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ARTICLE INFO ABSTRACT

Affic{e history: Development of optical isotope techniques over the last several years has provided scientists a set of
Received 21 June 2012 tools for tracing the transport and cycling of CO, and water vapor between the biosphere and atmo-
Received in revised form 12 January 2013 sphere. Here, I take a micrometeorological perspective and review these technological advances, assess

Accepted 14 February 2013 key instrument performance characteristics, examine how these techniques have been used in the field

to improve our understanding of the processes governing the exchange of CO, and water vapor, and

Keywords: discuss future research directions. Review of the recent literature indicates that: (1) optical techniques
Carbon . . . . .

Eddy covariance hfi\{e been uged to .qgant{fy the 1sotope' composition of 'blosphere—atmosphere exchange using the Fra-
Evapotranspiration ditional Keeling mixing line, flux-gradient, eddy covariance, and chamber approaches under a variety
Isotopes of field conditions with near-continuous data records now extending to more than 5-years; (2) high
Keeling plot frequency and near continuous isotope measurements at the canopy scale have demonstrated impor-
Kinetic fractionation tant new insights regarding the behaviour of kinetic fractionation at the leaf versus canopy scales and
Lasers the controls on ecosystem respiration that could not have been observed previously using traditional
Leaf water enrichment methods; (3) based on the assessment of instrument performance, carbon isotope disequilibrium (the
Mass spectrometry difference between the isotope composition of photosynthesis and respiration), carbon turnover rates,

Micrometeorology
Photosynthesis
Respiration

and measurement uncertainties, '*C-CO, investigations are best suited for examining the contributions
and changes to ecosystem respiration with a need for more innovative 3C-isotope labeling experiments
and compound specific isotope analyses under field conditions; (4) significant progress has been made in

35:::;?,?;53, measuring the oxygen isotope composition of water vapor fluxes and canopy leaf water enrichment. These
Scaling issues new data have provided an opportunity to evaluate models of leaf water enrichment and their application
to the canopy scale; and (5) the use of '80-H,0 and '80-CO; as tracers of the coupled carbon-water cycle
has matured significantly in recent years. Evidence from a range of ecosystems indicates that '80-CO,
disequilibrium (ranging from 0 to 17%.) is much larger than for 1*C-CO, (typical less than 3%, in natural
C3 ecosystems) making it a useful tracer of coupled carbon and water cycle processes. However, a better
understanding of the role of carbonic anhydrase in photosynthetic and respiratory processes under field
conditions is now needed in order to make further progress. Finally, the increasing use and development
of isotope-enabled land surface schemes along with the acquisition of high temporal resolution isotope
data is providing a new opportunity to constrain the carbon and water cycle processes represented in

these models.
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1. Introduction

Elucidating the mechanisms that control the exchange of carbon
dioxide (CO,) and water vapor (H,O) between the Earth’s sur-
face and atmosphere is of fundamental importance to diagnosing
changes in the climate system. The development of stable isotope
techniques has provided scientists an important set of tools that
can be used to gain new insights into the coupled carbon and water
cycles on scales ranging from leaf to globe (Keeling et al., 1979;
Farquhar, 1983; Francey and Tans, 1987; Farquhar et al., 1989;
Tans et al., 1990; Ciais et al., 1995; Yakir and Wang, 1996). Over
the last several years there have been significant developments
in spectroscopic (optical) isotope measurement technologies that
permit high-frequency and near-continuous isotope measure-
ments that are providing new opportunities to quantify and study
the processes governing the biosphere-atmosphere exchange. A
significant benefit resulting from these new technologies is the
potential for broader accessibility and use within the scientific
community. This field is changing rapidly and there is already
clear evidence that these techniques are providing important
observational data for global change research that wasn’t possi-
ble previously (Bowling et al., 2005; Lee et al., 2009; Wingate et al.,
2010a,b; Griffis et al., 2011; Barbour et al., 2011; Welp et al., 2012;
Xiao et al., 2012). It would seem timely, therefore, to provide a
review of these recent developments and to look forward to new
possibilities.

There have been a number of excellent reviews and texts writ-
ten on stable isotope applications for ecological and atmospheric
research (Flanagan and Ehleringer, 1998; Yakir, 2003; Yakir and
Sternberg, 2000; Werner et al., 2012) and spectroscopic techniques
for atmospheric research (Schiff, 1992, 1994; Werle, 2004; Wagner-
Riddle et al., 2005). This review differs in two ways: first, it focuses
on state-of-the-art optical isotope measurement methods suitable
for biosphere-atmosphere investigations; second, it is written from
a micrometeorological perspective with the objective of exploring
how isotope flux measurements are being used to increase the sci-
entific understanding of the coupled carbon and water cycles and to
help diagnose and constrain important changes taking place within
the biosphere-atmosphere.

This article is organized as follows: first, a brief historical
perspective regarding the discovery and early use of isotopes
is provided for the non-specialist; second, new commercially
available optical isotope technologies are reviewed; third, the
recent application of isotope flux measurement techniques is
assessed; fourth, applications related to biosphere-atmosphere
exchange are examined including: flux partitioning (net ecosys-
tem CO, exchange and evapotranspiration); factors influencing
the temporal variability in the isotope composition of ecosys-
tem respiration; biophysical controls on canopy-scale leaf water
enrichment; and the isotopic coupling between water and car-
bon. Finally, given this developing technology at our disposal
I examine some of the emerging opportunities of stable iso-
tope measurements within a network (i.e. FLUXNET or NEON)
framework.

Five questions are posed to help frame this review: (1) What
sensors are currently available and what are some of the important
measurement and calibration issues that have emerged? (2) What
have we learned about partitioning fluxes into their components
using stable isotope techniques? (3) How have stable isotope tech-
niques been used to help understand the complexities of ecosystem
respiration? (4) How have measurements of oxygen isotopes in
water vapor and CO, provided new insights regarding the coupled
carbon and water cycles? and (5) What are some of the key research
needs that have evolved from these investigations?

2. Brief historical perspective

Isotopes! were discovered in the early 20th century (Soddy,
1913; Thomson, 1913; Urey, 1948). Here our discussion will be
limited to the stable light isotopes of carbon, oxygen and hydro-
gen. These isotopes were discovered in the late 1920s and early
1930s (Giauque and Johnson, 1929a,b; Urey et al.,, 1932; Nier
and Gulbransen, 1939). Application of isotope techniques to prob-
lems in environmental science is a relatively young discipline.
Alfred Nier’s postdoctoral work at Harvard University carefully
demonstrated that the carbon isotope abundance ratio of biolog-
ical and mineral substances varied slightly in nature (Grayson,
1992; Murphey and Nier, 1941; Gulbranson and Nier, 1939). It was
through the development of highly sensitive isotope ratio mass
spectrometers (IRMS) (Nier, 1947; McKinney et al., 1950) in the
late 1930s that helped establish these new lines of observational
inquiry and would ultimately lead to new theories and experiments
regarding key fractionation processes. The use of stable isotope
techniques proliferated as IRMS became more accessible to the
broader scientific community.

The mass differences among stable isotopes or isotopologues
ultimately provide the opportunity to trace their flow through the
biosphere and atmosphere due to kinetic and equilibrium fraction-
ation effects. The fractionation factor («) is defined as the ratio of
the number of two isotopes in one chemical compound (A) divided
by the same ratio in a second chemical compound (B) (Hoefs, 1997;
Dawson and Brooks, 2001),

R
ap g = é (1)

where, Ry and R represent the absolute isotope ratios of com-
pounds A and B. These values can also be represented as a
separation factor (deviation from unity) (i.e. €=a—1). In 1948
Harold Urey introduced “delta” (§) notation to ensure that the very
small variations in isotope ratios, measured by IRMS, were not an
artifact of instrument drift (Urey, 1948). It follows, therefore, that

1 Isotopes are atoms of the same element that have the same number of pro-
tons and electrons, but have different numbers of neutrons resulting in a unique
atomic mass. Isotopologues are molecules that have a unique isotope composition
or number of isotope substitutions.
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the isotope composition of a sample is normalized to a reference
standard,

_ Rs — Rstd

1)
Rstd

(2)
where § is the isotope ratio. This ratio can be multiplied by 103
to report the value in parts per thousand (%.). Rs is the sam-
ple molar ratio of the heavy (minor) to light (major) isotope and
Rstq is the standard molar ratio. Table 1 summarizes the relative
abundance of the isotopologues and the standard scales used for
reporting carbon, oxygen, and deuterium isotope ratios (Coplen,
1994, 2011; Dawson and Brooks, 2001). Griffis et al. (2004) show
in their appendix A the methodology for converting into and out
of delta notation and isotopologue mixing ratios and discuss the
origin and importance of the standards used for making these con-
versions.

In biosphere-atmosphere studies of CO, and water vapor
exchange we are mainly concerned with kinetic and equilibrium
fractionation effects. Kinetic fractionation results from unidirect-
ional and incomplete reactions such as the slower molecular
diffusion of the heavy isotopes relative to the lighter isotopes and
the slower chemical reaction rates associated with the heavier
isotopes. For example, kinetic fractionation associated with the
molecular diffusion of 13C-CO, relative to 12C-CO, through stomata
is approximately +4.4%. and the enzymatic fractionation associated
with ribulose 1,5 bisphosphate carboxylase/oxygenase (rubisco)
carboxylation of 13C-CO, relative to 12C-CO, is approximately 29%.
(Farquhar et al., 1989). Therefore, the kinetic effects result in rela-
tively strong photosynthetic fractionation in C3 plants. This overall
fractionation effect is often denoted as A and represents the sum
of the processes.

Equilibrium (thermodynamic) fractionation results when an
isotope exchange takes place between chemical substances, phases,
or individual molecules that eventually reach a chemical equilib-
rium (Hoefs, 1997; Dawson and Brooks, 2001). Here, the heavier
isotopes typically accumulate in the compounds or phases that are
most dense. For example, the heavy isotope of water (2H-H,0 and
180-H,0) will have relatively higher concentrations in the con-
densed phase versus the vapor phase due to their lower saturation
vapor pressures. While there are mass independent fractionation
effects, these are most important for species such as O3, N,O, and
CO, in the stratosphere (Hoefs, 1997; Thiemens, 1999; Kawagucci
et al., 2008).

Isotope ratio mass spectrometry (IRMS) separates charged
atoms or molecules based on their mass-to-charge ratios and
motions in the presence of a strong magnetic field (Dawson and
Brooks, 2001). The precision and accuracy of these instruments
have been well established over many years of research. IRMS
systems have §13C-CO, precision ranging from 0.02 to 0.1%. and
5180-CO0, precision ranging from 0.05 to 0.2%.. High precision IRMS
has been paramount in atmospheric inversion type studies that
make use of stable isotope measurements utilizing the global flask
monitoring network (Trolier et al., 1996; Ciais et al., 1995). Typical
precision for §2H-H,0 and §80-H,0 are 0.5-1%. and 0.03-0.1%o,
respectively (Yakir and Wang, 1996; Lee et al., 2005; Wang et al.,
2009).

In some IRMS applications a considerable amount of sample
preparation is required offline prior to analysis. In one of the early
standard methods of analysis of the deuterium isotope composi-
tion of water, it was necessary to first reduce the water sample by
zinc to produce hydrogen gas (Coleman et al., 1982; Dawson and
Ehleringer, 1991). A couple of points are worth highlighting here.
First, it takes about 1-h to prepare 10 water samples for analy-
sis and the preparation requires specialized equipment including a
vacuum extraction line. Today, it is more common for IRMS mea-
surements that rely on the reduction of water to use chromium,

which can be performed on-line, making the analyses simpler.
The oxygen isotope composition of water samples is traditionally
determined using the CO,-H,0 equilibration technique (Cohn and
Urey, 1938; Epstein and Mayeda, 1953; Dugan et al., 1985). In this
method, the oxygen atoms in water and CO, are allowed to equil-
ibrate at 25°C over a period of 24-96h and then the CO, gas is
introduced into the IRMS for analysis.

IRMS are used broadly within the environmental sciences and
are well suited for applications that do not require high-frequency
information. Their application to in situ environmental measure-
ments or micrometeorological investigations, however, are limited
mainly because of lack of portability, relatively high cost, sam-
ple preparation, and the two-step sampling procedure of flask air
sample collection followed by injection into the IRMS. In a typical
application, it is not uncommon for a single air sample (flask) to be
analyzed over a period of about 10 min. Further, the collection of
CO, or water vapor in a flask can also introduce sampling errors.
This is particularly important for sampling water vapor where the
cold trap method is used to freeze out the vapor into a collection
flask. If the collection efficiency is not perfect or if the freezing
causes homogeneous nucleation then the collected vapor will be
positively biased (i.e. too heavy) (Lee et al., 2005; He and Smith,
1999). Despite these challenges and limitations, many investigators
have found innovative ways to implement IRMS in micrometeoro-
logical applications, but such studies have been limited to short
campaigns because of the logistical challenges (Yakir and Wang,
1996; Bowling et al., 1999; Ogée et al., 2004 ). The cost of analysis can
also be substantial, especially for atmospheric applications where
the goal is to capture the temporal variability within the flow. If
we sampled the atmosphere once per hour at two measurement
heights above a canopy over a 1-week measurement campaign the
analytical costs could easily exceed $5000 US. A detailed cost analy-
sis for a field experiment where the carbon isotope composition of
ecosystem respiration was estimated at high frequency (minutes
to hours) using IRMS was estimated at $1.3M US (Dr. Margaret
Barbour, University of Sydney, personal communication). In their
application, 960 samples were collected per night to construct 120
Keeling plots over a 1-month period. This involved the collection
of 26,880 air samples. The time required for IRMS analysis would
have been approximately 1-year of continuous operation. These
same analyses can be conducted much faster and at lower analyti-
cal costs using optical isotope techniques. The original investment
in equipment is still substantial, but is generally lower than the
cost of IRMS (Midwood and Millard, 2011). Optical isotope systems
range in price from about $50,000 to $150,000 US depending on the
species of interest and instrument options.

In addition to lower instrument and sample costs, the use
of optical isotope techniques also simplifies some of the samp-
ling methodology such as flask collection and reducing the need
for sample preparation prior to analysis. Further, as these meth-
ods continue to mature, the high precision and high frequency
measurement will allow for micrometeorological theory (first prin-
ciples)tobe applied to land-atmosphere exchange problems so that
isotope fluxes can be determined directly.

3. Optical isotope measurement systems

Optical techniques are well suited for determining changes in
the chemical composition of atmospheric flows (Schiff, 1992, 1994;
Werle, 2004; Wagner-Riddle et al., 2005). Unlike IRMS, optical tech-
niques involve the detection of radiation absorbed and emitted by
the target gas species. For a short review of laser-based isotope ratio
technology see Kerstel and Gianfrani (2008).

