
Chapter 4

4.1 Introduction

The use of isotopic tracers in organic matter, water, and
atmospheric gases has become an important component
of the study of ecology and global change. Physiological
and physical processes discriminate against heavy iso-
topes in predictable ways, so that measurements of iso-
topes at natural abundance, i.e., naturally occurring con-
centrations as opposed to artificial labeling experiments,
can provide useful information about biological and
physical processes at various spatial and temporal scales.
Here we review recent progress in the application of natu-
rally occurring stable isotopes in understanding ecosys-
tem physiology and its role in biogeochemistry at eco-
system and global scales, with an emphasis on analyses
of isotopes of carbon and oxygen in atmospheric carbon
dioxide, a key component of the GCTE core project.

First, it is useful to review the basis for the application
of stable isotopes in ecology and to provide some defini-
tions of commonly used terminology. Isotopes of a single
element contain differing numbers of neutrons. Some
isotopes are stable while others are radioactive. We will
focus here on two commonly used stable isotopes in the
biological sciences: carbon-13 and oxygen-18. The most
abundant isotope of carbon is 12C which constitutes
98.9% of terrestrial carbon atoms; 1.1% of carbon is found
as 13C. In oxygen, 99.8% is 16O, and the next most abun-
dant form is 18O constituting 0.2% of oxygen atoms (Fritz
and Fontes 1980).

Isotopes are useful in ecology because they influence
the physical and chemical properties of molecules. Light
isotopes form weaker chemical bonds than heavy iso-
topes, so chemical reactions with substrates containing
light isotopes occur more rapidly than with substrates
containing heavy isotopes. This results in a difference in
the abundance of heavy isotopes between the substrate
and product of the reaction, and is called kinetic frac-
tionation. In an equilibrium reaction, such as equilibra-
tion between liquid and gaseous water, the gaseous phase
contains more of the light isotope and the liquid phase
contains more of the heavy isotope, which results in equi-
librium fractionation. There is also diffusive fraction-
ation, which reflects the observation that molecules con-

taining light isotopes diffuse more quickly than their
heavier counterparts. A mechanistic understanding of
fractionation in biological and physical processes is the
basis of using isotopes as tracers of ecosystem processes
(Fritz and Fontes 1980; Kendall and McDonnell 1998).

Isotopic measurements are generally expressed as the
molar ratios of heavier isotopes to lighter ones (R). Such
ratios are difficult to resolve in an absolute sense, and are
usually expressed as relative ratios in delta (δ) notation:

δ = (Rsample / Rstandard – 1) (4.1)

where Rsample and Rstandard are the heavy-to-light molar
ratios of the sample and of an international standard. If
Rsample < Rstandard then δ  is negative. For example, plants
utilizing the C3 photosynthetic pathway (the majority of
terrestrial plants) typically have values of δ13C that range
from –21 to –35‰, where the symbol ‰ denotes per mil
(parts per thousand), while atmospheric CO2 is currently
about –8.0‰ (Keeling et al. 2005) relative to the com-
mon standard for carbon stable isotopes, a belemnite
from the Pee Dee formation in South Carolina (PDB).

A change in isotopic composition as a result of frac-
tionation can be expressed as a discrimination (∆):

∆ = (δsource – δproduct) / (1 + δproduct) (4.2)

where δsource and δproduct are the isotope ratios of the
source and product, respectively. With these definitions
as a reference we can explore recent progress in the ap-
plication of stable isotopes to understanding the role of
terrestrial ecosystems in the carbon cycle.

4.2 Ecosystem Carbon Cycles

Measurements of the isotopic composition of air sampled
near soils and plant canopies can provide information
about ecosystem carbon cycles. The isotopic composi-
tion of respiration can be applied toward understanding
physiological and environmental controls on the flow of
carbon through various pools by applying a mechanistic
understanding of carbon isotope fractionation. In addi-
tion, when different ecosystem pools or fluxes have dis-
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tinct isotopic signatures, carbon isotopes can be used as
a tracer to distinguish between components of the eco-
system carbon cycle.

Currently, a common protocol at a number of sites
around the world is to repeatedly sample canopy air at
night to obtain estimates of the isotopic composition of
ecosystem respiration (see http://basinisotopes.org). We
will denote the carbon isotope composition of CO2 from
ecosystem respiration as δ13CR, and the oxygen isotope
ratio of ecosystem respiration as δ 18OR. δ 13CR is esti-
mated by extracting the isotopic composition of plant-
and soil-respired CO2 from background air with a nu-
merical method derived by Keeling (1958, 1961).

