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[1] Separation of the net ecosystem exchange of CO2 (F) into its component fluxes of net
photosynthesis (FA) and nonfoliar respiration (FR) is important in understanding the
physical and environmental controls on these fluxes, and how these fluxes may respond to
environmental change. In this paper, we evaluate a partitioning method based on a
combination of stable isotopes of CO2 and Bayesian optimization in the context of
partitioning methods based on regressions with environmental variables. We combined
high-resolution measurements of stable carbon isotopes of CO2, ecosystem fluxes, and
meteorological variables with a Bayesian parameter optimization approach to estimate
FA and FR in a subalpine forest in Colorado, United States, over the course of 104 days
during summer 2003. Results were generally in agreement with the independent
environmental regression methods of Reichstein et al. (2005a) and Yi et al. (2004).
Half-hourly posterior parameter estimates of FA and FR derived from the Bayesian/isotopic
method showed a strong diurnal pattern in both, consistent with established gross
photosynthesis (GEE) and total ecosystem respiration (TER) relationships. Isotope-derived
FA was functionally dependent on light, but FR exhibited the expected temperature
dependence only when the prior estimates for FR were temperature-based. Examination of
the posterior correlation matrix revealed that the available data were insufficient to
independently resolve all the Bayesian-estimated parameters in our model. This could be
due to a small isotopic disequilibrium (D) between FA and FR, poor characterization of
whole-canopy photosynthetic discrimination or the isotopic flux (isoflux, analogous to
net ecosystem exchange of 13CO2). The positive sign of D indicates that FA was more
enriched in 13C than FR. Possible reasons for this are discussed in the context of recent
literature.
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1. Introduction

[2] Carbon uptake by terrestrial ecosystems is estimated
at 2–4 Gt C/yr and therefore constitutes a crucial compo-
nent of the global carbon cycle [Schimel et al., 2001]. Large
uncertainties still remain regarding the latitudinal patterns of
the net CO2 uptake [Piovesan and Adams, 2000; Valentini et
al., 2000; Janssens et al., 2001; Schimel et al., 2001; Van

Dijk and Dolman, 2004] and uptake in response to climate
variations [Goulden et al., 1996; Huxman et al., 2003;
Davidson et al., 2006; Ciais et al., 2005]. These uncertain-
ties reflect the complexity in how environmental drivers
affect gross photosynthesis (GEE) and total ecosystem
respiration (TER). In order to resolve these uncertainties, a
better understanding of the underlying biological processes
is clearly needed.
[3] In the absence of any disturbance, the net ecosystem

CO2 exchange between terrestrial ecosystems and the
atmosphere (NEE, noted F here using the notation of
Bowling et al. [2003a]; see Table 1 for a full listing of all
abbreviations used in the text) is the sum of two opposing
fluxes GEE and TER: F = GEE + TER, where GEE < 0
and TER > 0. For an isotope-based approach, foliar respi-
ration (FL) is often excluded from TER and included into net
photosynthesis, (FA = GEE + FL) so that F = FA + FR, where
FR denotes nonfoliar respiration (FR = TER � FL) [Lloyd et
al., 1996]. Net ecosystem exchange is measured with the
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eddy covariance technique and is the sum of a turbulent flux
(Feddy) and storage flux (Fstorage) [Wofsy et al., 1993].

FA þ FR ¼ w0C0
a þ

Z zh

0

dCa

dt
dz

¼ Feddy þ Fstorage ¼ F ð1Þ

In equation (1), w0 is the vertical turbulent wind speed
(m s�1), Ca

0, turbulent fluctuation of CO2 molar density
(mmol m�3), zh the flux measurement height, Ca the molar
density of atmospheric CO2 (mmol m�3). F, FA, and FR have
units mmol CO2 m

�2 s�1. F is measured worldwide at more
than 400 sites in a variety of biomes through the FLUXNET
network (http://www.fluxnet.ornl.gov/fluxnet) [Baldocchi et
al., 2001].
[4] Separating F into its constituent fluxes of FA and FR

(or GEE and TER) is termed flux partitioning. This parti-
tioning can be done via statistical parameter estimation
using F and climatic variables (e.g., temperature, light,
moisture) as covariates [Huxman et al., 2003; Yi et al.,
2004; Reichstein et al., 2005a], combining F with process-
based biophysical models [Aber et al., 1996; Baldocchi and
Bowling, 2003; Ogée et al., 2003a; Dai et al., 2004;
Braswell et al., 2005; Sacks et al., 2006; Stoy et al.,
2006], scaling chamber measurements to the ecosystem
[Lavigne et al., 1997; Law et al., 1999], or, as in this study,
with stable isotopes of CO2 [Yakir and Wang, 1996;
Bowling et al., 2001, 2003a; Ogée et al., 2003b, 2004;
Lai et al., 2004; Knohl and Buchmann, 2005; Griffis et al.,
2005; Zhang et al., 2006].
[5] Each of these flux partitioning routines have advan-