Here, an overview of the two most popular commercially
available optical techniques including tunable diode laser absorp-
tion spectroscopy (TDLAS) and Fourier-transform infrared (FTIR)
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Table 1

Isotope abundance and standard ratios.
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Element Isotope Ratio measured Percent Standard scale Ratio of standard
abundance
Hydrogen TH 2H/'H 99.985 V-SMOW 1.55750 x 10~
2H(D) 0.015
Carbon 12c 1Bczc 98.98 V-PDB 1.11797 x 102
1BC 1.11
Oxygen 160 180/160 99.759 V-SMOW or V-PDB 2.0052 x 1073, 2.0672 x 103
70 0.037
180 0.204

For additional background information regarding standard scales see Hoefs (1997), Dawson and Brooks (2001), and Coplen (2011). The appendix of Griffis et al. (2004) shows
the derivation of the V-PDB carbon isotope ratio and its relation to the original Craig (1957) PDB-Chicago scale. Note that the oxygen isotope ratio can be reported on the
V-PDB or V-SMOW scales and that these values can be easily converted from one scale to another. This is important when examining the interaction and equilibration

between the oxygen isotopes in water and carbon dioxide.

spectroscopy are reviewed. The TDLAS systems reviewed below
all use tunable lasers and an absorption spectrometer to mea-
sure an absorption spectrum. The choice of laser type, absorption
cell, detection technique, laser stabilization, wavelengths, mea-
surement frequency, etc are all attributes that influence system
performance. FTIR is an optical technique, but is fundamentally dif-
ferent than TDLAS in that it does not use a laser source, but rather a
broadband blackbody. The basic underlying principles of a number
of commercially available systems are reviewed below along with
some of their key characteristics, which may help to inform their
use in future field applications (Table 2). A common approach to
evaluating instrument precision, linearity, and stability has been
to sample a set of stable standards over a broad range of mixing
ratios and to make use of the Allan variance (Werle et al., 1993;
Werle, 2011) to assess how precision changes as a function of time.
The results of these types of analyses are presented below and in
Table 2. It should be noted that lead-salt tunable diode laser sys-
tems (TGA100A, Campbell Scientific Inc., Logan, Utah, USA) were
one of the first systems to be used for in situ isotope measure-
ments and are regarded here as the benchmark system. However,
as of March 2012, the lead-salt diode lasers were no longer being
manufactured.

TDLAS has been used for the measurement of atmospheric trace
gases for more than 30 years (Edwards et al., 2003). Its fast mea-
surement, high sensitivity, and selectivity made it a viable option
for measurement of stable isotopologues of CO, (Beckeretal., 1992;
Crosson et al., 2002; Bowling et al., 2003a) and water (Kerstel et al.,
1999, 2002; Gianfrani et al., 2003; Lee et al., 2005).

In general terms this technique is based on detecting
the molecular absorption of radiation that is tuned to the
rotational-vibrational frequency of the molecule of interest. Iso-
topologues have unique rotational-vibrational frequencies that
can be measured independently provided there is minimal inter-
ference from other molecules. The theoretical absorption spectra
for a vast number of molecules can be found in the HITRAN
database (http://cfa-www.harvard.edu/hitran//) (DeBievre et al.,
1984), which can be used to identify non-overlapping absorption
lines. Wavenumbers are generally selected that have strong absorp-
tion without interference from other molecules. The line width of
the laser emission is much less than that of the molecule, mak-
ing the technique highly selective. In essence, the concentration
of the target species can be determined from the Beer-Lambert
law (Edwards et al., 2003). One of the challenges associated with
isotope applications is the need to measure the concentration of
the major and minor isotopologues near-simultaneously. This can
be achieved by selecting absorption lines for each isotopologue
within a narrow spectral region that can be scanned with a tunable
laser.

A commercially available lead-salt TDLAS system (TGA100A
and TGA200, Campbell Scientific Inc.) has now been applied at

numerous laboratories and field sites for the measurement of CO,
and water vapor isotopologues (Bowling et al., 2003a, 2005; Griffis
et al., 2004, 2005a; Lee et al., 2005; Drewitt et al., 2009; Bickford
et al., 2009; Wingate et al., 2010b; Powers et al., 2010; Barbour
etal, 2011; Tazoe et al., 2011; Xiao et al., 2012; Welp et al., 2012).
One of the most serious drawbacks of using lead-salt diode lasers
is the need for cryogens. For some species, such as water vapor,
the detectors also need to be cooled using liquid nitrogen. For per-
spective, a water vapor isotope lead-salt TDLAS system (TGA200,
Campbell Scientific Inc., Logan, Utah, USA) consumes about 15L of
LN2 per week. Another important consideration for these systems
is to select absorption lines with similar effective line strengths to
reduce non-linearity in the isotope ratio (Bowling et al., 2003a; Lee
et al.,, 2005; Griffis et al., 2008, 2010). Further, weaker absorption
lines have greater sensitivity to temperature fluctuations. Con-
sequently, it is important to select absorption lines with similar
effective line strength and to maintain the instrument at a stable
temperature to reduce measurement drift (Bowling et al., 2003a).
The performance of these systems (stability, precision, non-
linearity, and reliability) has been well documented for both
field and laboratory conditions. Such systems have been operat-
ing remotely at the Niwot Ridge USA research station for more
than 5 years (Dr. David Bowling, University of Utah, personal
communication). The recommended calibration approach for CO,
isotopologues is to use multiple span values (a minimum 3-point
calibration) to account for instrument non-linearity (Bowling et al.,
2005). Although the non-linearity for CO, isotopologues can be
nearly eliminated if the system is properly optimized (Griffis et al.,
2008), it remains good practice to calibrate the system using
multiple span values that are traceable to long-term laboratory
gold standards. Since the fundamental measurement is based on
the concentration measurement of each isotopologue (not isotope
ratios), the instrument calibration involves the measurement of iso-
tope mixing ratios in standards that have been selected to span
the range of expected environmental values (Bowling et al., 2003a;
Griffis et al., 2004). Schaeffer et al. (2008) described the long-term
precision and accuracy of a TDLAS system for CO, isotope measure-
ments operated under field conditions for nearly 2.5 years. Their
analyses, based on a 10-min measurement cycle with a 10-s sample
duration per sample inlet, resulted in a CO, concentration preci-
sion of 0.2 wumolmol~! and a §'3C-CO, precision of 0.2%.. Griffis
et al. (2005a) showed that the TDLAS measurement precision for
8180-C0, was 0.26%. for a 2-min measurement cycle and a samp-
ling interval of 30-s. It is important to highlight here that these
studies have observed working standards that drifted with time
(Griffis et al., 2004; Schaeffer et al., 2008). Therefore, it is good
practice to establish a long-term gold standard calibration cylinder,
reanalyze working field standards, and to set quality control crite-
ria in post-processing to help identify a subtle drift in the working
standards. The recent work of Vogel et al. (2012) outline a robust
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Instrument and model Isotopologues Frequency?  Stability® Precision® Applications? Comments and key references

Lead-salt tunable diode 13¢-C0o, 20Hz 1-3h §13C-CO, Concentration No longer manufactured; cryogen required for
laser absorption 12C-CO, 0.07 (30 min) profiles; eddy laser; cryogen required for some detector
spectrometer (TDLAS) 180-C0, 1.8 (20Hz, 5Hz covariance; types; the isotope ratios of water vapor are
TGA100A/200 Campbell passband filter) automated shown to have strong concentration
Scientific chambers dependence

180-H,0 §180-C0O, Bowling et al. (2003b); Griffis et al. (2004); Lee
TH-H,0 0.07 (30 min) et al. (2005), Schaeffer et al. (2008), Griffis et al.
2H-H,0 1.4 (20Hz,5Hz (2008), Wingate et al. (2010b); Powers et al.

passband filter) (2010), Wen et al. (2012), Fassbinder et al.

(2012b)

§180-H,0

0.07 (60 min)

1.6 (10Hz, 5Hz

passband filter)

§2H-H,0

1.1 (60 min)

Wavelength-scanned 180-H,0 0.2Hz <200s §180-H,0 Concentration Virtually no dependence of §2H on
cavity ring down TH-H,0 0.04 (60 min) profiles concentration; §'80 bias related to
spectroscopy (WS-CRDS)  2H-H,0 concentration; no cryogen required
L1115-i Picarro

§2H-H,0 Wen et al. (2012)
0.4 (60 min)

Wavelength-scanned 13C-CO, 0.3-0.5Hz  <2000s §13C-CO, Automated Analysis of instrument (G1101-i+) stability and
cavity ring down 12C-CO, 0.25 (10 min) chambers; precision reported by Vogel et al. (2012);
spectroscopy (WS-CRDS) long-term (1-year) carbon isotope ratios not dependent on
G1101-i and atmospheric concentration; CH4 contamination (cross
G1101-i+Picarro monitoring sensitivity) of 0.42%./ppm

§13C-CO, Midwood and Millard (2011), Bai et al. (2011),
0.08 (30 min) Vogel et al. (2012); Wen et al., (in review)

Off-axis cavity output 180-H,0 1Hz <200s §180-H,0 Concentration Slight dependence of §2H and §'80 on
spectroscopy (OA-ICOS) TH-H,0 0.20 (60 min) profiles concentration; no cryogen required

2H-H,0

DLT-100 Los Gatos §2H-H,0 Wang et al. (2009), Wen et al. (2012)
Research 0.4 (60 min)

Off-axis cavity output 13¢C-Co, 1Hz <200s 813C-CO, Concentration The carbon isotope ratios are shown to have
spectroscopy (OA-ICOS) 12¢c_co, 0.05 (1 min) profiles strong concentration dependence over the
CCIA DLT-100 Los Gatos range of 300-2000 ppm
Research

McAlexander et al. (2011), Guillon et al.
(2012); Wen et al., (in review)

Quantum cascade laser 13¢-Cco, 10Hz <100s §13C-CO, Eddy covariance; Cryogen required for detectors; cryogen-free
absorption spectrometer  '2C-CO, 0.1 (30 min) automated design also available
(QCLAS) Aerodyne 180-C0, 0.54 (10Hz) chambers Saleska et al. (2006), Tuzson et al. (2008);
research Kammer et al. (2011); Sturm et al. (2012)

§180-CO,
(30min)
0.62 (10Hz)

Fourier transform infrared 13C-co, 1Hz >1h §13C-CO, Concentration Water vapor isotopologue measurements
spectrometer (FTIR), 12C-CO, 0.03 (10 min) profiles; currently being tested; preliminary results
Trace gas analyzer automated show strong dependence of §2H and §'80 on
Ecotech Pty Ltd. chambers concentration

Haverd et al. (2011), Griffith et al. (2012)

180-H,0 §180-H,0
1H-H,0 0.2 (30 min)
2H-H,0
And other §2H-H,0
species 0.5 (10 min) at

20 mmol mol~!

3 (10 min) at

3 mmol mol~!

Fourier transform infrared ~ 3C-CO, 0.23Hz <960s §13C-CO, Concentration Performance highly sensitive to air sample
spectrometer (FTIR), 12C-CO, 0.15 (16 min) profiles temperature and pressure; cryogen required
Nicolet Avatar 370, for detector

Thermo Electron, USA

Mohn et al. (2008)

Note that all systems reviewed above, excluding FTIR, are defined as TDLAS techniques.
2 This value represents the maximum measurement frequency and should not be interpreted as the instrument response time.

b Stability was determined using the Allan variance technique.

¢ These values represent the precision after calibrations have been applied. The number in parentheses indicates the averaging interval. Note that some of the precision
estimates are concentration dependent.
d Configuration of analyzer in field experiments published in the literature.
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Fig. 1. (A) Photograph of the first eddy covariance water vapor isotope system
installed at the Rosemount Research and Outreach Center at the University of Min-
nesota. Isotope flux measurements of '80-H,0 and H,0 were measured above a
corn canopy using a sonic anemometer and TDLAS approach (TGA200, Campbell
Scientific Inc.) during summer 2009 and (B) photograph of the dripper calibration
system illustrating the laminar flow tube (1), evaporating hot plate (2), and the flow
controls for mixing dry air and water vapor (3). In this approach the dripper rate is
controlled by adjusting the pressure of the calibration water reservoir.

strategy of using short, medium, and very long-term standards as
part of Environment Canada’s isotope and trace gas measurement
program.

The lead-salt TDLAS system used to measure water vapor iso-
topologues (H,0, 180-H,0, 2H-H,0) has been shown to be highly
non-linear with the isotope ratio varying as a function of the total
water vapor concentration. Lee et al. (2005) were the first to use
a syringe pump, an evaporation plate, and ultra-dry air to gener-
ate calibration span gases having a constant isotope ratio equal
to the source water. In this approach the calibration strategy is
to closely bracket (to within 10%) the observed ambient water
vapor mixing ratios in order to minimize the non-linearity issue.
Griffis et al. (2010) used a similar analyzer, but re-engineered for
the eddy covariance application, also showed that the oxygen iso-
tope ratio varied by about 1%. per mmol mol~! of water vapor. In
their calibration approach the dripper system consisted of a 650 ml
water reservoir and used a pressure drop laminar flow tube and
compressed dry air to provide a controlled drip rate on to an evap-
orating plate (Fig. 1). More recently, Rambo et al. (2012) have
demonstrated a nebulizer-based approach (Water Vapor Isotope
Standard Source, Los Gatos Research, Mountain View, CA, USA) that
can provide a robust long-term calibration source. Each of these
calibration strategies approached the problem by using a constant
isotope ratio, but for a range of mixing ratios targeting the ambient
variations.

Wen et al. (2012) have examined the calibration precision and
stability of four different commercially available water vapor iso-
tope analyzers. In their analysis of the TGA100A, they concluded
that the oxygen isotope ratio had greater sensitivity to total mix-
ing ratio than the deuterium isotope ratio. Further, they showed
that the calibration precision decreased as total water vapor mix-
ing ratio decreased. As noted above for CO, isotope measurements,
itis the mixing ratio span values that are critical to the precision and
performance of spectroscopy measurements not the isotope ratios.
Therefore, “delta stretching”, which results from the mismatch in
delta value between the calibration source and sample (an impor-
tant consideration in IRMS measurements) is not significant here
because the fundamental measurement is the mixing ratio. A 1-h
precision for the TGA100A measurement of §180-H, 0 and §2H-H,0
has been reported to be 0.07-0.12%. and 1.1-2.0%. (Lee et al., 2005;
Wen et al., 2008, 2012).

The calibration and measurement stability of the analyzer is
another important consideration for making reliable field measure-
ments. One of the standard approaches for assessing measurement
stability is the Allan variance (Werle et al., 1993; Werle, 2011).
Griffis et al. (2008) used this method to examine the stability of
the calibration measurements (gain factors) for a TGA100A CO,
isotope system that was maintained in the field. Their analyses indi-
cated that the Allan variance remained at or below the initial value
for a period of about 3-h, suggesting that the calibration interval
could be extended out to about 3-h. Wen et al. (2008, 2012) have
shown that the calibrated TGA100A water vapor isotope measure-
ments continue to improve beyond an averaging interval of about
1-h. Thus, these systems have been shown to be relatively stable
over averaging intervals that are suitable for environmental and
micrometeorological measurements under field conditions.