Consider CO2 inside a forest canopy as a mixture of
background CO2 (not derived from any local sources)
and CO2 released by plant and soil respiration:

Ca = Cb + CR (4.3)

where C represents CO2 concentration (mole fraction of
dry air), and subscripts a, b and R represent the total CO2,
the background CO2 and the ecosystem respired sources,
respectively. Based on conservation of mass, we can write:

δ13CaCa = δ13CbCb + δ 13CRCR (4.4)

where δ13C denotes δ  of carbon-13 relative to carbon-12.
Substituting CR = Ca – Cb from Eq. 4.3 to 4.4,

(4.5)

Equation 4.5 is a linear function of 1/Ca, allowing us to
estimate δ13CR as the intercept of a linear regression with
1/Ca as the independent variable. A number of studies have
investigated δ 13CR over a wide range of ecosystems
(Buchmann et al. 1997a; Buchmann et al. 1997b; Fessenden
and Ehleringer 2002; Flanagan et al. 1996; Harwood et al.
1999; Quay et al. 1989; Sternberg et al. 1989). Pataki et al.
(2003b) synthesized measurements from 33 sites and dis-
cussed the assumptions inherent in the collection and in-
terpretation of δ13CR, which include the critical assump-
tion that δ13Cb and δ13CR remain constant during the sam-
pling period. Miller and Tans (2003) also illustrated un-
certainties associated with measurement and analytical
errors regarding the two-source mixing approach.

Advances in isotope ratio mass spectrometry have
increasingly permitted analysis of CO2 isotopes in smaller
air volumes with greater automation, allowing for more
frequent sampling (Ehleringer and Cook 1998; Schauer
et al. 2003; Tu et al. 2001). Intensive measurements of
δ13CR over short time-periods, as well as longer-term moni-
toring on a weekly basis, have led to recent advances in our
understanding of ecosystem carbon cycling. Correlations
between δ 13CR and environmental variables have pro-
vided evidence that a large proportion of carbon fixed

in photosynthesis cycles rapidly through forested eco-
systems (Bowling et al. 2002; Ekblad and Högberg 2001;
Lai et al. 2005; Ometto et al. 2002). Ekblad and Hög-
berg (2001) observed a correlation between δ13C of soil-
respired CO2 and atmospheric humidity that lagged by
1–4 days, which they interpreted as an indication of the
influence of recent photosynthesis on root respiration.
These results were supported by Bowling et al. (2002),
who observed a correlation between whole ecosystem
δ13CR and time-lagged atmospheric vapor pressure defi-
cit (VPD) in several ecosystems in Oregon, USA. VPD
strongly influences stomatal conductance, photosynthe-
sis, and the ratio of stomatal conductance to photosyn-
thesis, and therefore δ13C of assimilate through its influ-
ence on Ci/Ca, the ratio of leaf intercellular to ambient
CO2 concentration (see Box 4.1). Scartazza et al. (2004)
and Fessenden and Ehleringer (2003) showed that δ13CR
is also influenced by soil moisture, presumably through
the influence of drought on stomatal closure. Although
changes in the proportion of above- and belowground
respiration and influences of declining soil moisture on
the isotopic composition of soil respiration are alterna-
tive explanations, Scartazza et al. (2004) show that soil
moisture-driven variations in δ13CR were related to δ13C
of phloem sugar. Notably, the relationship between δ13CR
and soil moisture showed a similar slope in two dispar-
ate coniferous forests in the eastern and western coastal
regions of the United States (Fig. 4.1). Integrated over
time, these relationships lead to spatial variability in
δ13CR as a function of water availability (Fig. 4.2).

In addition to providing a greater mechanistic under-
standing of ecosystem physiology and its influence on
carbon cycling, measurements of the isotopic composi-

Fig. 4.1. Relationship between the monthly mean carbon isotope
composition of ecosystem respiration (δ 13CR) and average soil
moisture content during the growing season at two coniferous for-
ests: the Wind River Canopy Crane Facility in Washington, USA
(open symbols) and Howland Forest in Maine, USA (closed sym-
bols). Measurements from different years are indicated by different
symbols as squares (2001), circles (2002) and diamonds (2003) (from
Lai et al. 2005, reproduced by permission of Blackwell Publishing)
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tion of CO2 can be used to partition ecosystem fluxes
into specific component parts (Bowling et al. 1999; Bowl-
ing et al. 2001; Lai et al. 2003; Lloyd et al. 1996; Ogée et al.
2003; Yakir and Wang 1996). During daylight hours, Net
Ecosystem Exchange (NEE) of CO2 reflects the balance
between photosynthesis (A) and respiration (R):

FNEE = FA + FR (4.6)

where F represents a flux of CO2. A similar mass balance
can be applied to the isotopes of CO2:

δ13CNEEFNEE = Fδ = δ 13CAFA + δ13CRFR (4.7)

where Fδ represents an “isoflux”, analogous to net eco-
system exchange of 13CO2 (µmol m–2 s–1 ‰) (Bowling

et al. 2001). Values of δ13CNEE, δ13CA and δ13CR denote
the carbon isotope ratios associated with NEE, photo-
synthetic and respiratory fluxes, respectively.

