
Letters

The rapid A/Ci response: a guide
to best practices

A response to Taylor & Long (2019) ‘Phenotyping
photosynthesis on the limit – a critical examination of
RACiR’

The Rapid A/Ci Response (RACiR) is a dynamic method of leaf-
level gas exchange that allows the calculation of fundamental
parameters for photosynthetic capacity in much shorter times than
standard steady-state methods. This is accomplished by using CO2

ramps instead of discrete values under steady-state conditions.
Here, we present data describing potential pitfalls and provide a list
of best practices that are important to follow in order to ensure the
data acquired are of high quality.

Stinziano et al. (2017) demonstrated that the RACiR generates
robust estimates of Vcmax (maximal carboxylation rate) and J
(potential rate of electron transport) similar to the standard A/Ci,
which can be very useful in phenotyping applications. They also
suggested that the RACiR technique may generate new biological
insights that are unattainable from slower measurements
(Stinziano et al., 2017). Here, we respond to the Letter by Taylor
& Long (2019; in this issue of New Phytologist, pp. 621–624),
reiterating the points from Stinziano et al. (2017) and emphasizing
that applying RACiR methodology outside of the specific
conditions and recommendations of Stinziano et al. (2017)
requires further testing.

Fig. 1(a,b) of Taylor & Long (2019) shows data using a ramp of
200 lmol mol�1 min�1, which Stinziano et al. (2017) stated as
being a rate that may compromise the estimate of J. Therefore, it is
not surprising to see examples at that speed that generate larger
deviations from a standard A/Ci than was in our data, provided in
both figures and supplementary files of Stinziano et al. (2017) as
well as in Fig. 1(c) of Taylor & Long (2019). Here, we present
results demonstrating that higher ramp rates generate larger
differences in the apparent compensation point (Fig. 1). These
results also demonstrate that CO2 ramping rate can result in
apparent assimilation offsets. Such offsets may be due to instru-
mentation artifacts such as an imperfect empty chamber correction
or other effects that are not yet demonstrated. At sufficiently high
ramp rates, differences between standard steady-state and dynamic
RACiR gas exchange methods would be expected and could reflect
real differences in the underlying biology. When CO2 can be
changed faster than enzyme activation states, stomatal conduc-
tance, mesophyll conductance, or faster than some biochemical
pools can respond, then gas exchange data may need reinterpre-
tation, and this new approachmay offer opportunities to testmodel
assumptions. However, we note that higher CO2 ramp rates are

complicated and we recommend limiting ramp rates to
100 ppmmin�1, unless one is explicitly examining the mecha-
nisms behind high ramp rate offsets.

Taylor& Long (2019) extended data analyses to parameters that
were beyond the scope of Stinziano et al. (2017). Based on potential
procedural or biological concerns mentioned earlier, at high ramp
rates RACiR may not generate compensation points similar to a
standard A/Ci. However, we also point out that standard A/Ci

methods used to generate estimates of other parameters presented
in Taylor & Long (2019), including gm (mesophyll conductance),
Rd (dark respiration), and Γ* (photorespiratory compensation
point) are potentially problematic (Pons et al., 2009; Walker &
Cousins, 2013; Walker & Ort, 2015; Farquhar & Busch, 2017)
and we would not recommend using them.

Taylor & Long (2019) also combine data from the 500 to 0
and 300 to 800 lmol mol�1 RACiRs of Stinziano et al. (2017)
when performing model fits. While compiling a larger data set
for curve fitting is understandable, we do not think it is
appropriate here. Notably, the RACiRs in Stinziano et al.
(2017) were not conducted in a way to maximize alignment
between ramp ranges due to the way the CO2 ramping loops
were set up. The order of measurements is known to affect the
results as evidenced by the common practice, in a standard A/
Ci, of carefully returning to a common mid-point value
between low and high CO2 ranges. This is required because of
the biological effects occurring during slow measurements, such
as enzyme deactivation, in each CO2 range. Therefore, we
recommend against combining RACiRs from multiple ranges.

When we performed a re-analysis of the Stinziano et al. (2017)
data using the Taylor & Long (2019) script, but restricted the fit to
the 300–800 lmol mol�1 RACiRs, most of the significant differ-
ences presented in Taylor & Long (2019) were no longer
significant. However, we do not present the table here because we
believe a larger data set is needed for proper statistical analyses.
Every parameter estimate has some sort of error associated with it.
When relatively small numbers of parameter estimates are
compared using a standard statistical test (such as a t-test) this
error is essentially ignored, and so we urge caution in declaring true
differences between parameter estimates based on relatively limited
data. Essentially, a larger data set that includes analyses of all errors
would be helpful in order to more fully investigate these issues.