Cavity ring-down spectroscopy (CRDS) uses a continuous wave
laser and measures the rate of change in absorbed radiation of laser
light that is temporarily “trapped” within a highly reflective sam-
ple cell (optical cavity). This technique is used to compensate for
the weak molecular absorption in the near IR (Wahl et al., 2006). In
essence, the near IR laser emission builds up in the cavity when the
laser is turned on until it reaches a critical threshold detected by
a photo-detector. The laser is turned off upon reaching the thresh-
old value and the decay time required for light to escape the cell is
measured. This decay is exponential and related to the fact that the
mirrored sample cell does not have perfect reflectivity. In the pres-
ence of a target gas species the decay rate increases because light is
lost due to gas absorptivity. This accelerates the decay time (“ring
down”). Wahl et al. (2006) described an early version of CRDS for
13C-C0O, measurements at very high (4%) concentrations. In their
system, the physical cell length was 0.20 m and yielded a round-
trip effective path length of about 8 km. Their estimate of precision
for this CRDS system was 0.2%. based on repeated samples over a
period of 78-min. TDLAS systems based on this general approach
have now been developed for measuring ambient atmospheric CO,
and H,O (vapor and liquid) isotopologues. A related technique
makes use of off-axis integrated cavity output spectroscopy (OA-
ICOS, Los Gatos Research) (Wang et al., 2009). Here, an off-axis
trajectory of the laser beam, with respect to the optical cavity, is
used to prevent light from interfering with itself in the cavity (a
problem known as cavity resonance).

To date, very few studies have used OA-ICOS or CRDS systems
for CO, isotope measurements and their is limited information
(i.e. aside from the manufacturers) regarding their stability and
precision under lab or field conditions. Recent work by Midwood
and Millard (2011) and Bai et al. (2011) have used CRDS (G1101-
i, Picarro, Sunnyvale, California, USA) systems for determining the
isotope composition of soil respiration using chamber techniques.
However, their studies provided few details regarding a system-
atic test based on Allan variance for the stability and precision of
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Fig. 2. Illustration of spectral contamination by ethanol and methanol in a liquid water sample using an optical isotope technique. This example demonstrates how the
OA-ICOS (DLT-100, Los Gatos Research) archiving and post-processing of spectra can be used to identify contamination in water samples. The zoomed sections (insets) show
the contamination problem related to methanol. In this example, a water sample with methanol contamination causes a peak in the voltage above the pure water sample.
See Schultz et al. (2011) and Leen et al. (2012) for further details regarding the correction procedure.

the CRDS system. Recently, Vogel et al. (2012) evaluated the lat-
est version of this analyzer (G1101-i+) over a 1-year period and
made direct comparisons with Environment Canada’s IRMS sys-
tem. They concluded that the repeatability for §'3C-CO, was 0.25%.
for a 10-min measurement interval and improved to 0.15%. for
a 20-min interval. They observed no concentration dependence
of §13C-CO, over a range of 303-437 pmol mol~!, but detected a
cross-sensitivity to CHy of 0.42%. ppm~!. They concluded, based
on long-term measurements of a target gas, that calibration every
7 hyielded a reproducibility of about 0.18%. and showed excellent
agreement (i.e. within 0.002%.) of their IRMS measurements over a
period of 1-year. Wen et al. (2013) using a similar analyzer (model
G1101-i) have shown that the Allan variance stays at or below its
initial value to just over 30-min.

McAlexander et al. (2011) and Guillon et al. (2012) have used an
OA-ICOS system (CCIA DLT-100, Los Gatos Research) as a means
of detecting geological CO, sequestration leakage. Based on the
Allan variance analysis, Guillon et al. (2012) have demonstrated
that §13C-CO, precision for their system was 0.05%. for an averag-
ing time of 1-min. In their experiments they were working with
very high CO, concentrations ranging from 1920 to 17,800 ppm.
They noted that the §'3C-CO, value was concentration dependent
and highly non-linear over the range of 300-2000 ppm and that the
analyzer stability was also very sensitive to temperature.

Wen et al. (2012) have provided a comprehensive comparison of
the above techniques for water vapor measurements. Examination
of Allan variance behavior among analyzers for un-calibrated and
calibrated signals indicated that the CRDS and OA-ICOS systems had
better stability and precision for the uncalibrated raw signal than
the lead-salt TDLAS systems (TGA100A). However, the calibrated
lead-salt TDLAS and CRDS signals showed significantly improved
precision and stability for longer averaging intervals. Thus, more
frequent calibration could be used to improve the precision of
the measurement. Their experiment also evaluated the concentra-
tion dependence (non-linearity) of the CRDS and OA-ICOS systems.
While both systems exhibited little dependence of §2H-H,0 on
water vapor concentration/humidity, both systems showed that
8180-H,0 was strongly sensitive to humidity values. For instance,
at water vapor mixing ratios of 1.5 mmol mol~! the §180-H,0 val-
ues were biased by up to 3%.. Again, highlighting the importance

of closely bracketing the ambient mixing ratio with appropriate
span values for each of these analyzers. The precision of these sys-
tems was also evaluated and generally showed no dependence
on humidity. Hourly precision values for §180-H,0 and §2H-H,0
ranged from 0.18 to 0.20%. and 0.4 to 0.4 for CRDS and OA-ICOS,
respectively.

CRDS and OA-ICOS systems are now being used routinely to
measure the oxygen and hydrogen isotope composition of lig-
uid water samples (precipitation, ground water, soil water, plant
water, etc.) (Herbstritt et al., 2012). These systems provide fast
and accurate isotope analysis of pure water samples with a pre-
cision comparable to IRMS (Brand et al., 2009; West et al., 2010).
However, there is growing evidence that water samples contain-
ing organic molecules such as methanol and ethanol can cause
significant contamination and large errors in spectroscopy-based
methods (West et al., 2010; Zhao et al., 2011; Schultz et al., 2011).
Schultz et al. (2011) and Leen et al. (2012) have demonstrated
that this spectral contamination can be identified and corrected
using post-processing software developed for the OA-ICOS system
(Fig. 2). An important recommendation is the need for routine cross
comparisons with IRMS and analyzer-specific corrections based on
ethanol and methanol standard curves that are likely to vary over
time.

Mid-infrared quantum cascade lasers (QCL) have become more
affordable over the last several years and increasingly incorpo-
rated into TDLAS systems. A major advantage of QCLs is that they
have stronger power output and can be operated at near-room
temperature with no need for cryogens, representing a signifi-
cant advantage for remote field applications. Saleska et al. (2006)
described a prototype pulsed near-room temperature QCLAS sys-
tem (Aerodyne Research Inc., Billerica, Maine, USA) for CO, isotope
measurements at wavenumbers of 2310-2315 cm~1. In their sys-
tem, a dual path multi-pass cell (astigmatic Herriott cell) was used
to measure near simultaneous absorption of 13C-CO, and '2C-
CO,. In this multi-pass approach, similar absorption line strength
was maintained between the isotopes reducing problems of non-
linearity. Tuzson et al. (2008) evaluated the performance of this
cryogen-free system under laboratory and field conditions and
demonstrated 1 s precision for §13C-C0O, and §180-CO, of 0.3%. and
0.03 and 0.05%. atan integration time of 100 s. More recently, Sturm
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et al. (2012) tested a commercially available version of this sys-
tem for eddy covariance isotope flux measurements of 13C-CO,,
12C-C0,, and 180-C0,. This analyzer used a 300 ml volume sample
cell with path length of 7.3 m and liquid nitrogen cooled detectors.
Allan variance tests indicated that the system was relatively sta-
ble for averaging periods out to about 100 s. The 0.1 s precision for
813C-C0O, was 0.6%. and 0.06%. at 100s. The precision decreased
(i.e. the instrument noise increased) to about 0.1%. at 30 min - a
typical averaging interval for eddy covariance measurements.

FTIR spectrometers have been commercially available for
decades. They are able to take advantage of the stronger molec-
ular absorption in the mid-infrared wavebands using a broadband
source instead of an expensive laser diode. Compared to TDLAS,
FTIR instruments measure a much wider spectral range, but with
much lower resolution. A major advantage of this technology is the
simultaneous retrieval of many species. The University of Wollon-
gong FTIR trace gas analyzer (now manufactured by Ecotech Pty
Ltd., Knoxfield, Victoria, Australia) has been deployed in the lab-
oratory and field and used to measure a broad range of species
including CO,, CH4, CO, N0, 13C-CO,, 180-H,0, and 2H-H,0 at
relatively high precision (Esler et al., 2000; Griffith et al., 2006,
2012). This system consists of an interferometer, multipass cell,
and a thermoelectrically cooled detector to measure the absorp-
tion spectrum for the molecules of interest in the 1800-5000 cm™!
region with a maximum 1cm~! resolution (Griffith et al., 2012).
The measured spectra are archived in realtime and fitted to model
spectra from the HITRAN database using a linear or non-linear least
squares fitting procedure. Mixing ratios are derived from this fit-
ting procedure, which takes into account sample cell temperature
and pressure. The spectral region, 2150-2320 cm~! has been used
to determine the 13C-CO, and 12C-CO, mixing ratios. Allan variance
analysis demonstrated that the §13C-CO, precision was 0.07%. for
spectral acquisition times of about 1-min, 0.03%. at 10-min, and
continued to improve to about 0.01%. at 100-min (Griffith et al.,
2012). Results from a 3-month field campaign demonstrated that
the analyzer was stable and that calibration once per day was suf-
ficient to account for instrument drift. Recent measurements of
water vapor isotopologues (H,0 and 2H-H,0) in the 3600 cm™!
and 2800 cm™, respectively, show significant promise for routine
water vapor isotope measurements (Dr. David Griffith, University
of Wollongong and Dr. Stephen Parkes, Institute for Environmental
Research, Australian Nuclear Science and Technology Organisa-
tion (ANSTO), personal communication). Haverd et al. (2011) have
recently demonstrated that this FTIR system could be used to obtain
forest canopy profiles of §2H-H,0 with a 10-min precision on the
order of 3%.. Further testing of this system for §180-H,0 is ongo-
ing.

The Ecotech FTIR system has performance characteristics that
are suitable for in situ measurement, tall tower applications, and
micrometeorological approaches such as flux-gradient, conditional
sampling, and the eddy disjunct approach. The current practical
upper limit on measurement frequency is about 1 Hz. At this sam-
ple rate the spectra cannot be analyzed in realtime. Since it takes
10-15s to fit 3 spectral windows it would take approximately 2
weeks to fit all of the spectra for a full day of 1 Hz measurements.
Innovations with respect to the spectral fitting procedure could
allow for direct eddy covariance measurements. Until then, appli-
cations related to flux-gradient, conditional sampling, and the eddy
disjunct approach should be feasible.

Mohn et al. (2008) have also demonstrated that a commer-
cially available FTIR system (Nicolet Avatar 370, Thermo Electron,
USA) can provide precise and stable §13C-CO, measurements under
field conditions. In their approach, a partial least-squares algo-
rithm and use of multiple calibration standards were used to
help obtain precise 2C-CO, and '3C-CO, concentrations within
the 2265.7-2304.0cm~! spectral region. Although they showed

a strong dependency of §13C-CO, on the sample gas tempera-
ture (14%./K)- this effect was minimized by precising controlling
the sample air temperature and pressure prior to analysis. Allan
variance analyses showed that this system yielded a maximum pre-
cision of about 0.15%. at an integration time of 16-min. Further,
when comparing the in situ measurements with flask samples and
IRMS analysis they demonstrated that the overall accuracy of the
FTIR system was better than 0.4%., showing considerable promise
for routine field measurements.

4. Canopy-scale isotope flux measurements

There are a number of reasons for developing the capacity to
measure isotope fluxes of CO, and water vapor between Earth’s sur-
face and the atmosphere. Flux information is needed at the canopy
scale because of the strong heterogeneity inherent in both water
and carbon pools. Even within agricultural lands, that are tradition-
ally viewed as homogeneous, significant spatial variability in the
oxygen and deuterium isotope composition of soil water and varia-
tion within the vertical isotope distribution of leaf water is observed
(Welp et al., 2008; Griffis et al., 2011). It has now been shown that
the isotope fractionation factors acting at the leaf scale can behave
differently at the canopy scale (Lee et al., 2009). Investigators have
been motivated to partition canopy-scale fluxes such as evapo-
transpiration (ET) and net ecosystem CO, exchange (Fy) into the
component fluxes using isotope-based approaches. Further, canopy
scale isotope flux information can be used as a diagnostic of the pro-
cesses represented in land surface schemes (Xiao et al., 2010; Riley
et al., 2002, 2003). As with other scalars such as water vapor, sen-
sible heat, and CO,, it is highly desirable to measure the isotope
fluxes from first principles. Eddy covariance represents an impor-
tant example where theory based on first principles and advances
in measurement technologies have made a major impact on data
acquisition and an understanding of the global carbon and water
cycles (Baldocchi, 2008; Jung et al., 2010). However, at the present
time, most investigations of canopy-scale water vapor and CO; iso-
topic exchange have used indirect approaches such as the Keeling
mixing model (Keeling, 1958; Pataki et al., 2003; Zobitz et al., 2006)
because fast and precise measurement of the isotopologues had not
been readily available.

A number of inherent limitations have been identified with the
Keeling method. First, there is likely to be more than two end mem-
bers contributing to the variations observed in the atmospheric
boundary layer. Keeling plot analyses of 180-H,0 and '80-CO,
have shown that this two end member assumption is often vio-
lated because of substantial differences in the signals between soil
and vegetation (Amundson et al.,, 1998; Sternberg et al., 1998;
Mortazavi and Chanton, 2002; Bowling et al., 2003b; Ogée et al.,
2004). In a recent study involving an isotope-enabled large-eddy
simulation model, Lee et al. (2012) demonstrated that the Keeling
plot estimates were severely biased because of top-down diffusion
(entrainment, which represents another end member). The Keeling
method was particularly unreliable for water vapor, because of the
strong gradient and differences in isotope composition across the
top of the atmospheric boundary layer. Further, Lee et al. (2006)
have suggested that the Keeling intercept is an ambiguous quan-
tity that should not be used to interpret the isotope composition
of ET. In there analysis, they demonstrated that the variation in the
isotope composition of water vapor at short timescales (hourly)
was strongly controlled by airmass advection. In addition, it is
well-established that the concentration footprint of a scalar is con-
siderably larger than that of its flux (Kljun et al., 2004). Therefore,
Keeling mixing lines derived from single point concentration mea-
surement may be associated with a source footprint that is less
representative of the flux depending on land surface heterogeneity
(Griffis et al., 2007).
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Micrometeorological applications place considerable demand
on instrument performance and isotope applications require care-
ful consideration of sample system design because of the potential
to influence isotope fractionation. Although it is not the goal of this
review article to suggest a standardized approach to making isotope
flux measurements, a few key issues are highlighted. The ideal iso-
tope sensor, capable of remote eddy covariance flux measurements,
would have a system response time better than 0.2 s and a corre-
sponding precision better than 0.5%.. The sensor calibration should
be stable over relatively long averaging intervals (30-60 min). For
remote field applications it would be ideal if the sensor did not
require cryogens such as liquid nitrogen for cooling the laser or its
detectors (Saleska et al., 2006). Further, for aircraft applications the
sensor should have minimal sensitivity to vibrations. At the present
time, none of the instruments reviewed above, satisfy all of these
demands, which continues to inhibit progress and wider appli-
cation of these techniques. The feasibility of making isotope flux
measurements, however, has increased as optical methods have
become available with increased frequency response and improved
precision. While many of the optical isotope analyzers reviewed
above (Table 2) have measurement frequencies ranging from 0.3 Hz
to 20 Hz, this should not be mistaken as the system response time.
The system response time will also be influenced by the sample cell
volume, sample tubing volume, pressure, flow rate, electronic sig-
nal filtering/processing, etc. Therefore, although the measurement
frequency may be adequate for an application such as eddy covari-
ance, the air sampling scheme and other system characteristics
need to be optimized to maintain turbulent flow (Reynolds num-
ber greater than 2300) so that the system captures the dominant
frequencies contributing to the flux.