FNEE is routinely measured at numerous sites around
the world as part of the FLUXNET suite of networks
(http://daac.ornl.gov/FLUXNET). To apply Eq. 4.6 and
4.7 to solving for FA and FR, methods to measure or
estimate the isotopic composition of the individual
fluxes are required. Equation 4.5 is commonly used to
determine δ 13CR as discussed earlier. Quantifying
δ 13CNEE and δ13CA, however, is more challenging (Bowl-
ing et al. 2003a). Yakir and Wang (1996) used δ 13C and
δ 18O measurements to partition FNEE of agricultural
fields. They estimated δ13CNEE and δ13CA by measuring
the isotopic composition of plants and soil samples,
which integrate over seasonal time scales. However, to
partition FNEE at half-hourly intervals, capturing diur-
nal variations in δ13CNEE and δ 13CA is necessary (Bowl-
ing et al. 2001). Using an aerodynamic approach to esti-
mate canopy conductance and Fick’s law of diffusion to
estimate Ci, Bowling et al. (2001) calculated δ 13CA for the
whole-canopy:

(4.8)

which combines Eqs. 4.2 and 4.12. An estimate of canopy-
scale δ13CA can also be achieved by coupling biochemi-
cal photosynthesis models with a stomatal conductance
model (Lai et al. 2003). Finally, if another parameter is
known such as FR, which can be modeled as a function
of temperature, Eqs. 4.6 and 4.7 can be used to solve for
δ13CA (Bowling et al. 2003a).

Carbon isotopes are particularly useful for discern-
ing photosynthetic pathways because there is consider-
able contrast in δ 13C ratios between C3 and C4 plants
(Box 4.1). In the context of ecosystem respiration, mea-
surements of δ13C can be used to partition contributions

Discrimination of 13C in photosynthesis occurs in two steps. First,
discrimination occurs during diffusion of CO2 into the stomatal
pores, followed by enzymatic discrimination in carboxylation by
RuBP carboxylase (Rubisco). For plants utilizing the C3 photo-
synthetic pathway, these effects can be represented as:

∆13CP = a + (b – a) · Ci/ Ca (4.12)

where Ci/ Ca denotes the ratio of intercellular to ambient CO2
partial pressure, a the fractionation in diffusion, and b the net
fractionation of carboxylation (Farquhar et al. 1982). Because a
and b are known (4.4 and 27‰, respectively) photosynthetic
discrimination of C3 plants can be predicted with estimates of
Ci/Ca, which is affected by photosynthetic rates and stomatal con-
ductance. It should be noted that this approach neglects resis-
tance to CO2 transfer from the sub-stomatal cavity to the meso-
phyll, which may be significant in some species (Ethier and Liv-
ingston 2004).

Photosynthetic discrimination by C4 plants may also be quan-
tified with estimates of Ci/Ca. However, the “leakiness” of the
unique C4 anatomy must also be considered, as it affects the ex-
tent to which fractionation of Rubisco influences ∆13CP, in addi-
tion to the C4 enzyme PEP carboxylase. This is represented as:

∆13CP = a + (b4 + b3φ – a) · Ci/ Ca (4.13)

where b4 denotes the fractionation factor of PEP carboxylase
(–5.7‰), b3 is the fractionation factor of Rubisco (30‰), and φ is
the leakiness of bundle sheath cells, where C4 photosynthesis
takes place (Farquhar 1983). Rubisco has a small influence on
photosynthetic fractionation in most C4 plants, and the fraction-
ation of PEP carboxylase is also fairly small. Thus, ∆13CP in
C4 plants is significantly lower than in C3 plants, making these
pathways isotopically distinct. Typical values of ∆13CP range from
13 to 25‰ in C3 plants and 2.5 to 5‰ in C4 plants (Dawson et al.
2002; Farquhar et al. 1989; Lloyd and Farquhar 1994).

Box 4.1. Isotopic discrimination in photosynthesis

Fig. 4.2. The carbon isotope composition of ecosystem respiration
(δ 13CR) at several sites throughout North and South America in re-
lation to mean annual precipitation. Error bars show the standard
error of all observations for a given site. A correlation is observed
across all sites, with the exception of coniferous forests in the north-
western United States, where rainfall exceeds 2 400 mm yr–1 (from
Pataki et al. 2003b, reproduced by permission of the American Geo-
physical Union)

4.2  ·  Ecosystem Carbon Cycles
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of plants utilizing different photosynthetic pathways in
C3-C4 mixtures (e.g., grassland and savannas), which are
mainly distributed in sub- and tropical regions (Still et al.
2003a; Still et al. 2003b). The fraction of C3 (λ) contrib-
uting to total ecosystem respiration can be estimated by:

(4.9)

where δ13C3 and δ13C4 denote the δ13C ratios of C3 and
C4 species, respectively. Still et al. (2003b) used this ap-
proach to estimate that C4 species contributed 60 to
nearly 100% of the total respiration between May and Sep-
tember in a tallgrass pasture in central Oklahoma, U.S.A.
Lai et al. (2003) found a comparable range of C4 contribu-
tions in a tallgrass prairie with similar species composi-
tion and climate. The contribution of C3 vs. C4 plants is
critical to the application of measurements of 13CO2 at a
global scale, as we will discuss in the next section.

4.3 The Global Carbon Cycle

There is a high degree of short-term interannual vari-
ability associated with the rate of increase in atmospheric
CO2 concentration (Fig. 4.3). We know from statistics of
energy use that CO2 emissions from fossil fuel combus-
tion are increasing at a nearly steady rate from year to
year (Andres et al. 2000; IPCC 2001). The principal
sources of interannual variability are therefore ocean
fluxes and terrestrial ecosystem processes. Isotopes of
carbon dioxide are useful to distinguish between these
components on regional and global scales.

