO2 assimilation rate μmol m−2 s−1

Amax Maximum CO2 assimilation rate at light and CO2 saturated conditions μmol m−2 s−1 20–40

Aopt CO2 assimilation rate at the photosynthetic temperature optimum μmol m−2 s−1 10–30

Ap Potential triose phosphate utilisation‐limited net CO2 assimilation rate μmol m−2 s−1

Asat Light saturated CO2 assimilation rate at ambient Ca μmol m−2 s−1 10–20

Ca Ambient (atmospheric) CO2 mole fraction μmol CO2 mol−1 air 420

Cc Chloroplastic CO2 mole fraction μmol CO2 mol−1 air 200

Ci Intercellular CO2 mole fraction μmol CO2 mol−1 air 300

Ci,trans Intercellular CO2 mole fraction, at which A transitions from RuBP‐
saturated to RuBP‐limited

μmol CO2 mol−1 air 350

Ci* Intercellular CO2 compensation point in the absence of respiration μmol CO2 mol−1 air 45

E Transpiration rate mmol m−2 s−1 5

g0 ‘Residual’ stomatal conductance of BB model mol m−2 s−1 0.05

gbc Boundary layer conductance to CO2 mol m−2 s−1 1–2.5

gbw Boundary layer conductance to H2O vapour, =1.37 gbc mol m−2 s−1 1.5–3.5

gcw Cuticular conductance to H2O vapour mol m−2 s−1 0.05

gsc Stomatal conductance to CO2 mol m−2 s−1 0.25

gsw Stomatal conductance to H2O vapour, =1.6 gsc mol m−2 s−1 0.4

gm Mesophyll conductance to CO2 mol m−2 s−1 0.3

Ic Light compensation point μmol m−2 s−1 15

Iinc Flux density of incident photosynthetically active radiation μmol m−2 s−1 0–2000

Isat Saturating light intensity μmol m−2 s−1 500

J Potential rate of electron transport at a given light intensity μmol m−2 s−1 100

Ja Actual rate of electron transport μmol m−2 s−1 0–150

Jmax Maximum rate of electron transport μmol m−2 s−1 200

Kc Michaelis–Menten constant for CO2 μmol mol−1 b 250–900

μM 8–30

Ko Michaelis–Menten constant for O2 mmol mol−1 b 200–500

μM 250–650

lb Relative biochemical limitation Dimensionless

lm Relative mesophyll limitation Dimensionless

ls Relative stomatal limitation Dimensionless

m Empirical slope of BB model Dimensionless

O Oxygen mole fraction mmol O2 mol−1 air 210

P Atmospheric pressure kPa 100

Rd Rate of respiratory CO2 release from the mitochondria (assumed here

to be independent of irradiance)

μmol m−2 s−1 1

4 | BUSCH ET AL.
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TABLE 1 (Continued)

Variable Unit with scaling
Typical value
at 25°C a

Rdark Apparent rate of respiration at the leaf level in the dark μmol m−2 s−1 1

Rlight Apparent rate of respiration at the leaf level in the light μmol m−2 s−1 0.7

RH Relative humidity (as a fraction) Dimensionless 0.3–0.8

Sc/o Relative specificity of Rubisco kPa kPa−1 b 1900–2900

M M−1 70–110

sc Henry's law solubility constant for CO2 M kPa−1 0.000334

so Henry's law solubility constant for O2 M kPa−1 0.0000132

Tleaf Leaf temperature °C 25

Topt Photosynthetic temperature optimum °C 20–35

Tp Actual rate of triose phosphate utilisation μmol m−2 s−1 0–15

Tpmax Maximum rate of triose phosphate utilisation μmol m−2 s−1 5–15

Vc Actual rate of RuBP carboxylation μmol m−2 s−1 0–40

Vcmax Maximum rate of carboxylation by Rubisco μmol m−2 s−1 50–150

Vo Actual rate of RuBP oxygenation μmol m−2 s−1 0–15

Vomax Maximum rate of RuBP oxygenation μmol m−2 s−1 20–60

VPDleaf Leaf‐to‐air vapour pressure difference kPa 0.5–3

wa Water vapour mole fraction in the atmosphere mmol H2O mol−1 air

wi Water vapour mole fraction within the leaf mmol H2O mol−1 air

Wc Rubisco‐limited rate of carboxylation μmol m−2 s−1

Wj Electron transport‐limited rate of carboxylation μmol m−2 s−1

Wp Triose phosphate utilisation‐limited rate of carboxylation μmol m−2 s−1

WUE Instantaneous water‐use efficiency (=A/E) μmol CO2 mmol−1 H2O

iWUE Intrinsic water‐use efficiency (=A/gsc) μmol CO2 mol−1 air

α Product of leaf absorptance, the fraction of light directed to PSII and the
maximum quantum efficiency of PSII; initial slope of an J/Iinc curve

Dimensionless 0.35

θ Empirical curvature factor Dimensionless 0.7

λ Amount of CO2 released from photorespiration per oxygenation
reaction

Dimensionless 0.5

Φ2 Effective quantum efficiency of PSII electron transport Dimensionless 0–0.8

ΦCO2 Maximum quantum efficiency of CO2 assimilation; initial slope of an A/

Iinc curve

Dimensionless 0.06

ϕ Vo/Vc mol O2 mol−1 CO2 0.4

Γ CO2 compensation point μmol CO2 mol−1 air 50

Γ* CO2 compensation point in the absence of Rd μmol CO2 mol−1 air 40

Note: Given are parameter notations and units that are commonly used. The notations largely follow the recommendations of Ely et al. (2021), but other
notations may be found in the literature. For example, CO2 concentrations may be reported in mole fractions (μmol mol−1) or partial pressures (Pa) that
have pros and cons in terms of theoretical accuracy and ease of use.
aThese values are indicative only to give a sense of order of magnitude – they will depend on plant species, age, pretreatment, fertilisation regime, and so
forth.
bParameters are reported in two different units, corresponding to CO2 and O2 concentrations reported in mole fractions in air (the units required for use in
the FvCB model in Box 3) or as concentrations of gases dissolved in liquid, respectively. To convert from one unit to another, the solubility of gases has to
be taken into account using Henry's law solubility constants for CO2 and O2 (sc = 0.033M bar−1 and so = 0.0013M bar−1 at 25°C [Sander, 2015]; values in

the table have been converted to units in M kPa−1).
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downstream of the CBB cycle describing the overall sink capacity of the

plant. These three parameters are central to modelling A in response to

environmental conditions.

A set of parameters describes the maximum rate of net CO2 or

H2O exchange under specific environmental conditions. For example,

Amax describes the maximum rate of CO2 assimilation when light and

[CO2] are saturating and therefore Rubisco oxygenation is largely

suppressed. Asat is the net CO2 assimilation rate at ambient CO2

concentrations and under light‐saturating conditions, and as such is a

good indicator of the maximum achievable A under the fluctuating

light conditions of the natural environment. The maximum rate of net

CO2 assimilation across a temperature range is denoted Aopt. This

parameter is useful for functionally characterising the temperature

response of net photosynthesis (Yamori et al., 2014).