Isotope applications are also susceptible to air sample tubing
effects. Factors including equilibration time, attenuation, kinetic
fractionation, and sample memory effects must be considered in
the design of such systems. These issues are especially important
for water vapor applications because of sorption and desorption
on the surfaces of tubing. Sturm and Knohl (2009) investigated
the influence of Synflex and Teflon tubing types on water vapor
isotope measurements. They concluded that Synflex had a slower
equilibration time and an apparent kinetic fractionation effect for
deuterium, presumably because this isotopologue has stronger
sorption/desorption properties. Griffis et al. (2010) found that nat-
ural coloured high density polyethylene (HDPE) tubing performed
equally or better than Teflon tubing. In their water vapor eddy
covariance experiment, kinetic fractionation and other adverse
tubing effects were minimized by ensuring the sample tubing
was heated and that turbulent flow was maintained through the
system. It should be emphasized that equilibration time, attenu-
ation, kinetic fractionation, and memory effects are expected to
be humidity dependent (Massman and Ibrom, 2008; Fratini et al.,
2012) and will also vary depending on the size of concentration
step change among sample inlets and calibration standards. With
these measurement issues and limitations in mind, recent experi-
ments that report isotope fluxes based on flux-gradient and eddy
covariance theory are reviewed below.

Yakir and Wang (1996) were the first to combine the
flux-gradient approach with isotope observations of 13C-CO,, 180-
CO,, and '80-H,O0 to partition net ecosystem CO, exchange into its
gross components for agricultural crops. In their study they used
flask sampling and IRMS analysis and the Keeling plot (derived as
a function of height not time) approach to determine the isotope
composition of the net CO, flux and demonstrated reasonable suc-
cess fora short campaign of a few days. More recently, flux-gradient
and optical isotope methods have been applied over agricultural
surfaces, forests, and below a forest canopy (Griffis et al., 2005b;
Lee et al., 2007; Santos et al., 2012). In each of these studies a TDLAS
approach (TGA100A, Campbell Scientific Inc.) was used to quantify

the isotopologue gradient ('3C-CO,, 12C-CO,, 180-CO,, 80-H,0,
H,0) in order to calculate the isotope composition of the net flux.
In this methodology, the eddy diffusivity for the major and minor
isotopes are assumed identical so that the calculation simplifies to a
ratio of the isotope gradients (the flux ratio approach) (Griffis et al.,
2004),
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where §r is the isotope composition of the net flux, the overbar
indicates the averaging period, superscripts H and L represent the
heavy (minor) and light (major) isotopes, respectively for the scalar
concentration (C) of interest. In our own work over agricultural
ecosystems we determined that the flux ratio method worked rea-
sonably well when the CO, concentration gradient was greater
than about 3.5 wmol mol~! m~1, yielding an uncertainty in the §13-
CO, flux ratio of about 0.8%.. Drewitt et al. (2009) and Glenn et al.
(2011) used a similar methodology over agricultural surfaces, but
selected a laser with a stronger set of absorption lines for 13C-
CO, and '2C-CO,, thereby, improving the signal to noise ratio in
the concentration measurements. In their studies they noted that
the uncertainty in the flux ratio was typically 2%. when the CO,
gradient was less than 1 umolmol~! m~! and improved to about
0.7%. for a gradient of 3.5 wmolmol~! m~1. Based on these two
recent studies we can conclude that selecting stronger absorption
lines does not guarantee a substantive increase in the flux ratio
precision, presumably because the inherent meteorological (ran-
dom) noise is the main limiting factor. Lee et al. (2007) simulated
typical water vapor mixing ratio and isotope gradients in the lab-
oratory using a Rayleigh distillation technique in order to quantify
the typical flux ratio precision. For daytime conditions above a
forest, their TDLAS and gradient sampling scheme yielded a flux
ratio precision of about 1.4%. for 180-H,0. The magnitude of these
errors become particularly important when the goal is to parti-
tion Fy or ET based on isotope differences (disequilibrium) among
the gross flux components (soil evaporation, transpiration, respira-
tion, photosynthesis). These issues are discussed further in the flux
partitioning section.

Santos et al. (2012) recently applied the flux ratio methodol-
ogy below a mixed deciduous forest canopy at the Environment
Canada Research Station in Borden, Ontario, Canada in order to
estimate the oxygen and carbon isotope composition of the soil
CO, efflux. Under these conditions, flux-gradient measurements
are susceptible to counter-gradient transport and the near-field
effect acts to decouple the vertical gradient (dc/dz) from the local
vertical flux density (Corrsin, 1974; Denmead and Bradley, 1985;
Simpson, 1998; Lee, 2003). While the flux-gradient approach typi-
cally underestimates the flux magnitude under these conditions,
the experimental data presented by Santos et al. (2012) indi-
cate that the flux ratio can be resolved reasonably well in this
environment. Their flux ratio results were also supported with
an independent inverse Lagrangian approach. Further, their work
demonstrated that greater data retention (95% of the observations)
was possible when using the flux ratio method. In comparison, the
Keeling method resulted in 27% data retention because of inad-
equate concentration range and relatively large uncertainties in
the estimate of the regression intercept. This work represents an
important step because below canopy fluxes are needed to gain
new information regarding the behavior of soil respiration, its par-
titioning, and changes in its carbon and oxygen isotope composition
that are driven by different environmental factors. While chamber
systems are increasingly being coupled with optical isotope sys-
tems to address these issues, chamber data have come into question
because of a number of chamber artifacts that make their inter-
pretation difficult (discussed later). Ideally, below canopy eddy
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covariance (Blanken et al., 1998) isotope flux measurements could
be used to address these important issues.

Eddy covariance isotope flux measurements have been pursued
for a number of reasons. The theory is based on first principles
and has few underlying assumptions when compared to other
approaches such as flux-gradient, relaxed eddy accumulation, or
Monin-Obukhov similarity theory. Ideally, the eddy covariance
approach could be used in situations where the flux-gradient is
known to be less reliable (i.e. below forest canopies or above
tall vegetation) or not possible (i.e. aircraft). The pioneering work
of Bowling et al. (2003a) used a conditional sampling approach
(hyperbolic relaxed eddy accumulation) and flask air collection and
IRMS to measure the isotope composition of NEE. The main limita-
tion in their study was the need to collect, transport, and analyze a
significant number of flasks in order to resolve the fluxes over the
course of a few days. With advances in fast response analyzers it has
become possible to measure the isotopic fluxes directly using the
eddy covariance approach (Griffis et al., 2008, 2010; Sturm et al.,
2012). Here the flux ratio can be derived from,
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where, p, is the molar density of dry air, w is the vertical wind
velocity, xs is the total molar mixing ratio for a given scalar (i.e.
H,0 or CO;), the primes indicate the differences between instan-
taneous and mean values and the overbar indicates an averaging
operation (i.e. 30-min integration period). Here w’ xs’ is the covari-
ance of w and ys and is equivalent to the co-spectral density of
the fluctuations in vertical wind velocity and the scalar mol mixing
ratio (Cyy, ), where fis the frequency. The storage term (S) is defined
as the rate of change in the scalar between the ground and the eddy
covariance measurement height. The superscript x indicates one of
the isotopologues.

The isotope composition of the flux can be determined from the
flux ratio,

FH /FL
O = /F 1 (5)
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with the isotope ratio reported relative to Ryq. These high frequency
measurements also provide an opportunity to explore the cospec-
tral flux ratio as a function of eddy frequency. This technique may

lead to new process information regarding the source origin of the
scalar in turbulent transport and boundary layer flows,
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In the case for CO,, the first experiments were conducted over
agriculture (soybean) (Griffis et al., 2008) and forest (Sturm et al.,
2012). Griffis et al. (2008) demonstrated that the diel patterns of
the 13C-CO, and '80-CO, isofluxes were less noisy than for gradient
measurements and revealed pronounced diel patterns, which could
be used to assess the extent of isotope disequilibrium between day-
time and nighttime fluxes. The relative uncertainty in the 13C-CO,
isoflux was about 30%, larger than the noise in traditional eddy
covariance CO, flux measurements (Morgenstern et al., 2004). The
flux ratios were well behaved when the total CO, flux was greater
than about 4 umol m=2s~!. At low flux values (near zero) the flux
ratio variability increased and by definition is undefined as the flux
tends to zero. An important point to note is that if the one-way
fluxes differ in sign, then the flux ratio may not fall within the range
of the isotope ratios of the individual fluxes (end-members) (Miller
etal., 2003). Thus, there can be large variability in the isotope com-
position at low flux values that is independent of the instrument
noise.

Sturm et al. (2012) have made the first carbon isotope flux mea-
surements above a mixed deciduous forest in Lageren, Switzerland
using a combination of eddy covariance and quantum cascade laser
absorption spectrometer (QCLAS) technique. Their 4-week field
experiment demonstrated that the precision of the approach was
not sufficient to resolve the diel variation in 13C-CO, discrimina-
tion, but were able to detect changes in 180-CO, discrimination that
occurred following precipitation events. The application of their
methodology above a mature forest presents a number of chal-
lenges. The fluxes are relatively small compared to over agriculture
and the extent of isotope disequilibrium for 3C-CO, is expected to
be small (probably less than 1%. in this case) and, therefore, difficult
to resolve by any methodological approach. In their analyses, they
concluded that the instrument noise accounted for approximately
10%. uncertainty in the half-hourly flux ratio calculations and that
the inherent meteorological noise contributed a similar amount of
uncertainty to the flux ratio. Therefore, they suggest that improve-
ments in the instrumentation (i.e. better temperature stability of
the QCLAS) would result in limited improvements in the flux ratio
resolution. However, when their data are plotted in the form a
linear regression flux ratio plot (Griffis et al., 2007) the discrimi-
nation values are better behaved and show considerably less noise.
Thus, one potential way forward is to make use of this data analysis
technique to capture daily or weekly snap-shots of discrimination,
which can be mapped directly to flux footprint climatologies.

Fig. 3 provides examples of flux ratio plots for CO, and water
vapor measured over soybean and corn systems, respectively at the
Rosemount Research and Outreach Center at the University of Min-
nesota. These daily snapshots of the flux ratios indicate that this tool
could provide useful insights regarding the short-term temporal
changes in ecosystem discrimination that are driven by variations
in hydrometeorological and phenological conditions.

In the case for water vapor, the first eddy covariance flux mea-
surements were conducted over a corn canopy (Griffis et al., 2010).
The observed signal to noise ratio was significantly improved
compared to our original CO, work over soybeans. Strong diel
patterns of the isotope composition of evapotranspiration were
observed and compared to estimates based on the Craig-Gordon
model (Craig and Gordon, 1965). Excellent agreement was observed
during the late afternoon when steady-state conditions were
approached. Further, non-steady state estimates of canopy-scale
leaf water enrichment were derived from these flux measurements
and were shown to track individual leaf water values reasonably
well so that 180-CO, discrimination could be predicted (Griffis
etal., 2011). While the above approaches show promise, an impor-
tant question remains regarding the extent to which flux-based
approaches can be improved. From the literature reviewed above,
it appears that further improvements in laser technology (more
precise measurement at high frequencies) may lead to relatively
small gains in performance. Given that digital filtering improves
the TDLAS isotope concentration measurement precision, but does
little to improve the flux ratio measurement highlights this fact
(Griffis et al., 2008). The major source of uncertainty in flux ratio
measurements stem from the inherent random noise in meteoro-
logical transport processes. Error propagation in the isotope fluxes
based on flux-gradient and eddy covariance techniques generally
range from 20 to 30% (Griffis et al., 2008). Given this inherent
noise, the majority of the above studies have recommended the
use of ensemble averaging over periods of days to months to
help improve the signal to noise ratio. Good et al. (2012) have
recently drawn similar conclusions and demonstrated that the
random error propagation is expected to be larger for the eddy
covariance approach compared to the traditional Keeling method.
However, their analyses did not consider the important system-
atic errors associated with the Keeling method as discussed above.
Eddy covariance and flux-gradient isotope measurements could
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Fig. 3. Examples of flux ratio plots for CO, and water vapor based on the eddy covariance approach. The top panels show daily eddy covariance carbon isotope flux ratio
estimates above a soybean canopy for (A) DOY 205, 2006; (B) DOY 213, 2006 and (C) DOY 217, 2006. The bottom panels show daily eddy covariance water vapor isotope
flux ratio estimates above corn canopy for (D) DOY 173, 2009; (E) DOY 179, 2009 and (F) DOY 213, 2009. The regressions shown in each figure are based on the geometric
regression. The slope of each linear plot was converted to delta notation using Eq. (5).

be optimized to improve the signal to noise performance within
certain limitations imposed by site characteristics and theoreti-
cal considerations. For example, placement of sensors closer to
the sink/source could improve the signal to noise ratio, however,
measurements made within the roughness sub-layer may be less
representative because of the smaller source footprint and effects
of wake elements. Increasing the separation distance between
sample inlets for flux-gradient measurements could also improve
the signal to noise performance, however, adequate fetch and
surface homogeneity often limit such approaches. Finally, given
that the majority of commercially available optical isotope sen-
sors have system response times that are inadequate for the eddy
covariance application, their application to obtaining relatively
high-frequency canopy profiles in conjunction with an inverse
Lagrangian approach may be particular powerful for partitioning
CO; and water vapor fluxes. The recent work of Santos et al. (2012)
illustrates the potential power of this methodology.

5. Applications of micrometeorological and stable isotope
techniques

In this section I examine how isotope techniques have been
applied under field conditions to study a number of relevant
canopy-scale problems in land-atmosphere exchange. In particular,
the partitioning of net fluxes into the gross components, biophysi-
cal controls on ecosystem respiration and canopy-scale leaf water
enrichment, and the coupled carbon-water isotope budgets are
examined.