We have discussed that photosynthesis of terrestrial
plants discriminates against 13CO2 (Box 4.1), leaving
heavier 13CO2 behind in the atmosphere, while the pro-
cess of respiration returns isotopically light carbon to
the atmosphere. In contrast, fractionation of CO2 disso-

lution into the ocean is small, on the order of 2‰ (Inoue
and Sugimura 1985; Wanninkhof 1985; Zhang et al. 1995).
Therefore, gradients of δ13C of CO2 in the atmosphere
may be used to distinguish between terrestrial and oce-
anic sinks if the magnitude of photosynthetic discrimi-
nation and the isotopic composition of respiration can
be estimated well enough on a global scale. Because
C3 and C4 photosynthesis differ greatly in fractionation
of 13CO2, this requires robust estimates of the propor-
tion of productivity of C3 vs. C4 plants globally. However,
the information gained from applying these estimates can
be significant. Figure 4.3 shows the rate of change of δ13C
of atmospheric CO2 in addition to the rate of change of
atmospheric CO2 concentration for the last two decades.
The close correlation between the two time-series strongly
suggests that terrestrial processes have dominated the
short-term interannual variability in the growth rate of
atmospheric CO2. By applying mass balance to atmo-
spheric observations of CO2 and its isotopic composi-
tion, sources and sinks of CO2 can be inferred:

(4.10)

(4.11)

where the subscripts ‘FF’ and ‘DEF’ denote the fossil fuel-
and land-use change-derived releases of CO2 to the at-
mosphere, subscripts ‘AO’ and ‘OA’ denote the one-
way ocean-atmosphere fluxes, and subscripts ‘AP’ and
‘BA’ denote the one-way biosphere-atmosphere fluxes
(Francey et al. 1995; Fung et al. 1997; Tans et al. 1993). Also
included in order to solve Eqs. 4.10 and 4.11 for the oce-
anic and terrestrial fluxes are symbols to denote CO2
emissions from fossil fuel combustion, δ13CFF; CO2 emis-
sions from land-use change, δ13CDEF; fractionation fac-
tors associated with the net oceanic, εao; and terrestrial
discrimination, ∆P; and two “disequilibrium” terms, Do
and Db. These latter terms express the extent to which
older carbon, dissolved in ocean waters or fixed in pho-
tosynthesis in the past and later released, has a more en-
riched δ13C than current carbon due to the dilution of
atmospheric CO2 by fossil fuel combustion in the last
century.

Mass balances expressed in Eqs. 4.10 and 4.11 have
been applied in a number of global studies of carbon
sources and sinks that utilized atmospheric measure-
ments to infer regions of carbon uptake (Battle et al. 2000;
Ciais et al. 1995; Francey et al. 1995; Fung et al. 1997; Tans
et al. 1993). A limitation to this approach is that the pa-
rameterization of ∆P, the discrimination associated with
net carbon uptake by the terrestrial biosphere, is diffi-

Fig. 4.3. The rate of change in atmospheric CO2 concentration (bold
line, left axis) and the rate of change in the carbon isotope compo-
sition (δ 13C) of atmosphere CO2 (right axis) (from Keeling et al.
2005, used by permission)
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cult to validate with measurements. Ecosystem studies
commonly measure the isotopic composition of the one-
way, nighttime flux, δ13CR, but estimating the signature
of photosynthetic discrimination from direct measure-
ments is difficult at whole ecosystem scales. For lack of
data to the contrary, ∆P has been generally fixed as a
constant value in global mass balance studies (Battle
et al. 2000; Francey et al. 1995; Tans et al. 1993). However
Randerson et al. (2002) demonstrated that if large-scale
regional changes in ∆P covary with changes in gross
fluxes, as could occur during climatic anomalies such as
the El Niño Southern Oscilliation (ENSO), applying con-
stant values of ∆P to Eq. 4.11 could introduce significant
errors into global mass balance calculations. Modifying
the mass balance approach to explicitly consider gross
fluxes and their time varying anomalies could improve
top-down estimates of carbon sinks from atmospheric
measurements (Randerson et al. 2002).

It has been noted that the peaks in atmospheric CO2
growth rate have generally been associated with the oc-
currence of ENSO events (Francey et al. 1995; Keeling et al.
2005; Keeling et al. 1995), which brings warm, dry condi-
tions to highly productive tropical regions (Dai et al. 1997;
Ropelewski and Halpert 1987). One hypothesis for the
underlying correlation between ENSO conditions and
terrestrial sources and sinks of carbon has been that
drought conditions, and in particular dry atmospheric
conditions, in tropical regions have resulted in reduced
productivity and subsequently smaller terrestrial sinks
in tropical forests during ENSO years. Measurements of
δ13C of atmospheric CO2 have generally supported this
hypothesis (Fig. 4.3), which would also be expected based
on the data in Fig. 4.1 and 4.2. However, recent work uti-
lizing carbon monoxide and methane tracers in addition
to measurements of CO2 concentration and δ13C of CO2
suggests that an increased occurrence of biomass burn-
ing and wildfire during ENSO years, also associated with
drought, may also be an important mechanism (Van der
Werf et al. 2004).