Concomitant with the assimilatory flux of CO2 into the leaf, CO2 is

also released from respiration and photorespiration through

decarboxylation processes located in the mitochondria, chloroplasts and

cytosol (Tcherkez et al., 2017a). The sum of the nonphotorespiratory CO2

release is, for simplicity and in line with the traditional nomenclature, here

referred to as ‘mitochondrial’ respiration. The rate of respiration in the

dark (Rdark) varies somewhat throughout the day and night (Gessler

et al., 2017), but is overall a good indicator of mitochondrial activity of the

leaf. Rdark is an important parameter to gauge the overall carbon uptake of

a plant over the 24h diurnal course, since respiration continues

throughout the night, countering the carbon gain achieved during the

day. Since A is a combination of CO2 uptake from photosynthesis and

CO2 release from respiration, modelling daytime A in response to

environmental conditions requires the knowledge of respiration in the

light (Rlight). Several lines of evidence suggest that respiration is partially

inhibited in the light (Tcherkez et al., 2017a, 2017b), highlighting the

requirement of a separate measurement of Rlight to parameterise

photosynthesis models. It has also been argued that the discrepancy

between Rdark and Rlight may be largely explained by unaccounted‐for

changes in the chloroplastic CO2 concentration (Cc) when the light

intensity changes (Farquhar & Busch, 2017; Sun et al., 2023), meaning

that a measurement of Rdark may be sufficient for model parameterisation:

Rdark and Rlight generally refer to respiratory fluxes exiting the leaf, while

photosynthetic models often are based on the respiratory flux at the

intracellular level (denoted Rd). They differ by the amount of CO2 being

refixed before exiting the leaf, which has been estimated at around

24%–38% along the way from the mitochondria to the intercellular space

(Busch et al., 2013). Refixation is assumed negligible in the dark and thus

Rd can be set to Rdark if one assumes that light does not inhibit respiration

(but see Buckley et al., 2017). It is noteworthy that as a leaf‐level property

respiration has the same sign as A, which is a ‘positive’ flux, despite going

in the opposite direction.

2.2 | Instantaneous, or effective, rate and
conductance

The most important variables describing the effective properties of

photosynthesis at a given environmental condition are the instantaneous

rates of net CO2 assimilation (A; often also called Anet) and transpiration

(E), which can be directly measured with gas exchange (see Box 1). From

these variables, one can estimate the instantaneous water‐use efficiency

(WUE) of a plant under current conditions as the ratio of A to E. TheWUE

tells us how much carbon the plant gains per unit of water released.

However, E is not only dependent on the physiological state of the plant

and how open its stomata are, but it is also very strongly influenced by

the vapour pressure difference between the inside of the leaf and the

surrounding air (VPDleaf). As such, E by itself cannot inform us about an

intrinsic state of the plant or how WUE might vary with changes in

environmental conditions. Therefore, a more physiological description of

the trade‐off between H2O loss and CO2 uptake is the intrinsic water use

efficiency (iWUE), which is expressed as the ratio of A to the stomatal

conductance (inverse of resistance) to water vapour (gsw).

In addition to the maximum capacities of biochemical parame-

ters, we can obtain from gas exchange the corresponding values that

are realised under a given environmental condition. The actual

photosynthetic electron transport rate (Ja) relates to the current state

of the light‐dependent photosynthetic reactions and reflects both the

light energy available to drive electron transport and the current

capacity to utilise NADPH and ATP produced in the CBB cycle. The

activity of the light‐independent photosynthetic reactions is repre-

sented by the current carboxylation rate (Vc) and oxygenation rate

(Vo) of Rubisco. Based on these two parameters one can deduce the

fluxes through the CBB cycle and the photorespiratory pathway.

Finally, we can quantify the effective rate of triose phosphate

utilisation (Tp) under any given environmental condition. All four

parameters are not directly measured by gas exchange but are

derived from A and E with the help of a biochemical model of

photosynthesis as described below.

2.3 | Other properties describing photosynthetic
performance

Gas exchange measurements can also deliver additional parameters

that have descriptive properties and can be useful for comparisons

between plants or treatments. These include the incident light

intensity (Iinc; often also referred to as Q) at which A becomes light‐

saturated (Isat), the light compensation point (Ic) and CO2 compensa-

tion point (Γ), which describe the light intensity or CO2 concentration

at which photosynthesis and respiration are in balance (A = 0), and the

leaf temperature (Tleaf) at which photosynthesis reaches its optimum

(Topt). One can even derive parameters answering ‘what if’ questions

employing limitation analyses that aim to quantify the amount of CO2

uptake that is forgone due to stomatal or biochemical limitations. For

example, the relative stomatal limitation (ls) explores how much

smaller A is due to stomata interfering with CO2 diffusion, or the

relative biochemical limitation (lb) quantifies the relative effect on A

of Rubisco not being fully activated (Grassi & Magnani, 2005).

The long list of parameters explained above, albeit not fully

comprehensive, exemplifies the diverse nature of information that

can be extracted from photosynthetic gas exchange measurements.

6 | BUSCH ET AL.
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BOX 1 The basis of gas exchange measurements

Most current gas exchange systems are ‘open’ systems, meaning a continuous stream of gas is blown over a leaf inserted into a well‐

mixed measurement chamber. Gas properties, chiefly CO2 and H2O concentration, are measured by infrared gas analysers (IRGAs)

before entering the leaf chamber (reference IRGA) and after exiting the chamber (sample IRGA). Knowing the gas flow rate entering

the system (μ0; μmol air s−1) and the area of the leaf enclosed in the chamber (s; m2), the leaf‐level CO2 assimilation rate (A;

μmol CO2m
−2 s−1) and transpiration rate (E; mmol H2Om−2 s−1) can then be calculated from the differences in CO2 and H2O

concentrations between the sample and reference IRGAs (von Caemmerer & Farquhar, 1981; LI‐COR, 2022) (Figure Box 1).

F IGURE BOX 1 General principle of an open gas exchange system. The CO2 and water vapour concentration (C0 and w0,
respectively) of the incoming air is measured in a reference IRGA, along with the flow rate of the air entering the leaf chamber (μ0).
These parameters are measured again by the sample IRGA in the air exiting the leaf chamber (Ca, wa and μa). Figure adapted from LI‐
COR (2022). [Color figure can be viewed at wileyonlinelibrary.com]

The uptake of CO2 by the leaf is balanced by an efflux of O2. This is not the case for transpiration, which adds a large amount of water

to the chamber. Therefore, the flow rate of gas through the sample IRGA (μa) is higher than μ0 by the amount of water transpired. This

allows us to calculate μa as:

μ μ sE= + .a 0 (1)

The total rate of transpiration is calculated from the H2O concentration (mmol H2O mol−1 air) inside the reference (w0) and the sample

(wa) IRGA:

sE μ w μ w= − .a a 0 0 (2)

Combining both equations, we can quantify the transpiration rate per leaf area (E) as

E
μ w w

s w
=

( − )

(1 − )
.