5.1. Partitioning net ecosystem CO, exchange

One of the early motivations for combining stable isotope and
micrometeorological techniques was to partition the net ecosystem

CO, exchange (Fy) into its gross components to better understand
how environmental factors influence ecosystem respiration and
photosynthesis separately at relatively large spatial scales (ecosys-
tem to region) (Yakir and Wang, 1996). The theory for isotope flux
partitioning is developed more fully later, but for now, note that
this approach is based on an assumption that there exists a dif-
ference (D, disequilibrium) between the isotope composition of
photosynthesis (§4) and ecosystem respiration (6g) (i.e. D=34 — R).
Carbon isotope disequilibrium can be linked to historical changes
in the isotope composition of the atmosphere and the relatively
long residence time of soil organic matter (Trumbore, 2006) and is
known as the Seuss effect (Francey et al., 1999). Preindustrial atmo-
spheric §'3C-CO, was approximately —6.5%. and has been declining
steadily to current values of —8.2%. as a consequence of burning
13C-depleted fossil fuel sources. The “heavier” carbon signal was
slowly recorded into biomass and soil organic matter via photo-
synthesis. Ecosystem respiration, therefore, represents a mixture
of old/new carbon sources so that its isotope ratio should differ
from recent photosynthates. Therefore, in global inverse studies
that make use of carbon isotope information, the expectation has
been that D <0 (Fung et al., 1997; Randerson et al., 2002). However,
the extent and sign of this disequilibrium can vary dynamically for
different ecosystems, depending on carbon turnover rates, disturb-
ance history and climate, and ultimately represents the minimum
flux ratio detection limit that is required in order to pursue flux
partitioning successfully.

In the first ecosystem scale isotope partitioning study of Fy,
Yakir and Wang (1996) used a micrometeorological aerodynamic
approach with air flask sampling and isotope ratio analysis using
IRMS. Their results were very promising and showed that midday
Fy could be partitioned into the gross components for wheat, cot-
ton, and corn using both the 13C-CO, and '80-CO, isotope tracer
approach. Their partitioning was performed independently using



96 T.J. Griffis / Agricultural and Forest Meteorology 174-175 (2013) 85-109

Table 3
Isotope (13C-CO, and '80-C0,) disequilibrium observed under field conditions.
Study Ecosystem 13¢-co, 180-C0, Comments
disequilibrium disequilibrium
Yakir and Wang (1996) Wheat, cotton, corn in <2 10.2-15.3 180-CO, of photosynthesis assumes full isotope
central Israel equilibration with bulk leaf water
Bowling et al. (2001) Deciduous forest, <1 - First study to solve for canopy-scale isotope
Tennessee, USA composition of photosynthesis based on big leaf
model and isotope partitioning theory
Lai et al. (2003) C3/C4 prairie, Kansas, USA 0-14 - Carbon isotope disequilibrium values highly
dynamic due to C3/C4 phenology. Disequilibrium
values approached 0 during periods of drought
Ogée et al. (2003, 2004) Pine forest, France <3 12.0-17.0 Maximum carbon isotope disequilibrium was
observed at midday
Zhang et al. (2006) Corn following soybean, 1-9 - Maximum carbon isotope disequilibrium was
Minnesota, USA observed in spring/fall suggesting strong
mid-growing season coupling between
photosynthesis and respiration
Aranibar et al. (2006) Old growth Ponderosa <2 - Measured values of the carbon isotope ratio of
Pine, Oregon, USA photosynthesis ranged between —27.0 and
—24.5%.. Measured values of the carbon isotope
ratio of respiration ranged between —26 and
—25%. (data obtained from McDowell et al. (2004))
Zobitz et al. (2008) Sub-alpine forest, Niwot <2 - Demonstrated that carbon isotope disequilibrium
Ridge, Colorado, USA ranged between positive and negative values of
about 2
Billmark and Griffis (2009) Soybean following corn, 2-6 - Stronger carbon isotope disequilibrium for
Minnesota, USA soybean than corn systems
Wingate et al. (2010a) Pine forest, France - 2.0-10.0 Large day to day and seasonal variation in oxygen
isotope disequilibrium. Typical daytime values
around 10%.. Minimum oxygen isotope
disequilibrium observed following precipitation
Griffis et al. (2011) Corn following soybean, 0.3-17.1 Minimum oxygen isotope disequilibrium observed
Minnesota, USA following precipitation; median summertime
value of 7.8%.
Santos et al. (in prep) Deciduous forest, Ontario, - 0-12.0 Highly variable through the growing season and

Canada

very sensitive to canopy CO, hydration efficiency

Isotope disequilibrium is defined here as the absolute difference in isotope composition between the photosynthetic and non-foliar respiratory fluxes, D=|84 — dg| for both

13C-C0, and '80-C0,, and is expressed in per mil.

each tracer and yielded similar gross flux estimates. The isotope
disequilibrium for their 13C-CO, observations was relatively small
(<2%.), but significantly larger (>10%.) for their 180-CO, approach
(Table 3). One important limitation to their approach was that
the key isotope end members for photosynthesis and respiration
were derived from the IRMS analysis of individual plant leaf and
soil organic matter samples. Therefore, the methodology did not
account for the short-term temporal variability in these end mem-
bers, nor did it represent a true canopy-scale estimate.

Bowling et al. (2001) advanced this original work and made a
number of important contributions in terms of the theoretical and
technical approach. For review, the basic equations of the isotope
partitioning theory are presented below for a C3 photosynthetic
pathway,

Fy = F4 + FR (7)

Fndn = Fa(8q — A) + Frég (8)

A=a+(bfa)& 9)
Ca

—Fa =gc(Ca — Co) (10)

where F4 and Fg are net photosynthetic assimilation and non-foliar
ecosystem respiration, respectively. 8y, A, and 8k represent the
isotope composition of Fy, canopy-scale photosynthetic discrim-
ination, and the isotope composition of Fg, respectively. §,, a, and
b are the isotope composition of CO, in the surface layer, kinetic
fractionation associated with CO, diffusing into the stomata, and
enzymatic fractionation associated with ribulose 1,5 bisphosphate
carboxylase/oxygenase (rubisco) carboxylation, respectively. Val-
ues of a and b are typically 4.4%. and 29%., respectively (Farquhar
et al,, 1989). g, Gy, and C. are the canopy-scale conductance to

CO,, surface layer CO, concentration, and CO, concentration at
the chloroplast (sites of carboxylation), respectively. Bowling et al.
(2001) showed that this set of equations yielded a quadratic solu-
tion with only one biophysically reasonable value.

A major challenge to implementing this theory was the mea-
surement of §y and 8 on a near-continuous basis. Optical isotope
techniques were not available at this time. Here, Bowling et al.
(2001) developed a novel technique to approximate the 13C-CO,
eddy flux. In this approach, 13C-CO, fluctuations were essen-
tially modeled using linear regression analysis of flask air samples
that were analyzed for their total CO, concentration and §'3C-
CO, content at timescales ranging from seconds to hours. These
regression models were then used to propagate 13C-CO, from tra-
ditional fast (10Hz) measurements of CO, using an infrared gas
analyzer. Further, §g was quantified on a near-continuous basis
using the nighttime Keeling plot approach. This new theory and
measurement approach was applied over a temperate deciduous
forest (Walker Branch Watershed, Tennessee, USA). Their analyses
indicated that the use of the 13C-CO, tracer provided additional
information that allowed useful flux partitioning. However, one of
the main limitations identified was that the Fy partitioning was
highly sensitive to the canopy-scale CO, conductance and uncer-
tainties related to the Penman-Monteith (PM) big leaf approach.
Because the isotope disequilibrium for this forest was relatively
small (<1%.), the gross flux estimates were relatively noisy com-
pared to traditional approaches.

Ogée et al. (2003) pursued a similar partitioning approach
outlined above for a pine forest near Bordeaux France (over a
22-day period), but used the multi-layer model (MuSICA) to esti-
mate the bulk canopy conductance to CO,. Their motivation was
to provide an estimate of g, that accounted for the problems of
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non-linear response through the canopy, soil evaporation contam-
ination, and the lack of energy balance closure observed in field
measurements. They observed only a small bias in g- between the
PM approach and their model approach, with PM values slightly
lower than MuSICA. This was attributed to the fact that their
PM approach was influenced by the lack of energy balance clo-
sure. More importantly, they demonstrated that accounting for
mesophyll conductance improved their partitioning results. The
isotope partitioning methodology worked best near midday when
the fluxes were large and the isotope disequilibrium approached its
maximum value of about 3%.. In fact, Ogée et al. (2003 ) showed that
strategic sampling during key parts of the diel cycle could be used to
pursue the isotope partitioning in a more time/cost efficient man-
ner. Overall, the partitioning results were relatively noisy, but the
ensemble diel patterns were in close agreement (within 15-20%)
of the simulated values.

Zhang et al. (2006) were the first to use continuous measure-
ment of 13C-CO, using TDLAS, and the flux-gradient approach to
partition Fy over a C4 (corn) ecosystem. Their expectation was that
near-continuous measurement of the 13C-CO, flux and elimination
of the Keeling method would significantly improve the reliability
of the isotope flux partitioning result. Their analyses and results
showed that resolving dy (isotope composition of Fy) was diffi-
cult because of the relatively small gradient observed above the
canopy, despite relatively large fluxes in an agricultural system.
Further, they found that the isotope partitioning approach was par-
ticularly problematic during the peak growing season when the
carbon isotope disequilibrium became relatively small. In fact, it
was relatively surprising that an agricultural ecosystem growing in
a corn-soybean rotation would approach near equilibrium by mid
growing season. It further illustrates the strong dependence of res-
piration on recent photosynthates (Griffis et al., 2005b; Rochette
and Flanagan, 1999). The small disequilibrium (on the order of 1%.
at mid growing season) places much higher demand on resolving
the 13C-CO, flux. However, it should also be noted that partition-
ing Fy in a C4 ecosystem is complicated by the need to estimate the
bundle sheath leakage parameter making the partitioning approach
somewhat more difficult than for C3 ecosystems because there are
no direct measurements of this additional variable.

Zobitz et al. (2007) partitioned Fy at the Niwot Ridge subalpine
forest using a combination of high frequency carbon isotope
TDLAS measurements and a Bayesian optimization approach. This

work advanced the earlier isotope-Bayesian approach introduced
by Ogée et al. (2004). Here, Zobitz et al. (2007) made use of an
unprecedented high density isotope dataset and computed dy for
each half-hourly period during the growing season. Their analyses
demonstrated that these new data reduced the prior uncertainty
of the Bayesian parameters. However, further analysis indicated
that Bayesian-derived F4 and Fr showed dependence on the choice
of their prior values. Thus, this indicated that the information
contained in the data was not sufficient to independently partition
Fy. Again, the isotope disequilibrium was relatively small for this
forest and ranged from only —2%. in early morning and early
evening to +2%. at midday. The relatively small disequilibrium
probably explains the dependence of the Bayesian-derived values
of F4 and Fg on their prior values. Zobitz et al. (2007) identified
four main factors that may have limited their carbon isotope parti-
tioning methodology including: (1) small isotope disequilibrium;
(2) the need for a direct measurement of the 3C-CO, eddy flux;
(3) scaling of leaf-scale biophysical processes (i.e. discrimination,
conductance) to the canopy; and (4) errors in estimating the
canopy conductance to CO,.

Billmark and Griffis (2009) compared the flux-gradient
approach with the first eddy covariance measurements of 13C-CO,
exchange above a soybean canopy to partition Fy. They demon-
strated reasonable success using both methods and showed that
the partitioning result was improved significantly compared to
their earlier work over a C4 corn canopy. An important finding
in their study was that the isotope partitioning methodology was
less reliable at midday using the flux-gradient approach. During
these periods F4 was not significantly different than Fy. This mid-
day isotope partitioning anomaly was attributed to the difficulty
of resolving midday isotope gradients above a canopy when the
atmosphere is well mixed. When compared to the eddy covariance
approach this midday anomaly disappeared and F, values were sig-
nificantly larger and more symmetric about Fy. Here, the isotope
disequilibrium over the diel period ranged from about 2 to 6%o..
These favorable partitioning results can largely be attributed to this
relatively large disequilibrium.

Given the inherent complexity in ecosystem-scale studies we
recently performed a growth chamber experiment to re-examine
the isotope flux partitioning methodology under simplified
and controlled environmental conditions inside a greenhouse
(Fassbinder et al., 2012a). Using a combination of small automated
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growth chambers and TDLAS, we measured the isotope compo-
sition of Fy for small plant communities (corn and soybean) and
measured the isotope composition of soil respiration directly
from chambers containing native soil without vegetation. In
addition, this simple approach eliminated the need for PM mea-
surements and provided a direct estimate of soil evaporation,
presumably improving our estimate of CO, conductance. Further,
with improved signal to noise isotope flux measurements, and
controlled environmental conditions, an in-depth analysis of
isotope flux partitioning theory for both C3 and C4 photosynthetic
pathways was possible. The results are presented here in Fig. 4.
Fassbinder et al. (2012a) confirmed the very high sensitivity of
the carbon isotope flux partitioning approach to CO, conductance.
Further, their work demonstrated that the short-term variability
in dg had a very important influence on partitioning in both C3
and C4 systems, with C4 systems showing greater sensitivity.
The variability in g was significant over the diel cycle and was
especially pronounced following post-illumination. Overall, the
isotope partitioning approach was improved by accounting for the
variability in &g. Finally, under these ideal conditions we compared
the isotope partitioned fluxes with traditional regression-based
approaches and concluded there were systematic differences in
the pattern of photosynthesis and respiration related to each
approach. We suggested that the lack of sensitivity of autotrophic
respiration to variations in temperature was an important
factor.

From the literature reviewed above it can be concluded that the
13C-C0, isotope partitioning approach is strongly limited by the
tradeoff in measurement precision of the isotope fluxes and the
extent of disequilibrium between photosynthesis and respiration.
In the majority of the studies reviewed, the 13C-CO, disequilibrium
was typically less than 3%., thereby, placing high demands on the
measurement precision. Further, when examining the isotope par-
titioned fluxes in comparison to traditional methods (i.e. nighttime
temperature-based regression models) we can observe systematic
differences in their patterns, with the isotope-partitioned fluxes
being symmetric about canopy conductance to CO,, while the
temperature-based approaches are skewed toward the warmer late
afternoon temperatures. These patterns deserve further investiga-
tion as they may represent a potential bias in current land surface
models. Finally, representing the isotope composition of ecosystem
respiration in partitioning studies has largely been oversimplified.
Accounting for its short-term variability has potential to improve
the isotope-based partitioning results.

5.2. Temporal variation in the isotope composition of ecosystem
respiration

While the processes influencing photosynthesis and photosyn-
thetic fractionation are relatively well known (Farquhar, 1983;
Farquhar et al., 1989, 2001), there is significantly less information
and theoretical understanding of ecosystem respiration and frac-
tionation effects associated with respiration processes (Bowling
et al,, 2008; Wingate et al., 2010b; Flanagan et al., 2012). In the
above flux partitioning studies it was assumed that any isotope
fractionation associated with respiration was negligible (Lin and
Ehleringer, 1997) and that respiration from various ecosystem
components was conservative so that nighttime values could be
extrapolated to the daytime (Bowling et al., 2001; Ogée et al.,
2003; Zhang et al., 2006; Zobitz et al., 2007). Past studies spent
considerable effort trying to quantify the isotope composition
of ecosystem respiration in order to infer information regarding
ecosystem photosynthetic discrimination (assuming full equilibra-
tion) (Bowling et al., 2003a; Ponton et al., 2006; Buchmann et al.,
1998). More recent studies have attempted to quantify the links
between photosynthetic discrimination and downstream changes

in the isotope composition of respiration components. The clas-
sic work of Hogberg et al. (2001) showed that there is a direct
link between photosynthetic assimilation and soil respiration. In
their study they observed a 2-4 day lag between changes in pho-
tosynthetic activity and its influence on soil respiration. Bowling
et al. (2003a) showed that variations in the isotope composition of
ecosystem respiration could be linked to changes in atmospheric
vapor pressure deficit and its influence on stomatal activity and
photosynthetic fractionation. Understanding these links is required
in order to improve our biophysical description of carbon turnover
in ecosystems and for representing respiration processes in land
surface schemes.