tages and disadvantages associated with their use. For
example, statistical parameter estimation of F with climatic
variables uses expected physiological patterns (e.g., TER
exponentially related to temperature) and determines un-
known functional parameters to find a best estimate of F
[Huxman et al., 2003; Yi et al., 2004; Reichstein et al.,
2005a]. The advantage to this approach is that relatively few
parameters (usually 2–4) are needed to characterize the
functional relationships and there are plentiful data obser-
vations (usually 48 daily measurements of F) to characterize
such relationships. However, if nighttime F measurements
are used to determine a functional relationship for TER, in
times of strong atmospheric stability Feddy may not be
estimated correctly [Goulden et al., 1996], potentially
biasing the estimate of TER. Recent literature has addressed
the appropriateness of scaling respiration with temperature,
as ecosystem respiration is expected to vary with other
environmental factors such as moisture or substrate avail-
ability [Giardina and Ryan, 2000; Reichstein et al., 2005b;
Davidson et al., 2006; Davidson and Janssens, 2006].
Moreover, temperature-flux relationships are derived from
seasonal flux data and thus do not necessarily reflect the
diurnal temperature-flux relationships. Recent work by
Reichstein et al. [2005a] has attempted to address these
disadvantages by removing periods of atmospheric stability,
utilizing a sophisticated gap-filling routine, and using only
15-day periods to derive the temperature-flux relationship.
[6] Scaling chamber measurements up to the ecosystem is

difficult due to problems of spatial representativeness and
establishment of labor-intensive allometric relationships.

Lavigne et al. [1997] scaled chamber-based respiration
measurements to the ecosystem and found that nighttime
F measurements were consistently lower by 20–40%.
[7] Biophysical models allow estimation of biological

processes in the absence of direct measurements, however
these processes require a large number of additional param-
eters to describe them [Braswell et al., 2005; Sacks et al.,
2006]. We ultimately want to test and improve models with
partitioned flux estimates from other alternative methods.
[8] Stable isotopes of CO2 provide measurements to

characterize another flux partitioning method. Unlike envi-
ronmental regression methods, the isotope flux partitioning
method does not assume that FR is dependent on tempera-
ture or that FA depends on incoming radiation. Hence,
isotope-partitioned fluxes can be used to test these relation-
ships at the ecosystem scale. An additional advantage to the
isotope method is that it provides information about the
isotopic signatures of net photosynthesis (FA) and nonfoliar
respiration (FR). These isotopic signatures can be used to
infer information about ecosystem physiology and the
relations between carbon and water vapor fluxes. A funda-
mental requirement of the isotopic method is that the
isotopic signature of carbon products associated with non-
foliar respiration (dR) is different from the isotopic signature
of carbon products associated with net photosynthesis (dA).
Using mass balance of 13CO2, one can derive an equation
that represents net ecosystem exchange of 13CO2 [Yakir and
Wang, 1996; Lloyd et al., 1996; Raupach, 2001; Bowling et
al., 2001, 2003a]:

dAFA þ dRFR ¼ Feddy�isoflux þ Fisostorage ¼ Fd; ð2Þ

where FA, FR, dA (%), and dR (%) are defined above, Feddy �
isoflux (mmol m�2 s�1 %) is the eddy isoflux, and Fisostorage

(mmol m�2 s�1 %) is the isotopic storage flux. In addition
to F, the isotope partitioning method requires measurements
of Fd, [CO2], and d13C. See the Appendix in Bowling et al.
[2003a] for the full derivation of equations (1) and (2) and
the approximations used to attain them. Carbon isotope
ratios (d13CX or dX) are calculated in the usual manner as the
deviation of a 13CO2 to 12CO2 ratio in sample X from an
international standard (Vienna PDB). The deviation of this
ratio from unity is expressed as permil (%). Using the
permil notation, the isoflux (Fd) is analogous to the net
ecosystem exchange of 13CO2 and has units of % mmol
CO2 m

�2 s�1 rather than mmol 13CO2 m
�2 s�1 [Bowling et

al., 2003a]. With equations (1) and (2), one has a set of
linear equations to determine FA and FR.
[9] A disadvantage to the isotope partitioning method is that

the difference between dA and dR can be near zero. The
difference between dA and dR is defined as the isotopic disequi-
librium:D = dA� dR. Note that whenD� 0 (dA� dR), there is
no unique information in equation (2) relative to equation (1).
This violates the fundamental requirement of the method that
photosynthesis and respiration are isotopically different. There-
fore when D = 0 this implies that stable carbon isotope
measurements do not contain unique information about FA
and FR distinct from F.
[10] A practical limitation of the isotope partitioning

method is the collection of enough data to resolve diurnal
signals of d13C ratios. Ogée et al. [2004] conducted an
intensive campaign of flask-based collection of [CO2] in
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