0 a 0

a
(3)

Similarly, the total rate of net CO2 uptake inside the chamber is given by

sA μ C μ C= − ,0 0 a a (4)

where C0 and Ca (μmol CO2mol−1 air) are the CO2 concentrations inside the reference and sample IRGA, respectively. Frequently, CO2

(and O2) concentrations are reported in partial pressures instead of mole fractions. Technically, this is more accurate since the partial

pressure of a gas is what determines its availability as substrate for Rubisco (see, e.g., discussion in Sharkey et al., 2007). However,

most commonly mole fractions are used for convenience, which is also what we refer to in the following. Substituting μa in Equation (4)

with Equation (1) and subsequently E with Equation (3) allows us to determine the rate of net CO2 uptake per leaf area (A) as

( )( )
A

μ C C

s
=

−
.

w

w0 0 a
1 −

1 −
0

a (5)

It becomes apparent from Equation (5) that accurate measurements of H2O concentrations are required to obtain accurate CO2 uptake

rates, even if E itself may not be a parameter of interest.

A GUIDE TO PHOTOSYNTHETIC GAS EXCHANGE MEASUREMENTS | 7
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They provide essential information on the physiological status of the

plant and can be tracked as the plant ages and develops or responds

to environmental factors. To quantify each of these parameters, a

certain measurement strategy needs to be followed. While instanta-

neous photosynthetic, respiratory and transpiratory fluxes can be

studied with relatively simple survey measurements, the parameters

and traits that define the capacity and limitations for photosynthetic

gas exchange require more intricate measurements of the responses

of A to environmental parameters, such as [CO2], light or tempera-

ture. In the following we describe which measurements are best

suited to obtain the parameters of choice and how to control the

IRGA to obtain reliable values.

3 | PHYSIOLOGICAL PRINCIPLES OF
PHOTOSYNTHESIS RELEVANT FOR GAS
EXCHANGE MEASUREMENTS

Measuring and interpreting photosynthetic gas exchange can be

challenging for two main reasons. First, photosynthesis is strongly

responsive to light, temperature, humidity and gaseous composition

of the air during measurement, which means that these factors

need to be tightly controlled and measured in parallel with the

measurement of photosynthesis itself. Second, while gas exchange

measurements typically determine net gaseous exchange, the

observations usually reflect several combined gross fluxes. For

example, net CO2 exchange combines the CO2 uptake flux

associated with RuBP carboxylation in the CBB cycle, with CO2

released during respiration and photorespiration. Measurements

across a range of different conditions enable us to deconvolute

these net fluxes into their gross constituents, which will be further

explained in subsequent sections.

The determinants of photosynthetic gas exchange can be

divided into diffusional and biochemical limitations. For CO2 to be

fixed by a C3 plant, it must first traverse a boundary layer of still

air surrounding the leaves and subsequently pass through the

epidermal layer via stomata to reach the leaf intercellular air

space (IAS). From there, a final series of diffusional hurdles await

in the form of cell walls, plasma membranes, cytosol, chloroplast

envelope and part of the stroma, before the site of CO2 fixation is

reached (see Figure 2). Net CO2 transfer across this diffusional

pathway is driven by gradients in CO2 concentration from the

F IGURE 2 Schematic outlining the diffusion of H2O and CO2 inside the leaf. Water vapour in the saturated intercellular air space (IAS) (wi) that exits
the leaf through the stomatal pore can be used to quantify the stomatal conductance to H2O diffusion (gsw) from measurements of the water vapour
concentration in the atmosphere (wa), if the boundary layer conductance to H2O diffusion (gbw) is known. During gas exchange measurements the
boundary layer is minimised in the gas exchange chamber with high‐speed fans so it can be reasonably well accounted for by using empirical values. From
this, we can describe the path of CO2 diffusion going the opposite direction into the IAS, with additional information needed to describe the onwards
diffusion into the chloroplast (C). The finite conductances to CO2 diffusion through the boundary layer (gbc), the stomata (gsc) and the mesophyll (gm) can
be viewed as diffusion resistances that cause a progressive decline in CO2 concentration of the atmosphere (Ca) to that in the IAS (Ci) and the chloroplast
(Cc). Both Cc and the chloroplastic oxygen concentration determine the relative rates of Rubisco carboxylation (Vc) and oxygenation (Vo). Following the
oxygenation reaction, photorespiratory CO2 is released from the mitochondria (M) involving some reactions in the peroxisome (P). Figure adapted from
Busch (2020) and von Caemmerer (2013). [Color figure can be viewed at wileyonlinelibrary.com]

8 | BUSCH ET AL.

 13653040, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.14815 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


surrounding air (Ca) to the IAS (Ci) and from there to the

chloroplast stroma (Cc). These gradients are established by

uptake of CO2 in the chloroplast stroma via the activity of the

CBB cycle and its central enzyme Rubisco, which in turn depends

on the provision of ATP and reductant from the photochemical

reactions on the chloroplast thylakoid membrane.

To analyse the biochemical limitations to photosynthesis, one

first needs to parameterise the diffusional trajectory for CO2 transfer.

In this regard, the parallel measurement of water vapour exchange is

needed. Similar to net CO2 transfer moving into the leaf,

transpiratory water movement out of leaves is determined by

diffusion. From the IAS, where water vapour can be assumed

saturated (or close to saturated under low to moderate VPD, see

Cernusak et al., 2018; Wong et al., 2022), water vapour diffuses out

along a gradient of vapour pressure towards the drier air surrounding

the leaf. Under most conditions water loss via transpiration is largely

associated with diffusional transfer through the stomatal pores,

although the observed rate of water release may also include a

contribution from water exiting the leaf through the cuticle (Hanson

et al., 2016; Márquez et al., 2021, 2022) (see Box 2).

BOX 2 Determinants of photosynthetic gas exchange

At a microscopic level, the local diffusional constraints to cross the pore‐studded leaf surface are decided by the proximity to individual

stomatal pores. However, at the level of gas exchange measurements, diffusional constraints by all stomata across the measured

surface are jointly estimated as stomatal conductance (the inverse of resistance) per unit leaf area and time (gsw). The boundary layer

adds another diffusional constraint (boundary layer conductance to water vapour; gbw). Combined, the two yield a total conductance to

water vapour (gtw) of:

g =
1

+
.

g g

tw 1 1

sw bw

(6)

Accounting for ternary effects, we can calculate gtw as (see von Caemmerer & Farquhar [1981] for a detailed derivation):









( )

( )

g

E

w w
=

1 −

−
,

w w

tw

−

2

i a

i a

(7)

where wi and wa are the relative vapour concentrations within the leaf and in the atmosphere, respectively. Here the assumption is that

water vapour is at saturation within the leaf and can thus be calculated by knowing the exact leaf temperature. Since the diffusional

pathway between the IAS and outside air overlaps between CO2 and water vapour, measurements of the water flux exiting the leaf

can be used to parameterise diffusional resistances to CO2 entering the leaf. Stomatal conductance to CO2 diffusion (gsc) can be

resolved based on the difference in molar diffusivities between CO2 and H2O (CO2 is a larger molecule and diffuses slower than H2O)

and is described by g g= /1.6sc sw . The boundary layer conductance to CO2 diffusion (gsc) relates to gbw through g g= /1.37bc bw (von

Caemmerer & Farquhar, 1981). The total conductance to CO2 diffusion (gtc) is then described analogous to Equation (6) and can be

used to calculate the intercellular CO2 concentration (Ci) according to

( )
( )

C
g C A

g
=

‐ ‐

+
.