It is now appreciated that post-photosynthetic isotope fraction-
ation occurs resulting in an apparent fractionation of ecosystem
respiration (Duranceau et al., 1999; Ghashghaie et al., 2001;
Tcherkez et al., 2003; Hobbie and Werner, 2004; Xu and Baldocchi,
2004; Badeck et al., 2005; Gessler et al., 2007; Bathellier et al.,
2008). Isotope fractionation downstream of primary photosyn-
thetic carboxylation, either during assimilate transport or through
compartmentalization prior to transport, results in differences
in the isotope composition of metabolites and in intramolecular
distribution of 13C and !2C from fragmentation of the substrate
molecule (Tcherkez et al., 2003, 2004). For example, researchers
have observed that dark respiration in C3 leaves is signifi-
cantly enriched relative to plant sucrose, the respiration substrate
(Duranceau et al., 1999, 2001; Ghashghaie et al., 2001; Tcherkez
et al., 2003; Bathellier et al., 2008). Further, Klumpp et al. (2005),
Badeck et al. (2005), and Bathellier et al. (2008) have shown that
root-respired CO, from herbaceous species is relatively depleted in
13C compared to the substrate. Here the underlying mechanism is
CO, release from the pentose phosphate pathway (PPP) where car-
bon from the C-1 position in glucose is relatively depleted. Klumpp
et al. (2005) demonstrated, through a mass balance approach, that
fractionation associated with dark respiration in leaves was nearly
balanced by the fractionation in root respiration, such that the over-
all net fractionation related to plant respiration was relatively small
(%0.7%0).

Rapid changes in the isotope composition of respiration have
been linked to post-illumination processes at the leaf, plant, and
ecosystem scales (Tcherkez etal.,2003; Gessler etal.,2009; Barbour
etal.,2011; Fassbinder et al., 2012a,b). It appears that the timescale
of the post-illumination response ranges from minutes to as much
as a few hours and that the magnitude of the change in the isotope
composition of respiration may be directly related to cumula-
tive daytime CO, uptake (Barbour et al., 2011). These underlying
mechanisms are becoming better understood. The 13C-enriched
CO, produced in the dark has been termed Light-Enhanced-Dark-
Respiration (LEDR). Gessler et al. (2009) used an isotope mass
balance technique to demonstrate, under controlled laboratory
conditions, that the source for LEDR enrichment was naturally
occurring 3C-enriched malate decarboxylation in leaves. A pro-
gressive 13C depletion of CO, evolved from leaves in the dark has
been observed to decrease by as much as 10%.. Barbour et al. (2011)
used the flux ratio and Keeling plot approach to quantify the LEDR
effect at the ecosystem scale in pasture lands of New Zealand. Fig. 5
shows an example of rapid changes in the carbon isotope composi-
tion of ecosystem respiration following sunset based on fast optical
isotope measurements. They observed a stronger effect following
sunny days and provided a simple model to help understand the
underlying processes and dynamics. It is interesting to note here
that such patterns would be difficult, if not impossible, to observe
based on traditional measurement techniques such as flask collec-
tion and Keeling plot approaches relying on data collected over the
entire nighttime period. Fast optical isotope measurements provide
a new capacity to examine these dynamics under a broad range of
environmental conditions.
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Fig. 5. Rapid changes in the carbon isotope composition of ecosystem respira-
tion following sunset based on fast optical isotope measurements (Barbour et al.,
2011). The isotope composition was determined using a Keeling plot and flux ratio
approach. Reproduced with permission from the author.

Kodama et al. (2008) examined the temporal variation of §13C-
CO, of forest (Scots pine) respiration and its components using a
combination of Keeling plot, static chamber and IRMS techniques
over a period of about 4 days. In addition, they measured the car-
bon isotope composition of the water soluble organic matter in
foliage needles, twig phloem, and trunk phloem exudate to better
understand dynamics of forest respiration and controls on its car-
bon isotope composition. They observed diel variations (0.6-0.9%.)
in the carbon isotope composition of needle phloem with little or
no diel variation observed in twig or trunk phloem. The phloem
exudate was progressively enriched along the transport pathway
from needles to twigs to trunk. The diel variation in respired carbon
from the tree boles (4%.) and forest soil (2.7%.) was significant, sug-
gesting an apparent fractionation associated with respiration. As
discussed by Kodama et al. (2008), the large diel variation in the car-
bon isotope composition of bole respiration could be caused by the
playoff between glycolysis and the citrate cycle (mitochondrial res-
piration). The §'3C-CO, derived from both processes are expected
to differ as a result of fragmentation fractionation (Ghashghaie
et al., 2001, 2003; Tcherkez et al., 2003, 2004; Hymus et al., 2005).
The CO, released by the decarboxylation of pyruvate (glycolysis)
comes from the relatively 13C-enriched C-3 and C-4 positions of
glucose. The CO, released from the citrate cycle decarboxylation
originates from the relatively depleted C-1, C-2, C-5, and C-6 pos-
itions of glucose. Each of these cycles has different temperature
dependencies, with glycolysis being less temperature-dependent
than the citrate cycle. Therefore, changes in autotrophic respi-
ration driven by temperature have significant potential to cause
variation in the isotope composition of respiration. Finally, they
observed a 2%, variation in the isotope composition of forest soil
respiration measured using a static chamber technique. This varia-
tion was attributed to the relative contributions of autotrophic and
heterotrophic respiration over the diel period.

Wingate et al. (2010b) have provided one of the most compre-
hensive datasets and systematic analyses regarding the relation
between photosynthetic discrimination and the isotope compo-
sition of ecosystem respiration components by combining TDLAS
and dynamic chambers. Their study was conducted in a maritime
pine forest (Bordeaux France) over the 2007 growing season. They
observed strong 13C enrichment (3-4%. relative to the photosyn-
thate) in branch respired CO,. This enrichment was likely the
result of CO, generated by the pyruvate dehydrogenase (PDH) com-
plex and the release of carbon from the enriched C-4 position of

glucose. Contrary to Kodama et al. (2008), bole respiration was rel-
atively depleted (2-4%.) compared to the photosynthate. Wingate
et al. (2010b) hypothesized that refixation of CO, by phosphoenol
pyruvate carboxylase (PEPC) within the stem was an important
underlying mechanism. PEPC fractionates (5.7%.) against 13C and
is well known for its role in C4 photosynthetic fractionation. Fur-
ther, the synthesis of lignin via PPP could also result in a relatively
depleted signal since the source of carbon is known to originate
from the C-1 position of glucose. Finally, Wingate et al. (2010b)
examined the correlation and lag between changes in photosyn-
thetic discrimination and changes in the isotope composition of
respiration from forest components. Their analyses revealed broad
seasonal coherence, confirming that photosynthetic discrimination
influences the substrates that are eventually metabolized. How-
ever, at times there appeared to be little or no coherence among
signals indicating the importance of carbon allocation processes,
downstream isotope mixing of carbon substrates, and fractionation
related to the respiration processes.

Recent work by Fassbinder et al. (2012b) provide one of the
longest time series of soil carbon isotope flux measurements
using a TDLAS and automated chamber system. Their measure-
ments were made in an agricultural ecosystem during the corn
phase of a corn-soybean rotation over the majority of the grow-
ing season. Their work demonstrated that the mean ensemble diel
peak-to-peak variation in the isotope composition of soil respi-
ration was about 2%., consistent with other values reported in
the literature (Maseyk et al., 2009; Werner and Gessler, 2011).
However, larger diel variations were observed, ranging up to 10%.
on individual days. The largest diel amplitudes were observed
during the early growing season when soil respiration was rel-
atively small and the vegetation was just beginning to emerge.
Fassbinder et al. (2012b) hypothesized that cases with exception-
ally large diel amplitude could be attributed to the influence of
turbulence (non-diffusive transport) and non-steady state condi-
tions on the chamber measurement technique. They demonstrated
a strong positive correlation between the carbon isotope compo-
sition of soil respiration and friction velocity, providing anecdotal
evidence that CO, transport from the soil to the chamber was not
always dominated by diffusion. Their analyses also demonstrated
that these effects were more pronounced during the early growing
period when the chambers were directly exposed to wind (i.e. no
canopy shelter effect) and when soil water content was relatively
low. Interpretation of soil chamber data is, therefore, challenging
because it represents a mixture of both the biological and physical
processes.

The application of chamber and isotope-based measurements
under field conditions has raised numerous questions regarding
the interpretation of the isotope signatures. It is well known that
chambers impact wind, turbulence, pressure pumping, and non-
steady-state diffusion (Livingston and Hutchinson, 1995; Davidson
et al.,, 2002; Jassal et al., 2012). Here, the challenge is to determine
the biological and physical factors influencing the isotope compo-
sition of the flux (Midwood and Millard, 2011). Risk and Kellman
(2008) demonstrated that under non-steady-state conditions the
kinetic fractionation was typically less than the theoretical value
of 4.4%.. Consequently, under these conditions, the isotope com-
position of the flux can be significantly depleted relative to the
actual CO, source. Bowling and Massman (2011) also confirmed
that non-steady-state diffusion through a snowpack resulted in a
kinetic fractionation that was lower than the theoretical value and
anisotope flux that was relatively depleted compared to the source.
Hence, in situations where non-diffusive transport takes place, the
isotope composition of the flux will be depleted relative to the
actual source value. Further, a number of other studies have doc-
umented the importance of advection and infiltration of relatively
enriched CO, air on chamber flux measurements. Midwood and
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Millard (2011) found that advection/infiltration had a large influ-
ence on the isotope composition of the flux in soils that were dry
and relatively porous, especially during periods when respiration
rates were relatively small. Kayler et al. (2010) have suggested that
advection accounted for about 1%. of the variation observed in their
forest soil respiration data. However, it is expected that the influ-
ence of advection could be substantially larger in situations where
the chamber measurements are made in non-sheltered areas where
direct exposure to wind and turbulence can play a more important
role. The data presented by Fassbinder et al. (2012b) indicate that
these effects could be as large as a few per mil over bare agricul-
tural soils. It would appear, therefore, that soil chamber isotope
data should be interpreted with the aid of a physical model that
can be used to describe the non-biological influences in order to
place constraints on these separate processes (Risk et al., 2012).

These recent studies confirm that there is significant variation
in the isotope composition of respiration derived at the component
and ecosystem scale as a result of post-photosynthetic fraction-
ation processes. The combination of optical isotope measurements
with chamber and micrometeorological techniques is providing a
new capacity to detect fast and short-term variations in the isotope
composition of respiration. The link to compound-specific carbon
isotope ratio analyses is proving to be a powerful way to help inter-
pret respiration processes that have, until now, been treated as a
black box. Such advances are important in order to provide a bet-
ter biophysical description of respiration processes in land surface
models.

5.3. Canopy-scale leaf water 180 enrichment

The oxygen isotope composition of leaf water represents a
highly valuable tracer in global change studies. Daytime enrich-
ment of the leaf water is the combined result of kinetic fractionation
(i.e. the lighter H,O isotope diffuses faster than ¥0-H,0 or 2H-
H,0) and equilibrium fractionation (i.e. the lighter HO molecule
has a higher saturation vapor pressure compared to '80-H,0 or
2H-H,0) (Craig and Gordon, 1965; Dongmann et al., 1974). Conse-
quently, at midday the isotope composition of the bulk leaf water
(81p) can be significantly enriched relative to the source or plant
xylem water (6x). This leaf water signal is incorporated into plant
cellulose making it a powerful tracer in biomarker and paleoclimate
studies (Barbour et al., 2007; Helliker and Richter, 2008; Ogée et al.,
2009; Kahmen et al., 2011). The oxygen isotope composition of leaf
water also represents a critical boundary condition for determin-
ing the oxygen isotope composition of photosynthesis (Farquhar
et al., 1993; Yakir, 2003) and influences the Dole effect (Dole et al.,
1954; Bender et al., 1994; Hoffmann et al., 2004). Further, partition-
ing evapotranspiration into its components using the isotope mass
balance approach requires information regarding the isotope com-
position of transpiration (Yakir and Wang, 1996; Yepez et al., 2003;
Williams et al., 2004; Lee et al., 2007; Wang et al., 2010, 2012).

A considerable amount of research has examined leaf water
enrichment at the leaf and plant scales. These investigations have
evolved from relatively simple models that assume the leaf is a
well-mixed homogeneous pool in steady state (Craig and Gordon,
1965) to the very sophisticated models that account for leaf water
isotope heterogeneity and non-steady state conditions (Farquhar
and Cernusak, 2005; Ogée et al., 2007). Far fewer studies have
attempted to measure the canopy scale leaf water enrichment or
attempted to evaluate applicability of these models at the canopy-
scale. With the increasing availability and use of optical isotope
methods, there have been important advances in quantifying the
canopy scale isotope composition of ET and leaf water enrichment
(see Table 4 for examples) (Lee et al., 2007; Welp et al., 2008; Griffis
et al., 2010; Rambo et al., 2012). These investigations have been
motivated by the need for biophysical information that bridges the

gap between the plant and canopy scales and the need to represent
canopy scale processes within land surface schemes (Riley et al.,
2002, 2003; Xiao et al., 2010, 2012). In this section, recent progress
in determining the canopy scale leaf water 180 enrichment and its
relevance to flux partitioning and carbon cycling is examined.

With increased capacity to measure the isotope composition
of water vapor and fluxes at the field scale, it has become possi-
ble to evaluate in detail the biophysical processes and models of
leaf water enrichment of varying complexity (Craig and Gordon,
1965; Dongmann et al., 1974; Farquhar and Cernusak, 2005) under
field conditions (Lee et al., 2007; Welp et al., 2008; Griffis et al.,
2011; Xiao et al., 2012). Three key issues have emerged from recent
ecosystem scale studies that are related to the behavior/description
of leaf water turnover, kinetic fractionation, and the Péclet effect.
Each of these issues is described below.