The oxygen isotopic composition of CO2 also has great
potential to distinguish between components of the car-
bon cycle, namely, between assimilation and respiration
of the terrestrial biosphere. The oxygen isotopic signa-
ture of assimilation and respiration are generally very
different – more so than the carbon isotope signatures
in ecosystems that contain only C3 plants. However, oxy-
gen isotopes have been applied less frequently in global
carbon studies, largely because of the complexity of mod-
eling oxygen fractionation effects at the global scale.

CO2 and water in the liquid phase equilibrate isoto-
pically so that the isotopic composition of CO2 is strongly
influenced by the isotopic composition of water where
water is abundant, as in plants and soils (Amundson et al.
1998; Farquhar and Lloyd 1993; Farquhar et al. 1993;
Hesterberg and Siegenthaler 1991). Assimilation and res-
piration have different isotopic signatures because leaf

water is enriched in oxygen-18 relative to soil water due
to the evaporative effects of transpiration. Approxi-
mately two-thirds of the CO2 that diffuses into leaves is
not fixed by photosynthesis, but this CO2 does equili-
brate with leaf water and diffuses back into the atmo-
sphere with an isotopically enriched signature that is
distinct from that of respired CO2 which has equilibrated
with soil water (Farquhar and Lloyd 1993; Flanagan et al.
1997; Francey and Tans 1987). Quantifying these pro-
cesses in global models requires hydrologic models that
predict the isotopic composition of regional precipita-
tion, as well as ecological models and models of atmo-
spheric transport.

Despite this complexity, there has been recent pro-
gress in quantifying the oxygen isotopic composition
of CO2 on a global basis for carbon cycle applications.
Ciais et al. (1997a) combined a global biospheric model
with global climate model simulations to estimate
monthly global surface fluxes of 18O in CO2 from the
terrestrial biosphere. Integrated with an atmospheric
tracer transport model, this approach yielded results that
agreed well with atmospheric observations, and led to
the conclusion that the temporal and spatial patterns of
δ 18O of CO2 in the atmosphere were largely attributable
to terrestrial ecosystem processes (Ciais et al. 1997b;
Peylin et al. 1999). Cuntz et al. (2003a,b) expanded glo-
bal simulations of 18O fluxes with a well-integrated suite
of model components that provided estimates on the
diurnal time-scale. These advances will likely provide a
basis for utilizing observations of δ18O of atmospheric
CO2 to constrain carbon sources and sinks and distin-
guish between assimilation and respiration components
of terrestrial fluxes.

Further research is needed on an interesting aspect
of the atmospheric CO2 record, which showed a decline
in δ18O of CO2 of about 0.5‰ in the mid-1990s (Gillon
and Yakir 2001; Ishizawa et al. 2002). Gillon and Yakir
(2001) found variations in the activity of the enzyme of
carbonic anhydrase, which catalyzes oxygen isotope ex-
change between CO2 and water, suggesting that full equili-
bration is not reached in many species, particularly
C4 grasses. The authors concluded that large-scale con-
versions of forested ecosystems to pastures dominated
by C4 plants during the 1990s could have led to a global
decline in δ 18O of atmospheric CO2 of 0.02‰ yr–1.
Ishizawa et al. (2002) pointed out that such conversions
can only partially explain the observed decline in δ18O
of CO2, and that an additional mechanism could be an
increase in both photosynthesis and respiration of the
terrestrial biosphere. Advances in global modeling of
δ18O of CO2 and additional observations of mechanisms
of ecosystem fractionation and the isotopic composition
of atmospheric CO2 will likely lead to further interpreta-
tion and application of variations in δ13C and δ18O of
CO2 for understanding the role of the terrestrial bio-
sphere in the carbon cycle.

4.3  ·  The Global Carbon Cycle
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4.4 Future Directions

Research on the application of stable isotopes in ecosys-
tem and global carbon cycles was synthesized and coor-
dinated by the Biosphere-Atmosphere Stable Isotope Net-
work (BASIN) of GCTE beginning with an initial work-
shop in 1997. The BASIN network (http://basinisotopes.org)
is carrying forward with additional coordination and syn-
thesis of traditional aspects of data collection, such as the
isotopic composition of ecosystem respiration, as well as
other applications of stable isotopes in understanding the
role of terrestrial ecosystems in biogeochemistry. Data are
increasingly available on the isotopic composition of other
gases present in the atmosphere in lower concentrations
than CO2, and therefore more difficult to measure. Stable
isotopes of methane (Snover and Quay 2000), N2O (Perez
et al. 2000; Perez et al. 2001), and hydrogen (Rahn et al.
2002), for example, are providing additional information
on the role of ecosystem physiology in land-atmosphere
interactions. Also promising are new studies on the isoto-
pic composition of non-methane hydrocarbons such as
isoprene (Affek and Yakir 2003; Goldstein and Shaw 2003),
and the highly abundant atmospheric components, water
vapor (Moreira et al. 1997; Yepez et al. 2003) and diatomic
oxygen (Angert et al. 2003; Stern et al. 2001), which are
strongly influenced by terrestrial processes.