E

Ei

tc 2 a

tc 2

(8)

Ignoring boundary layer and ternary effects, Equation (7) can be simplified to provide a transpirational flux from a linear multiplication

of the stomatal conductance and the diffusional gradient following Fick's law:

E g w w g
P

= ( − ) =
VPD

,sw i a sw
leaf (9)

where P is atmospheric pressure. Thus, from the observed transpiration flux E and the leaf to air vapour pressure difference (VPDleaf),

stomatal conductance to water vapour (gsw) can be resolved. Similarly, Equation (8) can be simplified to describe A according to Fick's

law as:

A g C C= ( − ),sc a i (10)

A GUIDE TO PHOTOSYNTHETIC GAS EXCHANGE MEASUREMENTS | 9
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4 | MECHANISTIC PHOTOSYNTHESIS
MODEL

With the exception of A, Rd and E, most photosynthetic gas exchange

parameters cannot be directly measured, but instead are derived from the

responses of A to changes in environmental parameters, such as CO2

concentration or light intensity, with the help of a biochemical model. For

C3 photosynthesis this is done commonly with the model of Farquhar

et al. (1980) (henceforth FvCB), described in much detail by von

Caemmerer (2000). We provide a concise summary of the FvCB model

that adopts some modifications useful for parameter estimation (see

Box 3). In its basic form, the FvCB model focusses on the main principles

behind photosynthetic CO2 uptake and condenses, for example, the

entirety of the CBB cycle reactions to the activity of Rubisco. However,

the model can be adjusted to address novel questions and needs for

parameter estimation (see, e.g., Johnson&Berry, 2021; Tholen et al., 2012;

Yin et al., 2021). Many of the photosynthetic parameters discussed here

can be quantified by fitting the mechanistic model to experimental data

obtained under varying environmental conditions, such as CO2 concen-

trations or light intensities.

In turn, A can be predicted under a wide range of environmental

conditions with the FvCB model when its photosynthetic parameters

are known. Consequently, the FvCB model has been widely

integrated into canopy, ecosystem, and global models of carbon flux

from which Ci can be estimated. The remainder of the diffusional constraints to CO2 transfer towards the chloroplast stroma are more

difficult to estimate. While these contain an array of different factors (recently reviewed by Evans, 2021), the conductance to get from

Ci to Cc is typically summarised in a single parameter called mesophyll conductance to CO2 (gm). Although some authors have argued

that high resolution CO2 response curves contain sufficient information to put a number to gm (Ethier & Livingston, 2004), most

researchers rely on additional methods for its estimation, in particular chlorophyll fluorescence and stable isotope discrimination. Using

chlorophyll fluorescence to quantify Ja in conjunction with gas exchange allows estimation of Cc based on the apparent partitioning of

Ja to photorespiration (Harley et al., 1992), which together with Ci can be used to derive gm. Alternatively, when discrimination against

the stable isotopologue 13CO2 relative to 12CO2 during photosynthetic CO2 uptake (Δ13C) is determined in parallel, this can also be

used to estimate gm (Busch et al., 2020; Evans et al., 1986). Analogous to Equation (10), Fick's law then allows calculation of Cc from

A g C C= ( − ).m i c (11)

Once Cc is known, the biochemical limitations to photosynthesis can be analysed without the confounding effects of diffusional

constraints, allowing for example the determination of in vivo Rubisco activity. Because of the inherent difficulties in

quantifying gm, it is common to use generic values of gm taken from the literature. Often gm is also taken as infinite (equivalent

to setting Cc = Ci), which results in ‘apparent’ values of the biochemical parameters. Neither approach is ideal, but measurement

constraints can make these assumptions unavoidable. In this case, however, it is important to keep in mind that the estimated

apparent parameters should not be treated as ‘absolute truth’, but rather as estimations for comparison purposes. These

apparent values are often used for applications in crop improvement (Kromdijk & Long, 2016) or global change models (Rogers

et al., 2014).

Inside the chloroplast, Rubisco can react with both CO2 and O2. The ratio of Rubisco's carboxylation rate (Vc) to oxygenation rate (Vo) is

determined by its kinetic properties and by the the CO2 and O2 concentrations (O) inside the chloroplast (Laing et al., 1974):

V

V

V

K

K

V

C

O
= ,

c

o

cmax

c

o

omax

c (12)

where Vcmax and Vomax are the maximum rates for Rubisco carboxylation and oxygenation and Kc and Ko are the Michaelis–Menten

constants for CO2 and O2, respectively. The ratio when Cc and O are equal is called the relative specificity of Rubisco (Sc/o) and

given by:

S
V

K

K

V
= ,c⁄o

cmax

c

o

omax
(13)

Sc/o is therefore a property that is determined by the fundamental enzyme kinetics of Rubisco and underpins much of the modelling of

photosynthesis. For a given Cc and O, the rate of oxygenation reactions per carboxylation is thus determined by:

V

V S

O

C
ϕ = =

1
.

o

c c⁄o c
(14)

The parameter ϕ describes how much carbon enters the photorespiratory pathway relative to the CBB cycle and is thus key in

modelling gross fluxes of CO2 from the measured net flux.

10 | BUSCH ET AL.
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BOX 3 Mechanistic photosynthesis model

The FvCB model (Farquhar et al., 1980) describes net CO2 uptake (A) as the difference between CO2 uptake from carboxylation (Vc)

and CO2 release following oxygenation (Vo) and respiration (Rd):

A V V R= − λ − ,c o d (15)

where λ is the amount of CO2 released from photorespiration per oxygenation reaction. Most often, it is assumed that λ = 0.5, or in

other words, one molecule of CO2 is released for every two oxygenation reactions. This is the case when the photorespiratory

pathway is closed, that is, no carbon is diverted from it towards other metabolic pathways (but see Busch et al. [2018] and Busch

[2020] for when this may not be a good assumption and its impact on λ). The chloroplastic CO2 compensation point in the absence of

respiration (Γ*), which is the CO2 concentration where CO2 uptake from carboxylation equals CO2 release from photorespiration, can

be expressed as (Busch, 2020; Farquhar et al., 1980)

O

S
Γ* =

λ
.

c/o
(16)

From Equation (16) we can see that Γ* is determined to a large extent by innate Rubisco kinetic properties (its specificity, Sc/o), but

varies with the current oxygen concentration inside the chloroplast (O) and the overall need for photorespiratory metabolites in other

metabolic pathways (encapsulated in λ).