The classic Craig-Gordon (CG) model predicts leaf water enrich-
ment at the sites of evaporation assuming steady-state conditions
(i.e. that the isotope composition of the inflow = the outflow) (Craig
and Gordon, 1965):

85 = Ox + €eq + €+ h(8y — €, — 6x) (11)

where J; is the isotope composition of leaf water at the site of
evaporation and is calculated assuming steady-state conditions, dx
is the isotope composition of the xylem water, h is the relative
humidity expressed at the leaf surface temperature, §, is the iso-
tope composition of the vapor, €4 is the temperature-dependent
equilibrium fractionation effect, and €y, is the kinetic fractionation
factor (both fractionation factors are expressed as deviations from
1). Here, €, is presented as the leaf-scale resistance-weighted value
(Farquhar et al., 1989; Cappa et al., 2003),

. 32rs 4+ 211y

12
I's+T1p (12)

k
wherers and rp, are the stomatal and leaf boundary-layer resistances
to water vapor transport and the factors 32 and 21 are the cor-
responding fractionation factors for 180-H,0 (Cappa et al., 2003).
The CG model is relatively easy to implement now that §, can be
measured near continuously using optical isotope methods. Table 4
provides a number of examples where the CG model has been used
in conjunction with optical isotope measurements to estimate the
steady or non-steady state isotope composition at the sites of evap-
oration. In the latter case, &x is replaced with the canopy-scale
estimate of the isotope composition of transpiration (Welp et al.,
2008). It has become well established that the steady-state condi-
tion is often violated (Dongmann et al., 1974; Bariac et al., 1989;
Flanagan et al., 1991). However, recent studies based on optical
isotope techniques have shown that the CG model performs rea-
sonably well for a short duration in the afternoon hours when near
steady-state conditions are likely to prevail (Welp et al., 2008; Xiao
et al.,, 2010; Griffis et al., 2010).

Dongmann et al.(1974)adapted the CG model and proposed that
the non-steady state behavior could be accounted for by including
the leaf water turnover rate, while holding the leaf water content
fixed,

Ly =8, +(87, —5;Yb)e*f/f (13)

where 8? ,t is the initial isotope composition of the bulk leaf water,

tis time and t is the water turnover rate and can be estimated from,
Wrroo
r = Vrtdle (14)
wi

where W is the canopy water content per unit ground area, w; is
the mole fraction of water vapor in the intercellular space, r; is
the total resistance to water vapor diffusion. Here, the kinetic and
equilibrium fractionation factors are given as, o, =1+ €;/1000 and
Oeg =1+ €¢q/1000.
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Estimates of canopy-scale '80-H,O leaf water enrichment.

101

Study

Ecosystem

180-H,0 enrichment at
the sites of leaf water
evaporation

Methods

Comments

Lai et al. (2006)

Welp et al. (2008)

Wingate et al. (2010b)

Griffis et al. (2011)

Xiao et al. (2012)

Xiao et al. (2012)

Santos et al. (in prep)

Douglas-fir forest,
Washington, USA

Soybean, Minnesota,
USA

Pine forest, France

Corn, Minnesota, USA

Wheat, Luanchen,
North China Plain,
China

Corn, Luanchen,
North China Plain,
China

Deciduous forest,
Ontario, Canada

Late afternoon
maximum value of
10%0

Maximum values of
15%. observed at
midday; mean
ensemble midday
values of 8%.

Maximum values of
19%. were observed in
late afternoon; diurnal
amplitude generally
varied between -5 and
15%o

Maximum values of
15%. observed at
midday; mean
ensemble midday
values of 10%.

Maximum values of
12%. observed at
midday; mean
ensemble midday
values of 5%.

Maximum values of
12%o. observed at
midday; mean
ensemble midday
values of 8%.

Maximum values of
17%- observed at
midday; mean daytime
(1000-1500) values
over the growing
season were 3%o

Derived from the Dongmann et al.
(1974) non-steady state model using
field observations; no turbulent kinetic
effect included

Derived from the Craig and Gordon
(1965) model using field observations;
a non-steady state estimate based on a
direct flux estimate of the
transpiration isotope ratio; no
turbulent kinetic effect included

Derived from branch chamber
observations of 018-CO,
photosynthetic flux

Derived from the Craig and Gordon
(1965) model using field observations;
a non-steady state estimate based on a
direct flux estimate of the
transpiration isotope ratio; turbulent
kinetic effect included

Derived from the Craig and Gordon
(1965) model using field observations;
a non-steady state estimate based on a
direct flux estimate of the
transpiration isotope ratio; turbulent
kinetic effect included

Derived from the Craig and Gordon
(1965) model using field observations;
a non-steady state estimate based on a
direct flux estimate of the
transpiration isotope ratio; turbulent
kinetic effect included

Derived at the canopy scale using Craig
and Gordon (1965) steady state model
and the non-steady state model of
Farquhar and Cernusak (2005)

Turnover time of leaf water set to 11 h
showed excellent agreement with bulk leaf
water isotope ratios; values assuming
steady state were more than 5%. higher
than non-steady state values

Estimate based on flux-gradient and
TDLAS measurements of the isotope
composition of ET; midday values
assuming steady-state were 2%. lower
than the non-steady state estimate

Estimate based on dynamic chamber
observations of branch-scale
photosynthesis using TDLAS
measurements. Farquhar and Cernusak
(2005) non-steady state model tracked the
observations reasonably well over the
13-day measurement period

Estimate based on eddy covariance and
TDLAS measurements of the isotope
composition of ET; mean midday values in
July-August were 10%.. Steady state
estimates were 0.6%. higher than
non-steady state estimates; including the
turbulent kinetic effect acted to lower the
leaf water enrichment estimate by about
2%

Estimate based on eddy covariance and
TDLAS measurements of the isotope
composition of ET; excellent agreement
was observed using the Craig and Gordon
(1965) and Dongmann et al. (1974) models
at midday

Estimate based on eddy covariance and
TDLAS measurements of the isotope
composition of ET; the Craig and Gordon
(1965) and Dongmann et al. (1974) models
overestimate the observed midday leaf
water enrichment by approximately 4%o
presumably due to the turnover time of
leaf water and the non-steady state effects

Ambient water vapor '80-H,0 ratios were
measured using TDLAS and used as input
for the models. These canopy scale values
are modeled and do not include direct
measurement of the canopy scale isotope
ratio of transpiration. Steady-state
estimates showed much stronger diurnal
variability than the non-steady state
model. Midday steady state model
estimates were in better agreement with
the bulk leaf water isotope ratios

Estimate of the isotope composition at the sites of leaf water evaporation reported in per mil using the Vienna Standard Mean Ocean Water (V-SMOW) scale. These values
represent a boundary condition for understanding the potential variability and magnitude of '80-CO, photosynthetic discrimination, which depends on the extent of 018

equilibration.

This model approach has proven to be very robust when applied
to the ecosystem scale for Douglas-fir forest (Lai et al., 2006), corn
(Griffis et al., 2011) and wheat (Xiao et al., 2012). Fig. 6 provides
an example of this modeling approach and a comparison to eddy
covariance estimates of the canopy scale leaf water enrichment
over corn at RROC at the University of Minnesota. In this non-
steady state approach, §x in equation 11 was replaced with the eddy
covariance estimate of the oxygen isotope composition of ET. This
figure clearly shows the strong differences observed between the
steady-state and non-steady-state assumptions and that the Dong-
mann model performed extremely well until late afternoon/early

evening. We hypothesized that this late afternoon bias was an arti-
fact of using a constant value for total canopy water (W).

In a comprehensive analysis for corn and wheat systems, Xiao
et al. (2012) concluded that the rate of leaf water turnover had
the most significant influence on non-steady-state behavior and
model performance at the canopy scale. Since ET can be measured
near-continuously at the ecosystem scale using the eddy covari-
ance approach, determining canopy leaf water turnover requires a
robust estimate of the total canopy leaf water. This is a challenging
task. To date, this has largely be determined from tedious destruc-
tive sampling and laboratory work. While there have been some
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Fig. 6. Estimating the oxygen isotope composition at the sites of leaf evaporation.
Ensemble patterns are shown for measurements above a corn canopy during July
2009 at the Rosemount Research and Outreach Center at the University of Min-
nesota. (A) Steady state (8.5, open circle) versus non-steady state (d,, solid black
circle) values of the oxygen isotope composition at the sites of leaf evaporation.
The steady state values were derived using the Craig—-Gordon model and observed
stem water isotope ratios. The non-steady state values were derived using the Craig-
Gordon model and observed eddy covariance isotope ratios of evapotranspiration.
The solid black line indicates the modeled isotope composition at the sites of leaf
evaporation based on Dongmann et al. (1974) non-steady state model (see text for
details) and (B) the difference between the non-steady state and steady state values
over the course of a day (ensemble average).

advances in monitoring leaf water status using satellite techniques
(Yilmaz and Jackson, 2008) there is an important need for auto-
mated and routine observations at the ecosystem scale. A potential
way forward may be the use of technologies such as the Cosmic Ray
Soil Moisture Observing System (COSMOS) if it has the sensitivity
to track the influence of canopy water from changes in soil water
content (http://cosmos.hwr.arizona.edu/).

A second important issue involves the behavior of kinetic frac-
tionation at the canopy scale. Using eddy covariance and flux ratio
isotope measurements of water vapor and CO, above a soybean
canopy, Lee et al. (2009) demonstrated that the kinetic fraction-
ation for water vapor and CO, isotopes behaved differently at the
canopy scale than at the leaf scale. In their analyses they showed
that turbulence acted to enhance kinetic fractionation rather than
to diminish it. This effect was found to be most pronounced when
canopy resistance was similar or lower than the aerodynamic resis-
tance and was shown to be most significant for 180-H,0 (Fig. 7).
Thus, when micrometeorological measurements are made above
the canopy, within the surface layer, the effects of turbulence on
kinetic fractionation must be taken into account (Lee et al., 2009),

c 32rc + 21n

- 15
k= rg+rc+y (15)

where €, is the canopy-scale kinetic fractionation effect for 18-
H,O0, rc and r, are the canopy and aerodynamic resistance terms. At
the ecosystem scale, the turbulence effect on kinetic fractionation
has been shown to have important implications for estimating the
isotope composition of ET and leaf water enrichment. Further, this
effect has also been shown to have a significant influence on the cal-
culations of 80-CO, photosynthetic discrimination and '80-CO,
isotope disequilibrium (Griffis et al., 2011).
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Fig. 7. Diurnal composite of the canopy-scale kinetic fractionation factors (Lee et al.,
2009). Thickred lines represent values for a soybean canopy (Rosemount Minnesota)
and thin black lines for a mixed deciduous forest (Yale Forest Experiment Station).
With the inclusion of turbulent diffusion, the kinetic factors weighted by the gross
CO;, flux are 26.0,7.6 and 3.8%. in the forest and 14.1, 4.6, 2.3%. in the soybean ecosys-
tem, for '80-H,0, '80-CO, and 3C-CO,, respectively. Reproduced with permission
from the author.

Finally, Farquhar and Cernusak (2005) proposed a more detailed
model of leaf water enrichment at the leaf scale, which accounted
for non-steady state behavior and strong leaf water heterogene-
ity (i.e. the gradient in 80-H,0 concentration that develops as
water moves away from the xylem). In their formulation the Péclet
effect accounts for leaf water '80-H,0 heterogeneity by allowing
diffusion of 180-H,0 molecules against the direction of the mass
flux,

oteqre 1 —e P d(W(Sp — 6x))

w; P dt (16)

8“, = ‘Si,b -

where Prepresents the Péclet effect and d/dt is the time rate deriva-
tive.

While Barbour et al. (2000) provide compelling evidence for the
Péclet effect at the leaf scale, recent works by Xiao etal.(2010,2012)
have shown that optimization of the Péclet parameters (effective
length scale) results in anomalously small values, effectively zero,
when applied at the canopy scale. They concluded that the leaf-
scale physics do not have an analog at the canopy scale (i.e. this
same diffusional pathway cannot take place within the canopy
airspace, but rather is restricted to individual leaves).

5.4. Partitioning evapotranspiration

A considerable amount of research has been devoted to esti-
mating the sources of water (recent precipitation, ground water,
stream water, fog, dew) used by plants and ecosystems and parti-
tioning evapotranspiration into its components (soil evaporation,
transpiration) (Dawson and Ehleringer, 1991; Flanagan et al,,
1991; Yakir and Wang, 1996; Dawson et al., 2002). The ability
to trace the flow of water through the hydrological cycle using
stable isotopes provides an opportunity to better understand how
ecosystem water use will respond to environmental changes and
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the potential implications for ecosystem function. Here, recent
progress in partitioning canopy scale ET is reviewed.

Yepez et al. (2003) partitioned ET into its overstory
(Mesquite)/understory (C4 grasses) components in a semi-
arid savanna woodland in southeastern Arizona. In their approach,
they collected water vapor in flasks from sample inlets at mul-
tiple heights within the understory and the overstory. Over the
course of three measurement campaigns, lasting about 2-h each,
they collected and analyzed approximately 50 flask samples
for §2H-H,0 and §'80-H,0 using IRMS. Although the sample
number is very limited when considering the dynamic nature of
atmospheric water vapor and ET, the amount of effort required
to collect such data on a routine basis is substantial. The isotope
composition of ET above the understory and within the overstory
was then estimated using the traditional Keeling mixing line
approach by assuming, somewhat optimistically, little turbulent
mixing of vapor between the understory and overstory. Iso-
topic steady state near midday was assumed so that the isotope
composition of transpiration could be derived from direct mea-
surements of 8y. From simple isotopic mass balance considerations
they determined that transpiration accounted for about 85% of
ET during the post monsoon season, implying that mesquite
trees effectively avoid moisture stress by accessing deep water
sources.

Williams et al. (2004) combined eddy covariance water vapor
flux measurements with profiles of the isotope composition (§2H-
H,0) of water vapor in an olive plantation to partition ET into
its components and compared the results against an independent
method involving sap flux measurements. In their approach, they
captured water vapor in flasks and used the Keeling plot method
to estimate the isotope composition of ET. The isotope composi-
tion of transpiration was based on the isotope composition of twig
water by assuming steady state conditions. Further, they used the
Craig-Gordon model (Craig and Gordon, 1965) to approximate the
isotope composition of soil evaporation. Here, important assump-
tions must be made regarding the appropriate kinetic fractionation
factors for varying soil moisture characteristics with higher kinetic
fractionation effects observed under drier soil conditions. Their
study showed that transpiration accounted for nearly 100% of ET
during dry periods and that soil evaporation accounted for 69-86%
of the midday flux following precipitation events. Although their
study period was relatively short (15 days) due to logistical con-
straints, the results suggested that optical isotope measurements
at this site could be used for routine measurement of the isotope
fluxes and partitioning of evapotranspiration.

Lee et al. (2007) have provided the first comprehensive and
relatively long-term measurement of the isotope composition of
ET using the TDLAS and flux ratio approach. Their study was con-
ducted over a mixed deciduous forest in Connecticut over an entire
growing season and revealed the major controls on the isotope
composition of ET and also tracked the changes in the source water
contributing to ET. The isotope composition of ET was very dynamic
and the use of a simple model sensitivity analysis revealed that
large fluctuations in §gr could be linked to short-term variations in
canopy surface relative humidity and longer timescale changes in
the leaf water turnover rate (related directly to the magnitude of
ET). In essence, the largest variations in the isotope composition of
ET were associated with long turnover time of leaf water ampli-
fied by high values of relative humidity. This covariation of relative
humidity and evaporative flux resulted in non-steady state behav-
ior so that using isotope composition of ET for flux partitioning was
challenging, at least on shorter timescales. Their seasonal analy-
ses of the isotope water budget for the forest revealed important
seasonal changes in water use. The early growing season isotope
fluxes showed that ET was closely coupled to recent rainfall, while
late growing season ET was more strongly linked to “older” (deeper)

water sources. Their study provides further confirmation that forest
systems rely on multiple water sources to avoid drought. Quanti-
fying these changes in forest water use represents an important
step toward developing and improving land surface models that
simulate the coupled carbon and water flows.

