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▪ Photosynthesis

▪ Gas exchange

▪ Assimilation

How do we measure photosynthesis?



How do we measure photochemistry?

Chlorophyll 

Fluorescence 

Gas exchange



How do we measure gas exchange?

▪ First we need to measure the concentration

of one or more gases

w = density of the absorber

l = path length

v = wavelength

A’ = light absorption

k(v) = absorption coefficient



H2O(NA2.4 µm) H2O(A2.59 µm)

CO2(NA4.1 µm) CO2(A4.26 µm )

How do we measure gas exchange?

▪ Infrared Absorption by Gases

 = absorptance

T = transmittance

A = transmittance in 

absorbing region

NA = transmittance in 

non-absorbing region

α + T = 1

α = 1  - T

α = 1 - фA/ фNA



Basic optical differential IRGA
!
!
!
!
!
!
!

α = 1 - фA/ фNA

 = absorptance

A = transmittance in absorbing band

NA = transmittance in non-absorbing band



Gas exchange systems

▪ Closed-transient

▪ Compensating
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Gas exchange systems

▪ Closed-transient

▪ Compensating

▪ Open flow through



System flow path
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Basic parameters computed

▪ Fluxes from mass balance

▪ A – Assimilation rate

▪ E – Apparent Transpiration rate

▪ Additional parameters

▪ gsw – Stomatal conductance to water vapor 

▪ Ci – Inter-cellular CO2 concentration



Mass balance in an open system

Transpiration
(apparent) Assimilation

Leaf chamber 

Air flow into the 
chamber



Mass balance for gas exchange

Transpiration
(apparent) Assimilation

Steady-state gas exchange model

𝑠𝑓𝑥 = 𝑢𝑜𝑢𝑡𝑥𝑜𝑢𝑡 − 𝑢𝑖𝑛𝑥𝑖𝑛

𝑠 = Leaf surface area
𝑓𝑥 = Flux of gas x
𝑢𝑖𝑛 =Molar air flow entering the chamber
𝑢𝑜𝑢𝑡= Molar air flow exiting the chamber
𝑥𝑖𝑛= Mole fraction of x entering chamber
𝑥𝑜𝑢𝑡 = Mole fraction of x exiting the chamber

Exhaust air is vented 
to the atmosphere 

A stable and constant 
flow of air is supplied 
to the chamber 

Steady-state gas exchange model



𝑠𝑓𝑥 = 𝑢𝑜𝑢𝑡𝑥𝑜𝑢𝑡 − 𝑢𝑖𝑛𝑥𝑖𝑛 + 𝜌𝑣
𝑑𝑥

𝑑𝑡

Mass balance for gas exchange

Transpiration
(apparent) Assimilation

Dynamic model

When steady-state assumptions are 

met 𝜌𝑣
𝑑𝑥

𝑑𝑡
evaluates to 0

𝑠𝑓𝑥 = 𝑢𝑜𝑢𝑡𝑥𝑜𝑢𝑡 − 𝑢𝑖𝑛𝑥𝑖𝑛 Steady-state gas model



Mass balance for gas exchange

𝐸 =
𝑢𝑖𝑛

𝑠 1 − 𝑤𝑜𝑢𝑡
𝑤𝑜𝑢𝑡 − 𝑤𝑖𝑛 +

𝜌𝑣

𝑢𝑖𝑛

𝑑𝑤𝑜𝑢𝑡

𝑑𝑡
𝐴 =

𝑢𝑖𝑛 1 − 𝑤𝑖𝑛

𝑠
𝑐𝑖𝑛
′ − 𝑐𝑜𝑢𝑡

′ +
𝜌𝑣

𝑢𝑖𝑛

𝑑𝑐𝑜𝑢𝑡
′

𝑑𝑡

Transpiration
(apparent) Assimilation

Dynamic gas exchange model
Substituting in for measured 
values and rearranging the 
dynamic model…

𝐸 = Apparent transpiration
𝐴 = Carbon assimilation
𝑤𝑥 = Water vapor mole fraction

𝑐𝑥
′ = CO2 dry mixing ratio = 

𝑐𝑥

1−𝑤𝑥

Flow out of the chamber 
is not measured. It is 
accounted for by  
assuming 𝑢𝑜𝑢𝑡 = 𝑢𝑖𝑛 + 𝑠𝐸, 
and E is the only 
significant flux. E is 
generally 103 or 104 > A.