Vc and Vo are difficult to measure directly, but they can be put in relation to each other by combining Equations (14) and (16), which

results in

V
C

Vλ =
Γ*

.o
c

c (17)

By substituting Equation (17) into Equation (15), A can then be described as a function of Vc, where the actual carboxylation rate is

replaced with the minimum of the potential carboxylation rates that can be supported under a Rubisco, electron transport or triose

phosphate utilisation limitation, denoted Wc, Wj and Wp, respectively:







A W W W

C
R= min{ , , } 1 −

Γ*
− .c j p

c
d (18)

When RuBP is abundant and not limiting the rate of Rubisco carboxylation, the limiting factor Wc is described by

W
V C

C K O K
=

+ (1 + / )
.c

cmax c

c c o
(19)

Wc is largely determined by the maximum rate of carboxylation by Rubisco, Vcmax, and has thus been termed Rubisco‐limited

carboxylation rate.

RuBP regeneration can be limited by the availability of either NADPH or ATP, which are both supplied by the light‐dependent

photosynthetic reactions. Under conditions where the photosynthetic electron transport rate (J) limits the supply of NADPH for the

regeneration of RuBP, Wj is given by

W
JC

C
=

4 + 8Γ*
.j

c

c
(20)

And finally, RuBP regeneration can be limited by the availability of ATP, which may be controlled by the regeneration of inorganic

phosphate through starch and sucrose synthesis from triose phosphates. In this case, the capacity to utilise the assimilated carbon

limits the carboxylation rate, and Wp, termed triose‐phosphate‐utilisation limitation, can be written as

W
T C

C
=
3

− Γ*
,p

pmax c

c

(21)

where Tpmax is the maximum rate of triose phosphate export from the chloroplast (Harley & Sharkey, 1991). Here, Equations (20) and

(21) represent the simplest case assuming a fully closed photorespiratory pathway (λ = 0.5); both equations need to be modified should

this not be the case (see Busch, 2020 for details).

A GUIDE TO PHOTOSYNTHETIC GAS EXCHANGE MEASUREMENTS | 11
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The individual potential net assimilation rates associated with the three potential carboxylation rates and that are fitted to

experimental data when using the FvCB model are denoted Ac, Aj and Ap. They are given by:

A
V C

C K O K
R=

( − Γ*)

+ (1 + / )
− ,c

cmax c

c c o
d (22)

A
J C

C
R=

( − Γ*)

4 + 8Γ*
− andj

c

c
d (23)

A T R= 3 − .p pmax d (24)

The relationship between J and Jmax

A wide range of models have been proposed to relate the potential photosynthetic electron transport rate J at a given light intensity

(often written with the light intensity stated as a subscript, see Buckley & Diaz‐Espejo, 2015) to its overall maximum capacity (Jmax).

Early models predicting how photosynthesis varies with light intensity were largely empirical. Of those a nonrectangular hyperbola was

popularised by Thornley (1976) and Prioul and Chartier (1977) and to date is probably the most widely used model to analyse light

response curves:

θ A R I A R A R I A R0 = ( + ) − (Φ + ( + ))( + ) + Φ ( + ),d
2

CO inc sat d d CO inc sat d2 2
(25)

when adapted to the notation used in our paper and phrased in terms of net instead of gross photosynthesis (=A + Rd) to

explicitly include respiration. Here, θ is an empirical curvature factor with a value of around 0.7 but that is variable with the

measurement CO2 concentration (Ögren & Evans, 1993). The maximum quantum efficiency for CO2 assimilation (ΦCO2)

represents the initial slope of the A/Iinc curve. Equation (25) can be solved for A as

A
I A R I A R θ I A R

θ
R=

Φ + ( + ) − (Φ + ( + )) − 4 Φ ( + )

2
− ,

CO inc sat d CO inc sat d
2

CO inc sat d

d
2 2 2 (26)

which is easily fitted to an entire A/Iinc curve to derive Asat (see Supporting Information S1). Equation (25) has been adapted to yield a

relationship between J and Jmax (von Caemmerer, 2000; Farquhar & Wong, 1984):

θJ αI J J αI J0 = − ( + ) + ,2
inc max inc max (27)

or when solved for J:

J
αI J αI J θαI J

θ
=

+ − ( + ) − 4

2
.

inc max inc max
2

inc max (28)

As the maximum quantum yield of electron transport, α is the product of leaf absorptance, the fraction of light directed to PSII and the

maximum quantum efficiency of PSII; it corresponds to the initial slope of J versus Iinc.

While the above equations are commonly used, we want to promote an idea that integrates more naturally with the FvCB model. This

idea is based on one of the earliest approaches to model electron transport that describes J as a function of absorbed light intensity by

a rectangular hyperbola (Baly, 1935; Farquhar & von Caemmerer, 1981; Rabinowitch, 1951):

J
αI J

αI J
=

+
.

inc max

inc max
(29)

Note that Equation (29) is a special case of Equation (28) with θ = 0. The rectangular hyperbola was initially discounted for the use with

the FvCB model for seemingly underestimating J at intermediate light intensities (Farquhar & von Caemmerer, 1982) and subsequently

replaced by other empirical models for J such as nonrectangular hyperbolic functions (see, e.g., Farquhar & Wong, 1984;

Smith, 1937) or the photosynthetic rate derived from that (for an overview see, e.g., de Lobo et al., 2013). Recently, however, Johnson

and Berry (2021) provided support for the validity of the use of a rectangular hyperbola as a mechanistic description of J and outlined a

more detailed model that accounts for cyclic electron transport (CET). Equation (29) can be viewed as a special case of their general

model (i.e., when CET is a constant proportion of linear electron transport), which is why we suggest its use if no further detail is

available on CET.
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(Bernacchi et al., 2013; Rogers et al., 2014; Walker et al., 2014). The

centrality of photosynthetic gas exchange parameters to earth

system models has resulted in immense efforts to characterise

genetic, developmental and environmental variation in the model

parameters (Medlyn et al., 1999; Poorter et al., 2022; Rogers, 2014).

5 | TYPES OF MEASUREMENTS SUITABLE
FOR ESTIMATING INDIVIDUAL
PHOTOSYNTHETIC PARAMETERS

In the previous sections, we discussed the main photosynthetic

parameters that can be derived from gas exchange measurements and

how they relate to our understanding of photosynthetic function. A series

of ‘how‐to’ experimental procedures to reliably estimate each of these

photosynthetic parameters is outlined in Supporting Information S1. This

includes procedures for survey measurements, A/Ci responses, A/Iinc

responses, A/T responses, Laisk and Kok measurements, as well as a brief

description of other photosynthesis measurements that are less

commonly applied. For the recommendations in Supporting Informa-

tion S1, we have summarised what we, on balance, consider ‘best

practice’. However, it is important to reiterate that different questions will

require different measurement approaches and each experimental setup

will have different limitations on equipment and time available that will

necessitate compromises. Our recommendations are therefore to be

viewed as a starting point for designing a customised approach.

6 | MODEL FITTING ROUTINES TO
ESTIMATE PHOTOSYNTHETIC
PARAMETERS

Estimates of the photosynthetic capacity parameters from CO2

response curves (i.e., Vcmax, J and Tpmax) and light response curves

(Jmax) are obtained via a nonlinear curve fitting routine to minimise

the difference between the collected CO2 assimilation data (A) to the

underlying predicted A modelled from FvCB equations (Equation 18).