Wang et al. (2010) have also examined the ET partitioning prob-
lem, but under relatively controlled environmental conditions. In
their work, they made use of TDLAS water vapor measurements
within the biosphere 2 research facility in Arizona to examine ET
partitioning along a gradient of woody plant cover. They used the
relatively high frequency water vapor isotope measurements and
the Keeling plot approach to estimate the isotope composition
of ET and used a leaf chamber to estimate the isotope composi-
tion of transpiration. Their work showed considerable promise and
relatively good agreement (to within 15%) with the partitioning
derived from lysimeter and sap flow measurements. As expected,
their measurements showed that soil evaporation increased with
decreasing plant density.

These recent applications demonstrate the feasibility of com-
bining isotope and micrometeorological techniques to partition
ET and that fast optical isotope observations have improved our
capacity to carry out these types of investigations by provid-
ing near-continuous estimates of the isotope composition of ET.
However, some key issues remain. An important challenge is cap-
turing the dynamic variation in the isotope composition of soil
evaporation and transpiration (end members). It would appear
from the above studies that the isotope partitioning strategy
is better suited to more arid environments with sparse vege-
tation. Our own work in agricultural ecosystems indicates that
the soil evaporation component is small (<10%) so that the pre-
cision in the isotope partitioning method cannot resolve such
small differences. Similarly, in a Eucalyptus forest the additional
information provided by measuring profiles of §2H-H,0 did not
reduce the uncertainty in the partitioning of ET (Haverd et al.,
2011). Further, a major limitation is determining the dynamic
variation in the soil water isotope content and the appropri-
ate kinetic fractionation effects at the soil-atmosphere interface
(Braud et al., 2009a,b).

5.5. Coupled water and carbon cycle

The isotope composition of the leaf water plays a key role in
determining the oxygen isotope composition of CO, in leaves.
Table 4 provides examples of the variability that can be expected
under field conditions. As CO, diffuses into stomata and goes into
solution at the chloroplast it isotopically equilibrates according to
the hydration reaction (Hesterburg and Siegenthaler, 1991):

H180(1) + CO,(g) - H* + [HCOL20] (aq) — H0(1) + CO'80(g)
(17)

The extent of equilibration and, therefore, the 180-CO, enrich-
ment in leaves varies among C3 and C4 species due to the relative
extent of CO,-H,0 equilibration related to carbonic anhydrase
(CA) activity (Gillon and Yakir, 2001). Early experimental obser-
vations indicated that isotope equilibration was nearly complete
in C3 species, but significantly lower in C4 species. These dif-
ferences between photosynthetic pathway have been identified
as a potential signal that can be used to evaluate how land use
change is impacting the oxygen isotope content of CO, and O,
in the atmosphere. These differences are also required in order
to estimate global gross ecosystem photosynthesis (GEP). Obser-
vations at the canopy scale, however, remain extremely sparse.
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The photosynthetic 180-CO, fractionation (18 A) using a big-leaf
analogy can be described as (Yakir, 2003):

C C

18 A~ € ¢ c _(1— c ¢

A~ et o [Bea®e — 80) - (1= be)es/ (= +1))]
(18)

where 82’8 = €¢q + 01 (reported on the VPDB scale), €}, is the kinetic

fractionation factor for 80-CO,, C, and C, represent the CO, con-
centration in the surface layer and the leaf chloroplast, the fraction
(Ce/(Cq - Cc)) describes the retroflux of 180-CO,, and 64 is the
canopy scale CO, hydration efficiency (ranging from 0 to 1 depend-
ing on species and photosynthetic pathway).

Xiao et al. (2010) recently combined field-scale flux measure-
ments of 180-C0O, and 80-H, 0 and the Simple Isotope Land Surface
Scheme (SiLSM) to examine the biophysical controls on the 180-
CO, exchange. In their study they used soybean as a model C3
ecosystem. Model optimization revealed that the extent of 80
equilibration at the canopy scale was significantly lower than
that observed in leaf-scale studies. Their CO, hydration value was
approximately 0.46, less than half the value reported at the leaf-
scale. In a separate study conducted for a C4 corn canopy, Griffis
etal.(2011) showed that the CO, hydration efficiency at the canopy
scale was significantly lower than that of C4 leaf-scale studies (i.e.
0.19 versus 0.70). These field-scale results imply that only 20-50%
of the 180-CO, retroflux is isotopically equilibrated (i.e. relabeled)
with the leaf water isotope signal. Overestimating the CO, hydra-
tion efficiency will lead to a significant underestimate of GEP based
on inverse-type analyses (Yakir, 2003).

The mechanism underlying the lower canopy-scale CO, hydra-
tion efficiency is not yet clear. Cousins et al. (2006) have shown
in lab studies that the CO, hydration efficiency decreases signifi-
cantly under high light conditions. Griffis et al. (2011) have shown
that CO, hydration efficiency of C4 corn leaves growing under field
conditions tended to be lower at the top of the canopy, but overall,
were substantially larger than the canopy-scale estimates. Leaf-
level experiments on a variety of C4 grasses by Cousins et al. (2008)
indicated that CA activity could not be used to reliably predict the
extent of 180 equilibration between leaf H,O and CO;. They pro-
posed two explanations including: (1) CA is not isolated to the sites
of CO,-H,0 exchange so that there may be a weak relation among
these variables; and (2) the estimate of the isotope ratio of H,O at
the site of evaporation may be in error because this quantity cannot
be measured directly.

Recent findings also show that CA may play a significant role in
influencing the isotope composition of net soil respiration (Seibt
et al,, 2006; Wingate et al., 2009). Increasing evidence indicates
that many soil microorganisms (bacterial, fungal, etc.) produce the
CA enzyme. Wingate et al. (2009) have shown that CO, hydra-
tion in soils is typically faster than the uncatalyzed rate, which
has been traditionally assumed. Based on soil profile informa-
tion and chamber isoflux data, they have shown that CA enhances
the rate of hydration by 10-300 times. The highest rates were
observed at Mediterannean and tropical sites. The implications are
that CO, diffusing from soil and into the atmosphere will have
a more enriched isotopic signal than previously thought because
of the stronger equilibration near the soil surface, where strong
evaporative enrichment occurs. By including this new biophysi-
cal mechanism into a global isotope-enabled model, Wingate et al.
(2009) have shown that observed latitudinal gradient in 180-CO,
can be better explained/reproduced.

It is interesting to note that either enhanced CA activity in
the soil or weaker CA activity in canopy photosynthesis would
influence atmospheric 180-CO, signatures in the same direc-
tion. Overall, further research is required in order to understand
how CA activity influences both photosynthetic and respiratory

discrimination under field conditions and at the canopy scale. This
may prove particularly relevant when attempting to explain the
large global GEP estimate proposed by Welp et al. (2011) or if
attempting to partition net ecosystem CO, exchange at the field
scale using the oxygen isotope tracer approach. It is clear from the
recent literature that the '80-CO, disequilibrium between respira-
tion and photosynthesis is much stronger than for 13C-CO, (Table 3)
and that it decreases with increasing precipitation frequency and
magnitude (Wingate et al., 2010a; Griffis et al., 2011; Sturm et al.,
2012). This larger disequilibrium should prove favorable for parti-
tioning Fy, however, to date this has not been fully realized because
of the measurement challenges. Simultaneous fast optical isotope
measurements of the water vapor and carbon dioxide fluxes and
isotope end members are required.

6. Future directions

It is remarkable that energy, water, and carbon fluxes are now
measured at more than 500 sites globally on a near continuous
basis. This development occurred relatively rapidly through the late
1980s and 1990s as cheaper and more robust sonic anemometers
and IRGAs were developed for remote field applications. Baldocchi
(2008) highlighted a number of important findings regarding the
global carbon cycle that could only have been realized from such
a network. We are now aware that the timing of snowmelt and
subtle changes in phenology can have profound impacts on ecosys-
tem carbon budgets. Results from the network demonstrate that
it is the change in length of growing season that has the greatest
impact on carbon sequestration - not the variation in photosyn-
thetic capacity. Old-growth forests, once thought to be carbon
neutral or weak sources, are in many cases continuing to sequester
significant amounts of carbon on an annual basis. Further, respira-
tion and photosynthesis have been found to respond in unexpected
ways to high temperatures, drought, and precipitation events.

Isotope observations remain relatively rare within the Fluxnet
network and have been limited to intensive campaigns of short
duration. However, with the rapid development of laser-based
technologies that are field-deployable, it is likely that these
measurements will be incorporated at many sites in the near
future. The National Ecological Observatory Network (NEON,
http://www.neoninc.org/) is planning to make continuous isotope
measurements of CO, and water vapor at each of its network
sites using these new technologies. Such measurements should
expand our capabilities to study and interpret the biophysical pro-
cesses influencing the carbon and water budgets at the ecosystem,
regional, and continental scales. There will also be opportunities to
link these surface and boundary layer observations with advances
in satellite-based isotope observations - at least in terms of water
vapor (Worden et al., 2006, 2007; Herbin et al., 2007; Brown et al.,
2008).

The literature reviewed above indicates that there is signifi-
cant potential to improve our understanding of the biophysical
processes governing the exchange of carbon and water between
the land and atmosphere. Here I highlight four areas that offer the
promise of new scientific insights.

First, there is a need for continuous carbon isotope mea-
surements of ecosystem and chamber-scale respiration to better
understand these complex processes. This seems especially
promising in light of compound-specific carbon isotope measure-
ments of sugars, etc. in phloem sap, which can be used to help
interpret these signals. It is likely that network-wide analysis of
compound specific carbon isotope ratios in relation to ecosystem
scale observations of ecosystem respiration will reveal important
new insights regarding the influence of phenology, temperature
extremes, drought, and precipitation events on both autotrophic
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and heterotrophic respiration. These types of data and analyses
could be used to develop more sophisticated algorithms of respira-
tion in land-atmosphere surface schemes.

Second, with the new capacity to measure ecosystem-scale 80-
H,0 and '80-CO, fluxes, there is new potential to provide an
independent constraint on ecosystem scale photosynthesis and res-
piration and to better understand the processes influencing the 180
composition of the atmosphere. Recent work by Welp et al. (2011)
suggests that global ecosystem production (GEP) is significantly
larger (170 Gt) than previously (120 Gt) thought. Their conclusion
was reached based on the analysis of the high-precision 80-CO,
global flask network data. The literature reviewed above indicates
that interpretation of '80-CO, fluxes and discrimination requires
a robust estimate of the leaf water enrichment at the canopy scale
and good understanding of how CA influences the 180 equilibra-
tion in both leaves and soils. To date, the only studies that have
simultaneously made these types of measurements at the ecosys-
tem scale have been in agricultural systems. Similar measurements
are planned at all NEON sites and have significant potential to
help us resolve the extent of CO, hydration efficiency across a
broad array of systems and to provide independent estimates
of ecosystem scale photosynthesis and respiration. These studies
could be compared with the analysis of Welp et al. (2011) to help
better understand the disparity in the estimates of global GEP. Fur-
ther, with recent advances in optical isotope techniques and new
process understanding of 80-H,0 and '80-CO, exchange there
is new opportunity to re-evaluate the feasibility of partitioning
Fy.

Third, given the small 13C-CO, disequilibrium between respira-
tion and photosynthesis and the inherent noise in determining the
ecosystem-scale carbon isotope fluxes, a powerful way forward is
to increase the use of 13C-CO, labeling studies under field condi-
tions (Epron et al., 2012). Plain et al. (2009) were one of the first to
combine a TDLAS isotope system and isotope labeling approach to
trace the flow of carbon on a near-continuous basis within a beech
forest in France. In their experiment, they developed a large flex-
ible canopy chamber to fumigate two individual beech trees with
nearly pure 13C-CO, for a 3-h pulse in late September. The isotope
ratio of the chamber-canopy air was highly enriched in 13C-CO,
(initially >400,000%.). Small tree bole and soil chambers were con-
nected to the TDLAS for near-continuous measurement of the CO,
efflux and its carbon isotope ratio in order to determine lags in car-
bon transport and its half-life. Immediately following the isotope
fumigation (<1 h) they were able to detect significant enrichment
of 13C-CO; in the bole and soil respiration. The peak in enrich-
ment (>900%.) for the soil CO, efflux was observed within 72-84 h
and lagged bole respiration by about 9 h. Continuous measurement
over a two month period (the chase period) showed a very dis-
tinct pattern that was best fit using a double-exponential relation
that was used to help describe the “fast” and “slow” processes at
work. The second peak in their chase period data (the so-called
slow processes) provides evidence for transitory storage or remobi-
lization of carbon and deserves further examination. Investigating
these processes in long-term experiments that account for phe-
nological variation and seasonal variation in climate should yield
important new insights on ecosystem respiration. Further, given
isotope enabled models such as SiLSM and the Community Land
Model (CLM-CN 3.5), isotope labeling studies can be used to test
the respiration, carbon allocation, and carbon pool strategies of
such models. For example, Fig. 8 shows an example of a virtual
isotope tracer experiment using CLM and illustrates how the pho-
tosynthetic signal (here we spiked the model atmosphere with
a highly enriched 13C-CO, concentration) is eventually incorpo-
rated into the SOM pools and how the signal dissipates with time
since the isotope enrichment. These type of field isotope tracer
experiments can provide a powerful way to assess and tune the
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Fig. 8. Virtual isotope tracer experiments using the Community Land Model (CLM
v3.5). This virtual experiment was conducted for a C4 corn crop growing in Min-
nesota. The y-axes show the isotope enrichment in three soil organic matter pools
represented in the model. For example, the top panel (SOM pool 1) exhibits the
fastest carbon turnover time. SOM pool 2 and SOM pool 3 represent the intermedi-
ate and slow carbon turnover times within the CLM model framework. The x-axes
indicate the elapsed time following the model atmospheric perturbation of 3CO,.
The result is sensitive to the dose and duration of the '3CO, perturbation.

algorithms that describe respiration in isotope-enabled ecosystem
models.

Finally, optical isotope techniques for the measurement of
carbon and hydrogen isotopes in methane and nitrogen and
oxygen isotopes in nitrous oxide (including isotopologues and iso-
topomers) are becoming available. These new techniques may
offer new capacity to study the environmental controls on
methane production/consumption and denitrification/nitrification
at unprecedented temporal and spatial scales. The recent work
of Santoni et al. (2012) has demonstrated the feasibility of using
TDLAS to measure the isoflux of methane, which should lead to new
insights regarding the environmental controls on methane budgets,
methanogenesis, and ebullition events in wetlands and peatlands.
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