Monitoring of a wider variety of ecosystem types will
also provide a broader information base for understand-
ing the influence of the land surface on the atmosphere
and scaling from ecosystems to regional and global scales.
Data from tropical ecosystems, semi-arid systems, and
human-dominated ecosystems have been sparsely rep-
resented in the BASIN network, but new datasets in these
areas are increasingly available (Ometto et al. 2002; Pataki
et al. 2003a; Yepez et al. 2003). New technologies also
promise to increase spatial and temporal coverage of the
isotopic composition of the atmosphere. Automated sam-
plers for collecting atmospheric samples have recently
been deployed in a number of ecosystems and have dem-
onstrated the dynamic influence of ecosystems processes
on the atmosphere and the utility of long-term monitor-
ing (Lai et al. 2005; Lai et al. 2003; Schauer et al. 2003).
These monitoring programs will be greatly extended by
the application of optical measurements of rare isotopes
with instruments such as Tunable Diode Lasers (TDL)
that measure 13CO2 concentrations in real time. TDL and
similar technologies will increase analytical capabilities
severalfold in terms of sample number, allowing large
numbers of samples to be collected over short time-pe-
riods in a number of locations throughout plant cano-
pies (Bowling et al. 2003b).

Results from atmospheric monitoring programs in
ecosystems are being incorporated into a growing num-
ber of models of isotopic fractionation and its influence
on the atmosphere (Baldocchi and Bowling 2003; Riley

et al. 2003; Suits et al. 2005). These linkages have been
largely indirect, that is, as isotopic measurements im-
proved our basic understanding of fractionation and its
physical and physiological basis, new theoretical and
empirical relationships have been incorporated into eco-
system-atmosphere models. However, direct linkages
between isotopic data-streams and ecological models are
emerging as data assimilation or “data-model fusion”
techniques are becoming common in ecological and bio-
geochemical applications. Similar to approaches already
common in global scale studies of the carbon cycle, these
quantitative methods optimize the solution for a given
set of equations, e.g., a mass balance of ecosystem car-
bon sources and sinks, using available datasets as con-
straints. This method has been used to model ecosys-
tems fluxes (Raupach 2001; Styles et al. 2002), estimate
the mean residence time of carbon pools (Barrett 2002;
Luo et al. 2003), and partition fluxes into their compo-
nent parts (Luo et al. 2004). The increasing temporal and
spatial coverage of isotopic measurements in various
ecosystems will likely be directly incorporated into im-
proved estimates of ecosystem-scale physiological and
biogeochemical parameters with these methods.

Measurements of the isotopic composition of trace
gases in the atmosphere and within and above terres-
trial ecosystems have provided new insights into ecosys-
tem functioning and the role of the terrestrial biosphere
in the carbon cycle. These insights have included parti-
tioning carbon cycle components such as terrestrial and
oceanic carbon sinks, photosynthetic and respiratory
components of NEE, and C3 and C4 contributions to eco-
system respiration. Improvements in both measurement
techniques and ecosystem- to global-scale models are
rapidly resulting in refined estimates of these aspects of
the carbon cycle and the underlying mechanisms for their
spatiotemporal variations. This is a rapidly evolving area
of research, and one in which the GCTE core project made
an important and lasting contribution through its sup-
port of the BASIN network.

Acknowledgments

We wish to thank all the participants of BASIN and its
associated GCTE activities for their effort and support,
and the U.S. National Science Foundation for Research
Coordination in Biological Networks (RCN) funding of
the BASIN activity.

In Memoriam

We gratefully acknowledge the many contributions of our
co-author C. D. Keeling, who passed away before this
book went to press. Without his pioneering efforts much
of the work cited here would not have been possible.



43

References

Affek HP, Yakir D (2003) Natural abundance carbon isotope composi-
tion of isoprene reflects incomplete coupling between isoprene syn-
thesis and photosynthetic carbon flow. Plant Physiol 131:1727–1736

Amundson R, Stern L, Baisen T, Wang Y (1998) The isotopic compo-
sition of soil and soil-respired CO2. Geoderma 82:83–114

Andres RJ, Marland G, Boden T, Bischof S (2000) Carbon dioxide
emissions from fossil fuel consumption and cement manufacture,
1751–1991, and an estimate of their isotopic composition and lati-
tudinal distribution. In: Wigley TML, Schimel DS (eds) The car-
bon cycle. Cambridge University Press, Cambridge, pp 53–62

Angert A, Barkan E, Barnett B, Brugnoli E, Davidson EA, Fessenden
JE, Maneepong S, Panapitukkul N, Randerson JT, Savage K, Yakir
D, Luz B (2003) Contribution of soil respiration in tropical tem-
perate and boreal forests to the 18O enrichment of atmospheric
O2. Global Biogeochemical Cycles 17:Art. No. 1089

Baldocchi DD, Bowling DR (2003) Modelling the discrimination of 13CO2
above and within a temperate broad-leaved forest canopy on hourly
to seasonal time scales. Plant, Cell and Environment 26:231–244

Barrett D (2002) Steady state turnover time of carbon in the Austra-
lian terrestrial biosphere. Global Biogeochemical Cycles 16:1108

Battle M, Bender ML, Tans PP, White JWC, Ellis JT, Conway T, Francey
RJ (2000) Global carbon sinks and their variability inferred from
atmospheric O2 and δ 13C. Science:2467–2470