Commonly used tools for data analysis include Excel spreadsheet‐

based methods to fit photosynthetic response curves (Bellasio

et al., 2016a, 2016b; de Lobo et al., 2013; Sharkey, 2016; Sharkey

et al., 2007), R packages (e.g., plantecophys, plantecowrap, photo-

synthesis and msuRACiFit) to obtain similar nonlinear fitting outputs

(Duursma, 2015; Gregory et al., 2021; Stinziano et al., 2021), and

even online services that return fitted data (e.g., leafweb.org; Gu

et al., 2010). Although standard A/Ci curve fitting procedures are

based on the same theory regardless of the tool used, differences in

parameter estimates arise due to method specific inherent assump-

tions and drawbacks. For example, spreadsheet‐based fitting tools

(Sharkey et al., 2007) are accessible to many physiologists comfort-

able with the Excel solver add‐on, but require users to make

judgements about limiting factors and specify the transition from

RuBP‐saturated to RuBP‐limited A to solve for Vcmax and J separately.

Due to this, estimates using this method require subjective decision

making that relies on user experience, and each curve must be

analysed independently. While this approach enables a deep under-

standing of the data that support each measurement, it hinders large‐

scale analysis. The widely used plantecophys R package circumvents

the need for a priori assignment of data limitations by fitting the data

to the hyperbolic minimum of Ac, Aj, and Ap over the entire CO2 range

collected, though the transition point can be fixed to check the fit

against assumptions. A major advantage of moving to coding based,

rather than spreadsheet based, curve fitting procedures is a decrease

in analysis time per curve and increase in throughput, reproducibility

and shareability, though this depends on user comfort with the

programming language. Next generation R packages are now

emerging, including photosynthesis, which contain not only function-

ality to fit A/Ci curves, but also A/Iinc curves, Rlight, mesophyll and

stomatal conductance, and hydraulic curves (Stinziano et al., 2021). A

note of caution is warranted at this point: Parameter notation may

not be standardised between the different statistical packages and

Substituting Equation (29) into Equation (20), we obtain an expression of Wj that now refers to the inherent biochemical properties of

electron transport rather than the J realised under a given environment. This leads to an equation for the RuBP regeneration‐limited

CO2 assimilation rate Aj that can be used to fit Jmax from A/Iinc curves:














A

αI J

αI J

C

C
R=

+

− Γ*

4 + 8Γ*
− .j

inc max

inc max

c

c
d (30)

Importantly, in contrast to the nonrectangular model (Equation 26) that derives Jmax from the entire A/Iinc curve (see, e.g., de Lobo

et al., 2013; Ögren & Evans, 1993), Equation (30) is applied only to the light‐limited portion of an A/Iinc curve, with the remainder of the

curve fitted by Equations (22) or (24) (see Supporting Information S1). The two types of models yield substantially different outcomes

when Jmax is estimated from fitting experimental data (see Fig. S2), making the choice of model an important decision. Because this

rectangular model (Equations 29 and 30) is both mechanistic (assuming CET is proportional to J) and directly compatible with the FvCB

model, we suggest its use instead of the empirical nonrectangular model for fitting A/Iinc curves or when relating J to Jmax.

Nevertheless, in some cases it may be useful to employ alternative models, for example, to maintain consistency with previous

measurements or when parameters other than Jmax are required.
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may differ from this paper. Similarly, differences exist in the functions

used to fit the data, in particular those used to fit A/Iinc responses.

The accuracy of the FvCB model depends on proper representa-

tion of the kinetic properties of Rubisco and requires an estimate of

Rubisco Michaelis–Menten constants (Kc, Ko or the effective value in

air Km) and Γ*, as well as their temperature dependence (Equations 22

and 23). Many species‐specific estimates of these parameters have

now been obtained from in vitro measurements, showing substantial

variation among species (Galmés et al., 2016; Hermida‐Carrera

et al., 2016; Orr et al., 2016; Sharwood et al., 2016). However, using

in vitro estimates of Rubisco kinetic temperature responses can

produce modelled values for A that deviate from observed measure-

ments as temperatures move to warm and cool extremes (Bernacchi

et al., 2001). Using these temperature functions requires assumptions

about in vivo conditions, such as pH and CO2 diffusion to the site of

carboxylation and can be further complicated by differences in in‐

vitro assay conditions (Boyd et al., 2019; Iñiguez et al., 2021). On the

other hand, however, in vitro‐derived kinetic parameters do not come

with the requirement of having to know Cc or the amount of CO2

released per Rubisco oxygenation reaction (λ), which may be the

most important source of error. Whether the chosen set of

parameters yields not just a close fit but also an appropriate fit can

be checked by the sensitivity of photosynthesis to changes in the O2

or CO2 concentration, which can independently determine the

underlying photosynthetic limitation (Busch & Sage, 2017).

A further parameter impacting estimates from CO2 response

curves is mesophyll conductance (gm), which impacts the effective

partial pressure of CO2 inside the chloroplast and will therefore

affect the fitted Vcmax. A low gm decreases the curvature of the A/Ci

curve and can be accounted for in both spreadsheet and coding‐

based curve‐fitting tools if an independent measurement is available

(Duursma, 2015; Sharkey et al., 2007). If an independent measure-

ment is not available, gm can be estimated by substituting Cc with (Ci

– A/gm) in Equations 22 and 23 and using nonlinear curve fitting to

minimise the difference from the observed data. Independent gm

measurements can be obtained, for example, with stable carbon

isotope techniques, by combining gas exchange with chlorophyll

fluorescence measurements, or with curve‐fitting methods (Busch

et al., 2020; Pons et al., 2009; Yin & Struik, 2009). While the curve‐

fitting methods assume gm to be constant, the stable carbon isotope

technique can be used to assess how gm varies across environmental

conditions (Busch et al., 2020).

7 | GOOD PRACTICE FOR THE GAS
EXCHANGER

7.1 | Perform premeasurement checks

During warmup of the machine, perform the tests recommended by

the manufacturer. This may include checking for accuracy and

responsiveness of temperature parameters and sensors, light control

and functioning of the chamber mixing fan.

7.2 | Have the machine well calibrated

The signal from an IRGA can drift through time due to ageing (e.g.,

reduced infrared light intensity) or due to attenuation by the

accumulation of particles (e.g., dust) absorbing infrared. In addition

to regularly zeroing the IRGAs for both CO2 and H2O, it is a good

practice to calibrate the IRGA against reference gases with low and

high concentrations (intercept and slope) before a measurement

campaign or when maintenance has been performed on the IRGA

(e.g., cleaning of the optical bench). Using the same calibration gas for

different machines enables an increase in the measurement accuracy

and a reduction in the interinstrument bias.