Additional curve fitting considerations

Taylor & Long (2019) raise an excellent point: curve fitting
approach matters. This issue was thoroughly examined by Gu et al.
(2010) and has been repeatedly addressed by multiple groups for
well over a decade (e.g. Ethier & Livingston, 2004; Dubois et al.,
2007; Sharkey et al., 2007). It is important to recognize that
different methods for fitting A/Ci responses can yield different
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parameter estimates. This makes assigning ‘truth’ more difficult
since the method used can affect the outcome. This is especially true
for values like gm, Rd, and Γ* such that it is not widely accepted that
these are optimally derived from a single standardA/Ci (seemethods
Pons et al., 2009; Walker & Cousins, 2013; Walker & Ort, 2015;
Farquhar & Busch, 2017). The most widely accepted use for the
A/Ci is to estimateVcmax and J (withmuch less certainty about J ) and
those values are in ‘reasonably close agreement’ between the standard
and RACiR approaches in Taylor & Long (2019) and in Stinziano
et al. (2017). While it is logical and valuable to compare standard
A/Ci andRACiR approaches for fitting other parameters asTaylor&
Long (2019) have done, assigning truth becomes more difficult
given the uncertainty of model fitting as well as the methodological
points we have raised earlier. Given the importance of careful
consideration of ramping conditions and preliminary testing with a
species of interest, we are providing a more detailed and explicit
procedural guide for new users.

Best practices procedural guide

RACiR requires characterization of the species in question to
determine the best way to setup the CO2 ramps, especially the
ramping rate. To date, a ramping rate of 100 lmol mol�1 min�1

has provided the best comparisons with steady-state Vcmax and
J. RACiR empty-chamber calibration curves are specific to flow
rate, temperature, and ramp rate, and may be sensitive to large

changes in water mole fraction during the ramp. As such, we are
clarifying key recommendations whenever RACiR is used:
� First, determine if RACiR is suitable for your research question.
For example, are you assessing variation in Vcmax and J, or other
parameters? Todate, Stinziano et al. (2017) have provided evidence
that Vcmax and J are substantially similar between RACiR and
standard A/Ci curves. We reiterate our caution that applying
RACiR approaches to other parameters requires further investiga-
tion.
� On each measurement day, and for each instrument, ensure that
empty-chamber RACiR calibration curves are run for every flow
rate, temperature, ramp range, direction, and ramp rate that is to be
used. Only high chamber mixing speeds should be used.
� The same match should be used for the empty chamber and leaf
curves. In other words, the exact same IRGA match – in both
concentration and time – should be used for the empty chamber
curve(s) and the leaf curves they are correcting. When a new IRGA
match is needed due to IRGA drift, the passage of time, or changes
in environmental conditions, a new empty-chamber correction
must be run as well. Between individual RACiR curves, we
recommend only checking the match at the original conditions used
formatching. At the original conditions, an empty chamber should
have Anet values close to zero (within a few tenths) and sample and
reference CO2/H2O mole fractions should be nearly identical.
� Determine which polynomial best fits the empty-chamber
calibration curve, ranging from first to fifth order. IRGA factory

Fig. 1 Effects of CO2 ramp rates on data
output from theRapidA/Ci Response (RACiR).
Inset shows the region around the
compensation point. RACiRs were run from
500 to0or300 to900 lmol CO2mol�1 at100,
200, 250, and 300 lmol CO2mol�1 min�1 on
Populus deltoides leaves, paired with a
standardA/Ci responsemeasured at 400, 300,
200, 150, 125, 100, 75, 50, 25, 400, 500, 600,
700, 800, 1000, 1200, 1500, 1800, and
2000 lmol CO2mol�1. Cuvette settings were:
leaf temperature of 25°C, overpressure of
0.2 kPa, flow rate of 600 lmol s�1, fan speed
of 10 000 rpm, reference [H2O] of
19.5mmol mol�1, and saturating irradiance of
1000 lmol photonsm�2 s�1. A, net CO2

assimilation; Ci, intercellular CO2

concentration.
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calibrations use up to fifth order polynomials, which is whywe have
selected this range. We have found that third and fourth order
polynomials most commonly provide the best fits. We have
recently made an R script freely available to automate this process
(Stinziano, 2018).
� Determine what range of [CO2] is useable. These are the data
that are fit well and are consistent between empty chamber tests.
This often requires discarding the first and last 30 s of data, where
the rates of change in [CO2] are not constant.
� Minimize differentials in water mole fraction between the
calibration and measurement runs. This involves preliminary
testing with each species under each condition, and may require
control of reference or sample [H2O] rather than leaf vapor pressure
deficit when running RACiR or the introduction of humidity into
the empty chamber.
� Run preliminary tests on each species and each environmental
condition of interest to determine an appropriate range in [CO2]
and CO2 ramp rate for parameters of interest. The importance of
this step cannot be over-stated. This is similar to running
preliminary tests of the light response, which needs to be done
before any A/Ci to determine saturation intensity.

Taken together, we think themain conclusions of Stinziano et al.
(2017) still hold in that RACiR can generate estimates ofVcmax and
J that are substantially similar to estimates derived from the
standard approach, and that RACiR is a useful screening tool for
rapid phenotyping.Thework ofTaylor&Long (2019) is helpful in
determining where differences in parameter estimates between the
two methods may exist, and points to the need for additional
research as RACiR is further developed.
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