Mass balance for gas exchange

𝐸 =
𝑢𝑖𝑛

𝑠 1 − 𝑤𝑜𝑢𝑡
𝑤𝑜𝑢𝑡 − 𝑤𝑖𝑛 +

𝜌𝑣

𝑢𝑖𝑛

𝑑𝑤𝑜𝑢𝑡

𝑑𝑡
𝐴 =

𝑢𝑖𝑛 1 − 𝑤𝑖𝑛

𝑠
𝑐𝑖𝑛
′ − 𝑐𝑜𝑢𝑡

′ +
𝜌𝑣

𝑢𝑖𝑛

𝑑𝑐𝑜𝑢𝑡
′

𝑑𝑡

Transpiration
(apparent) Assimilation

Dynamic gas exchange model

Flow out of the chamber 
is not measured. It is 
accounted for by  
assuming 𝑢𝑜𝑢𝑡 = 𝑢𝑖𝑛 + 𝑠𝐸, 
and E is the only 
significant flux. E is 
generally 103 or 104 > A.

Substituting in for measured 
values and rearranging the 
dynamic model…

𝐸 = Apparent transpiration
𝐴 = Carbon assimilation
𝑤𝑥 = Water vapor mole fraction

𝑐𝑥
′ = CO2 dry mixing ratio = 

𝑐𝑥

1−𝑤𝑥

At steady state, the transient terms are zero and 
the equations are equivalent to what has always been 
used in the LI-6400/XT and LI-6800



Steady state versus dynamic

At steady-state 
the transient 
term is zero and 
the fluxes match

Following a step change in 

CO2 the steady-state model 

gives a false flux driven by 

washout.

The dynamic model 

accounts for this and still 

shows zero assimilation. 

Example data from an empty chamber (Assimilation = 0)
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Accounting for dilution
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LI-6800 closed symbols, LI-6400XT open symbols



More on water corrections…

▪ Explains basis of 

broadening and effective 

pressure

▪ Derive dilution corrections

▪ How IRGAs work

https://app.boxenterprise.net/s/igs56gijkc4ftks30pci



Matching IRGAs 

Sample

Reference

Sample

Reference

Normal operating mode:

Match mode:

LI-6800



Basic parameters computed

▪ Fluxes from mass balance

▪ A – Assimilation rate

▪ E – Transpiration rate

▪ Additional parameters

▪ gsw – Stomatal conductance to water vapor

▪ Ci – Intercellular CO2 concentration



boundary layer

CO2

H2O

What else can we determine with gas exchange?



What else can we determine with gas 

exchange?

▪ Fick’s First Law

J j = -Dj

¶c j

¶x
= g jDc j

Ji = flux

Dj = diffusivity coefficient

δci/δx = change in concentration

gj = conductance

Δcj = concentration gradient



What else can we determine with gas 

exchange?

• Measure A & ca (ca = Cs)• Measure E & wa (wa = Ws)

• Measure leaf temperature 

• Calculate wi

• gCO2 = gH2O/1.6

• Solve for ci

• Solve for 𝑔𝑡𝑜𝑡𝑎𝑙
𝐻2𝑂

𝐸 ≈ 𝑔𝑡𝑜𝑡𝑎𝑙
𝐻2𝑂 (𝑊𝑖 − 𝑊𝑎)

A ≈ 𝑔𝑡𝑜𝑡𝑎𝑙
𝐶𝑂2 (𝐶𝑎 − 𝐶𝑖)



What else can we determine with gas 

exchange?