7.3 | Check for leaks

It is imperative to check for leaks after each time the chamber is

clamped onto a leaf. Porous gasket material can absorb/release CO2

and H2O, which leads to small fluxes in and out of the chamber (Long

& Hällgren, 1993). The relative impact of these diffusive fluxes is

exacerbated at the high and low [CO2] conditions used in CO2

response curves. This can often be corrected for if the external CO2

is known (see the manufacturer's documentation). A second type of

leak is created by the gasket not perfectly fitting the shape of the leaf

(especially the major veins), causing small pores at the gasket‐leaf

interface (Long & Bernacchi, 2003). To detect such leaks, exhaled air

should be blown near the chamber while monitoring the [CO2] within

the chamber. The absence of spikes in the trace for the [CO2] within

the chamber is a good indicator that major leaks are absent. If the leaf

cannot be repositioned in the chamber to avoid leaks, vacuum grease

can be used with care to seal the chamber. If a leak cannot be

avoided, several methods have been proposed to partially correct for

it (Boesgaard et al., 2013; Flexas et al., 2007; Gong et al., 2015; Kitao

et al., 2017; Long & Bernacchi, 2003).

7.4 | Check gasket condition

Gasket materials are generally elastic to fit the shape of the leaf.

However, they can move from their original position or flatten with

time, which reduces their efficiency to maintain a good seal with the

leaf. It is recommended to leave the chamber slightly open when no

measurement is performed or during storage to prolong the

gasket life.

7.5 | Check for stability during the measurement

When performing leaf gas exchange, it is important that the [CO2]

and [H2O] of the incoming air into the chamber are stable at least

over short periods of time (minutes). If the machine does not

automatically control this with a mixer, rapid fluctuations can be

dampened and stable concentrations can be achieved by using a
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buffer volume, for example, a large sealed plastic bucket placed in the

air stream before the machine air intake.

7.6 | Monitor system parameters

Chamber conditions can change quickly and unintentionally, for

example, leaf temperature can rapidly increase with light intensity,

which influences VPDleaf as well. Dynamically controlling leaf

temperature rather than keeping the chamber temperature constant

will avoid variation in Tleaf but can induce transient artefacts in the

measurement (e.g., large spike in stomatal conductance) after a

change in light intensity, as rapid changes in incoming air temperature

and water vapour reach a new equilibrium with the conditions in the

chamber. Changes in gs and/or VPDleaf will also affect the relative

humidity (RH) of the chamber air and potentially reach saturation.

Thus the dew point temperature within the chamber is important to

monitor to avoid condensation, especially at low flow rate and high

leaf transpiration. Monitoring the data as it comes in is also important

so that, for example, closing stomata or a CO2 cartridge that is

running out can be noticed before too much time has passed and the

measurement needs to be repeated.

7.7 | Maximise signal to noise ratio

While a high flow rate within the chamber is preferable for faster

measurement response, it also decreases the [CO2] and [H2O]

differential measured between the reference and sample IRGAs.

When the difference in concentration becomes too small, calculated

data such as photosynthesis and stomatal conductance become noisy

when the detection limit of the IRGA is larger than the difference

measured. Reducing the airflow going through the chamber can

increase the differential and benefit the signal to noise ratio.

However, this simultaneously increases the influence of potential

leaks on the measurement due to a longer residence time of the air

inside the chamber and a lower chamber pressure that exacerbates

diffusive leaks across the gasket. A lower flow rate also results in

larger importance of leaf transpiration on humidity control within the

chamber, as water vapour accumulates. It is recommended to start

with flow rate values recommended by the manufacturer and to

adjust them based on the leaf response.

7.8 | Adjust light quality

The actinic light source is often composed of a combination of red

and blue wavelengths. For a long time, the default was a high

proportion of red light to drive photosynthesis (90%) and a small

amount of blue light to stimulate stomatal opening (10%). As leaf

absorbance is dependent on the wavelengths, different ratios of red

and blue light intensity result in different photosynthesis values

(Evans et al., 2017). The classic view on the importance of red and

blue light has been challenged as some species do not respond to

blue light (Vialet‐Chabrand et al., 2021) and other wavelengths such

as green and far‐red light may play an important role in driving

photosynthesis (Smith et al., 2017; Zhen & Bugbee, 2020).

7.9 | Match IRGAs

Depending on the gas exchange system used, CO2 and H2O in and

out of the chamber may be measured by two separate IRGAs, which

can introduce a systematic bias if their calibration or response slightly

differ. To overcome this problem, the same air is passed through both

IRGAs simultaneously and the concentration readings are electro-

nically ‘matched’ to the same values. Matching IRGAs is generally

performed after changes in [CO2] and/or [H2O] or after a set time

(e.g., 30 min). Matching too often, especially when there are transient

changes in [CO2] and/or [H2O] may not result in more accurate

measurements. It is often best to wait for stable measurements

before matching (but this is system dependent, check the manufac-

turer's manual). For long term measurements (e.g., diurnal kinetics), it

is important to match regularly as the temporal drift of the IRGA may

hamper interpretations.

7.10 | Select appropriate chamber size

Ideally, the size of the gas exchange chamber used should be

proportional to the leaf dimensions as the setup is generally easier to

handle when the leaf covers the entire area of the chamber. There is

a trade‐off between smaller chambers that have quicker response

times due to their smaller air volume (Weiss et al., 2009) and larger

chambers that are less influenced by the leaf heterogeneity (e.g.,

stomatal patchiness; Mott & Buckley, 2000). Stomatal patchiness is a

spatial or temporal heterogeneity that may be caused by hydraulic

interactions between adjacent stomatal pores (Peak et al., 2023) and

that influences the accuracy of estimated intercellular CO2 concen-

trations. The size of the gas exchange chamber should therefore be

matched to the requirements and purposes of the experiment.

7.11 | Chamber mixing fan speed

The mixing fan decreases the boundary layer around the leaf. High

mixing fan speeds reduce the boundary layer to a minimum and

ensuring the chamber air is well mixed, thereby decreasing the

uncertainty in true gs values. When using a custom chamber setup,

use a powerful fan to ensure good mixing of the chamber air. It is

worth keeping in mind that for a given VPDleaf a decreased boundary

layer inside the chamber means that the leaf is losing more water

than a leaf placed outside the chamber, which may affect gs when

given enough time. A leaf inside the chamber thus does not

experience the ‘same environment’ as a leaf outside the chamber,

even though the environmental conditions may be the same.
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In addition to the effects on boundary layer, high fan speeds

facilitate the heat exchange between the the air and the leaf surface

as well as the chamber wall. Low fan speeds may become an issue

when measuring at temperatures below ambient, where inhibited

heat exchange can lead to undercooling of the chamber and

subsequent condensation issues.

7.12 | Keeping the chamber clean

Dust and dirt in the chamber can absorb and release gases,

interfering with the measurements especially when conditions in

the chamber are rapidly changing. When foreign bodies accumulate

in the IRGA, they cause noise in the signal and attenuate its strength.

Small animals (e.g., spiders, thrips) can cause erratic spikes in the

signal and thus it is important to check the leaf surface before

inserting it into the chamber. Leaves that are damaged by pests or

wounded should not be measured as they can display a high

transpiration rate that is not the result of a stomatal aperture. When

measuring in the field, ensure the console is raised off the ground to

minimise dust entering the system via the air intake.

7.13 | Regular chemical check

Before starting a new series of measurements, it is important to use fresh

chemicals (i.e., soda‐lime and silica gel/drierite) to avoid environmental

control issues during the measurements. Most of the chemicals have a

colour indicator allowing to detect when replacement is needed. Blowing

into the air inlet while establishing conditions for IRGA zeroing can help to

assess the condition of the soda‐lime: no CO2 should make it past the

scrub bottle when on full scrub.