Bowling DR, Baldocchi DD, Monson RK (1999) Dynamics of isotopic
exchange of carbon dioxide in a Tennessee deciduous forest. Glo-
bal Biogeochemical Cycles 13:903–922

Bowling DR, Tans PP, Monson RK (2001) Partitioning net ecosystem
carbon exchange with isotopic fluxes of CO2. Global Change Bi-
ology 7:127–145

Bowling DR, McDowell NG, Bond BJ, Law BE, Ehleringer JR (2002)
13C content of ecosystem respiration is linked to precipitation and
vapor pressure deficit. Oecologia 131:113–124

Bowling DR, Pataki DE, Ehleringer JR (2003a) Critical evaluation of mi-
crometeorological methods for measuring ecosystem-atmosphere
isotopic exchange of CO2. Agricult Forest Meteorol 116:159–179

Bowling DR, Sargent SD, Tanner BD, Ehleringer JR (2003b) Tunable di-
ode laser absorption spectroscopy for stable isotope studies of ecosys-
tem-atmosphere CO2 exchange. Agricult Forest Meteorol 118:1–19

Buchmann N, Cuehl J-M, Barigah TS, Ehleringer JR (1997a)
Interseasonal comparison of CO2 concentrations, isotopic com-
position, and carbon dynamics in an Amazonian rainforest
(French Guiana). Oecologia 110:120–131

Buchmann N, Kao W-Y, Ehleringer J (1997b) Influence of stand struc-
ture on carbon-13 of vegetation, soils, and canopy air with-in de-
ciduous and evergreen forests in Utah, United States. Oecologia
110:109–119

Ciais P, Tans P, Trolier M, White J, Francey R (1995) A large northern
hemisphere terrestrial CO2 sink indicated by the 13C/12C ratio of
atmospheric CO2. Science 269:10981102

Ciais P, Denning AS, Tans PP, Berry JA, Randall DA, Collatz GJ, Sellers
PJ, White JWC, Trolier M, Meijer HAJ, Francey RJ, Monfray P,
Heimann M (1997a) A three-dimensional synthesis study of δ18O
in atmospheric CO2. 1. Surface fluxes. J Geophys Res 102:5857–5872

Ciais P, Tans PP, Denning AS, Francey RJ, Trolier M, Meijer HAJ, White
JWC, Berry JA, Randall DA, Collatz GJ, Sellers PJ, Monfray P,
Heimann M (1997b) A three-dimensional synthesis study of δ 18O
in atmospheric CO2. 2. Simulations with TM2 transport model.
J Geophys Res 102:5873–5883

Cuntz M, Ciais P, Hoffman G, Allison CE, Francey RJ, Knorr W, Tans
PP, White JWC, Levin I (2003a) A comprehensive global three-
dimensional model of δ 18O in atmospheric CO2: 2. Mapping the
atmospheric signal. J Geophys Res 108:doi:10.1029/2002JD003154

Cuntz M, Ciais P, Hoffman G, Knorr W (2003b) A comprehensive global
three-dimensional model of δ18O in atmospheric CO2: 1. Validation
of surface processes. J Geophys Res 108:doi: 10.1029/2002JD003153

Dai A, Fung IY, Del Genio AD (1997) Surface observed global land
precipitation variations during 1900–1988. Journal of Climate
10:2943–2962

Dawson TE, Mambelli S, Planboeck AH, Templer PH, Tu KP (2002)
Stable isotopes in plant ecology. Annual Review of Ecology and
Systematics 33:507–559

Ehleringer JR, Cook CS (1998) Carbon and oxygen isotope ratios of
ecosystem respiration along an Oregon conifer transect: prelimi-
nary observations based on small-flask samping. Tree Physiol-
ogy 18:513–519

Ekblad A, Högberg P (2001) Natural abundance of 13C in CO2 re-
spired from forest soils reveals speed of link between tree photo-
synthesis and root respiration. Oecologia 127:305–308

Ethier GJ, Livingston NJ (2004) On the need to incorporate sensitivity
to CO2 transfer conductance into the Farquhar-von Caemmerer-
Berry leaf photosynthesis model. Plant, Cell and Environment
27:137–153

Farquhar GD, Lloyd J (1993) Carbon and oxygen isotope effects in the
exchange of carbon dioxide between plants and the atmosphere.
In: Ehleringer JR, Hall AE, Farquhar GD (eds) Stable isotopes and
plant carbon-water relations. Academic Press, New York, pp 47–70

Farquhar GD, O’Leary MH, Berry JA (1982) On the relationship be-
tween carbon isotope discrimination and the intercellular carbon
dioxide concentration in leaves. Aust J Plant Physiol 9:121–137

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope dis-
crimination and photosynthesis. Annual Review of Plant Physi-
ology and Plant Molecular Biology 40:503–537

Farquhar GD, Lloyd J, Taylor JA, Flanagan LB, Syvertsen JP, Hubick KT,
Wong SC, Ehleringer JR (1993) Vegetation effects on the isotope
composition of oxygen in atmospheric CO2. Nature 363:439–443