Assumptions:

- end point of diffusion path is mesophyll 

surface

- cuticular resistance is near infinite

Ohm’s Law Analogy

rtotal = rbl +
1
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Boundary layer

Biophysical Plant Physiology and Ecology, Park Nobel

s bl = 4
l

v

v

l

s bl

σbl = boundary layer thickness

v = air velocity

l = leaf width



near saturation

near ambient

ambient

Boundary layer conditions

VPD = 0
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chamber

near saturation

near ambient

ambient

Boundary layer conditions
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What does this mean for making measurements?

▪ For H2O: Target ambient boundary layer 
conditions!

On the LI-6800 use constant VPD (1 to 1.5 kPa)

𝑒𝑐 (𝑘𝑃𝑎) = 𝑊𝑠𝑃

RH (%)=
𝑒𝑐

𝑒𝑇𝑎𝑖𝑟
∗ 100

𝑉𝑃𝐷𝑙𝑒𝑎𝑓(𝑘𝑃𝑎) = 𝑒(𝑇𝑙𝑒𝑎𝑓)-𝑒𝑐



▪ E = Real count of H2O 

molecules leaving the 

leaf

gs =
E

(wi -wa )

y = 0.0053x + 0.7658
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What does this mean for interpreting the data?



▪ Water Use Efficiency

▪ Instantaneous versus Intrinsic

Seibt et al. 2008. Carbon isotopes and water use efficiency: 

sense and sensitivity. Oecologia

Wt =
A

E
=

A

gs wi -wa( )
=
A

gsDa
=WgDa

Wg =
A

gs

What does this mean for interpreting the data?



Measurements fall in two categories

▪ Response Curve – imposed conditions

▪ Light Response Curve

▪ CO2 Response Curve

▪ Survey

▪ In situ picture under ambient conditions



When to make measurements?
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A-Ci and AQ curves

▪ Response to [CO2]

▪ Response to light



Parameters from AQ Response

▪ Asat –photosynthesis 
at saturating light 

▪ Rd – Dark respiration 
rate

▪ LCP - Light 
compensation point

▪ ϕ – Quantum yield



Parameters from Aci response

▪ Vc,max – velocity of 
carboxylation

▪ Jmax – electron transport for 
RuBP regeneration

▪ ci inflection – transition from 
Vc,max to Jmax

▪ l – stomatal limitation to 
photosynthesis

▪ gm – mesophyll conductance

▪ G* - CO2 compensation point

▪ TPU – trios-phosphate 
utilization



Considerations for Aci measurements

▪ Saturating light

▪ CO2 effect on photosynthesis will be confounded 
with the effects of light

▪ Environmental Control

▪ Reference vs. Sample

▪ Humidity will alter stomatal aperture 

▪ Temperature control for enzyme kinetics

▪ Match at every point
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Using short time steps is important

▪ Rubisco deactivation

▪ Stomatal closure
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ACi curve fitting tools

Sharkey et al. 2015. What gas 

exchange data can tell us about 

photosynthesis. Plant, Cell and 

Environment 



ACi curve fitting tools

▪ Leafweb.ornl.gov

▪ ACi curve fitting and data sharing platform

▪ Developed and hosted by Oak Ridge National 

Laboratory

▪ Plantecophys R package

▪ Duursma RA. 2015. Plantecophys – An R 

package for analysing and modeling leaf gas 

exchange data. PLoS ONE



Other chamber options for the LI-6800

Our discussion of gs and ci thus far has been 
based on assumptions that break down at the 
whole plant/canopy scale!



Questions?

doug.lynch@licor.com





Selecting the right chamber?

• Chamber aperture - bigger can be better!

• Light intensity control

• What data do you need?



LI-6800 Console flow path: 
Rapid & stable software control of CO2 and H2O 