7.14 | Correct for measured leaf area

In some cases, the leaf within the chamber does not cover the entire

measurement area and a value needs to be manually determined and

entered. The area can be derived from a picture of the leaf inside the

chamber (if it is a clear top chamber) or by marking the position of the

gasket with a pen and taking a picture with a similar loose gasket.

Imaging software, such as the open source image processing package

Fiji (Schindelin et al., 2012), can then be used to estimate the area

(Savvides & Fotopoulos, 2018). For grass leaves, knowing the width

at each side of the chamber is often enough to estimate the area

based on a rectangular shape. As photosynthetic fluxes are area‐

based, errors in leaf area estimates are to be avoided.

7.15 | Selection of leaves to be measured

In most studies, the most recent fully expanded leaf is used to

perform the measurement. However, within the plant canopy there

are large variations in photosynthetic capacity due to light gradients

and differences in leaf age. It is therefore important to be consistent

in the choice of the leaf to measure between plants and to consider

temporal factors such as leaf ageing for long experiments.

8 | PITFALLS TO AVOID

8.1 | Condensation

Condensation can occur as the dewpoint temperature of the chamber

air approaches the lowest temperature of any system component,

which is usually the chamber wall temperature. Even though

condensation can often not be visually seen directly, it still causes

invalid photosynthesis measurements. Once condensation is

detected, the machine needs to dry out before any further

measurements take place. To ensure good humidity control, before

measurements make sure desiccant is fresh and the IRGAs are

properly zeroed. During measurements, we advise that the RH should

not exceed 85%. Controlling the humidity by ensuring the dew point

temperature of the air is always at least one degree lower than the

minimum of leaf, air or chamber temperature will prevent high RH

and condensation forming in the measuring chamber – pay special

attention to the temperature of the chamber block, as this is the most

likely place where condensation may occur. Take particular note in

the minutes after closing a leaf into the chamber to ensure

transpiration does not cause high RH when stomata acclimate to

the new conditions. If the set humidity cannot be maintained with the

humidity control alone and needs to be reduced, the temperature

and/or flow rate can be increased.

8.2 | Negative Ci values

As a mole fraction of CO2 molecules in air, Ci values should always

be positive. If condensation occurs in the leaf chamber Ci

calculations may be incorrect and negative Ci values can occur.

The danger of this happening is particularly high during CO2

response curves at low [CO2], when stomata tend to be opened the

most. On machines that do not automatically adjust RH to prevent

condensation follow the tips above for avoiding condensation in the

leaf chamber.

8.3 | Leaks

Leaks occur mainly through the gasket securing the leaf in the

measuring head, through unsecure exhaust tubing, damaged O‐rings

at measuring head connection points and poor seals on desiccant

columns. Flow rates unable to reach set point and fluctuating CO2

values unable to reach set points higher than atmospheric CO2 values

may indicate a leak. If a leak is suspected carry out the following

checks (also see section on ‘good practice’):
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1. Is the measuring head correctly closed and gaskets intact? Replace

gaskets if compression is causing a poor seal.

2. Is exhaust tubing correctly attached to measuring head and

console?

3. Are humidifier and desiccant columns correctly in place and caps

sealed with air filters intact?

4. Is the thermocouple correctly installed?

5. Check all O‐rings and replace any that are damaged.

8.4 | Closed stomata

If gs is too low, for example, when the plant is drought‐stressed,

obtaining high Ci values and thus a useful A/Ci response can be

challenging. For these measurements it is important to properly

adjust VPDleaf, as excessive transpiration is a major contributor to

stomatal closing: Generally, VPDleaf should not exceed 1.5 kPa to

avoid stomatal closure, while condensation needs to be avoided by

ensuring RH does not exceed 85%. A range of VPDleaf suitable for

most measurements is around 0.8–1.2 kPa. An appropriate level of

VPDleaf is also dependent on whether the machine has to heat or

cool the chamber to reach the set measurement temperature. RH of

85% may be suitable in the former and reach condensation in the

latter case. It helps to keep plants well‐watered and not expose

them to a sudden temperature/humidity change right before the

measurement. If despite this, stomata are very slow to respond,

check the light quality settings (the contribution of blue light should

be at least 10%, see ‘Adjust light quality’ above). The leaf can also be

briefly exposed to low [CO2] (~100 μmol mol−1), which helps induce

stomatal opening.

8.5 | Large temperature gradient between ambient
air and inside of chamber

Large gradients between the temperature of the console, where the

measuring air is conditioned, and the temperature set inside the

chamber bear the danger of condensation (if the chamber block has

to cool down hot incoming air) or of not being able to reach a

VPDleaf low enough to ensure open stomata (if cold air coming from

console cannot carry enough humidity, despite being close to

saturated). In addition, large temperature gradients between the

chamber air and the leaf may cause Tleaf to be incorrect, as the

temperature measured by the leaf thermocouple will be influenced

by the surrounding air temperature (Mott & Peak, 2011). These

problems can be minimised by keeping all system components as

close as possible to the set Tleaf. For measurements far outside of

ambient conditions, the whole gas exchange console and measuring

head should be placed within a climate‐controlled space, such as a

growth chamber or incubator. Then the temperature surrounding

the IRGA can be set close to Tleaf, minimising temperature gradients

and condensation as well as extending the temperature range for

measurements.

8.6 | Thermocouple position on the leaf

The leaf thermocouple must be installed correctly and touching the

abaxial surface of the leaf during the measurement. If not touching the

leaf, it will measure air temperature in the chamber instead. If pushed too

far it could tear the leaf and bend the thermocouple. For larger chambers

a single thermocouple may not be sufficient to capture heterogeneities

across the leaf – use a second thermocouple when given the option.

Accurate leaf temperature measurements are required for computation of

many parameters including gs and Ci, and measurements from an

incorrectly placed or damaged thermocouple can cause incorrect

estimation of photosynthetic capacities from curve fitting. In situations

where contact with the leaf surface is not possible, an energy balance

method can be used to estimate parameters.

8.7 | Time of day effects

Many species operate on a diurnal cycle, some with a noted midday

depression of photosynthesis due to stomatal closure (Panda, 2011;

Hirasawa & Hsiao, 1999) or enhanced photoprotection or photo-

inhibition (Ögren & Rosenqvist, 1992) in hot and high‐light condi-

tions. When comparing photosynthetic capacities between samples

ensure measurements are made when gs is not excessively limiting

photosynthesis, that is, when stomata are largely open. Observing

diurnal patterns of gs for the species of interest prior, by taking sets

of survey measurements over the course of a day, can help to

determine what time of day is most appropriate for making

measurements (Matthews et al., 2018).

8.8 | Measuring attached versus detached leaves

It is preferable to measure attached leaves as cutting the leaf can

result in an immediate change in leaf water potential that influences

transpiration and stomatal conductance responses. For specific

treatments (e.g., application of hormones) or due to logistic limitation,

measurements on detached leaves can be performed but care should

be taken with interpretation of such results, especially those relying

on gs (Ferguson et al., 2023).
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