Fessenden JE, Ehleringer JR (2002) Age-dependent variations in δ 13C
of ecosystem respiration across a coniferous forest chrono-
sequence in the Pacific Northwest. Tree Physiology 22:159–167

Fessenden JE, Ehleringer JR (2003) Temporal variation in δ 13C of
ecosystem respiration in the Pacific Northwest: links to moisture
stress. Oecologia 136:129–139

Flanagan LB, Brooks J, Varney GT, Berry SC, Ehleringer JR (1996)
Carbon isotope discrimination during photosynthesis and the
isotope ratio of respired CO2 in boreal forest ecosystems. Global
Biogeochemical Cycles 10:629–640

Flanagan LB, Brooks JR, Varney GT, Ehleringer JR (1997) Discrimi-
nation against C18O16O during photosynthesis and the oxygen
isotope ratio of respired CO2 in boreal forest ecosystems. Global
Biogeochemical Cycles 11:83–98

Francey RJ, Tans PP (1987) Latitudinal variation in oxygen-18 of at-
mospheric CO2. Nature 327:495–497

Francey RJ, Tans PP, Allison CE, Enting IG, White JWC, Troller M (1995)
Changes in oceanic and terrestrial carbon uptake since 1982. Na-
ture 373:326–330

Fritz P, Fontes JC (1980) Handbook of environmental isotope geo-
chemistry, Vol I, The terrestrial environment. Elsevier, Amsterdam

Fung I, Field CB, Berry JA, Thompson MV, Randerson JT, Malmström
CM, Vitousek PM, Collatz GJ, Sellers PJ, Randall DA, Denning AS,
Badeck F, John J (1997) Carbon-13 exchanges between the atmo-
sphere and biosphere. Global Biogeochemical Cycles 11:507–533

Gillon J, Yakir D (2001) Influence of carbonic anhydrase activity in
terrestrial vegetation on the 18O content of atmospheric CO2.
Science 291:2584–2587

Goldstein AH, Shaw SL (2003) Isotopes of volatile organic compounds:
An emerging approach for studying atmospheric budgets and
chemistry. Chemical Reviews 103:5025–5048

Harwood KG, Gillon JS, Roberts A, Griffiths H (1999) Determinants
of isotopic coupling of CO2 and water vapour within a Quercus
petraea forest canopy. Oecolgia 119:109–119

Hesterberg R, Siegenthaler U (1991) Production and stable isotopic com-
position of CO2 in a soil near Bern, Switzerland. Tellus 43B:197–205

Inoue H, Sugimura Y (1985) Carbon isotopic fractionation during the
CO2 exchange process between air and sea water under equilib-
rium and kinetic conditions. Geochemica et Cosmochimica Acta
49:2453–2460

IPCC (2001) Climate Change 2001: The scientific basis. Contrilbution
of Working Group 1 to the Third Assessment Report of the Inter-
governmental Panel on Climatic Change. Cambridge University
Press, Cambridge

Ishizawa M, Nakazawa T, Higuchi K (2002) A multi-box model study
of the role of the biospheric metabolism in the recent decline of
δ18O in atmospheric CO2. Tellus 54B:307–324

Keeling CD (1958) The concentration and isotopic abundances of at-
mospheric carbon dioxide in rural areas. Geochim Cosmochim
Acta 13:322–334

References



44 CHAPTER 4  ·  Insights from Stable Isotopes on the Role of Terrestrial Ecosystems in the Global Carbon Cycle

Keeling CD (1961) The concentration and isotopic abundance of car-
bon dioxide in rural and marine air. Geochim Cosmochim Acta
24:277–298

Keeling CD, Whorf TP, Wahlen M, van der Plicht J (1995) Interannual
extremes in the rate of rise of atmospheric carbon dioxide since
1980. Nature 375:666–670

Keeling CD, Piper SC, Bacastow RB, Wahlen M, Whorf TP, Heimann
M, Meijer HAJ (2005) Atmospheric CO2 and 13CO2 exchange with
the terrestrial biosphere and oceans from 1978 to 2000: Observa-
tions and carbon cycle implications. In: Ehleringer JR, Cerling
TE, Dearing MD (eds) A history of atmospheric CO2 and its im-
plications for plants, animals, and ecosystems. Springer-Verlag,
New York, pp 83–113

Kendall C, McDonnell JJ (eds) (1998) Isotope tracers in catchment
hydrology. Elsevier, Amsterdam

Lai C-T, Schauer AJ, Owensby CE, Ham JM, Ehleringer JR (2003) Iso-
topic air sampling in a tallgrass prairie to partition net ecosystem
CO2 exchange. Journal of Geophysical Research 108:doi:10.1029/
2002JD003369

Lai C-T, Ehleringer JR, Schauer AJ, Tans PP, Hollinger DY, Paw UKT,
Munger JW, Wofsy SC (2005) Canopy-scale δ13C of photosynthetic
and respiratory CO2 fluxes: observations in forest biomes across
the United States. Global Change Biology 11:633–643

Lloyd J, Farquhar GD (1994) 13C discrimination during CO2 assimila-
tion by the terrestrial biosphere. Oecologia 99:201–215

Lloyd J, Kruijt B, Hollinger DY, Grace J, Francey RJ, Wong SC, Kelliher
FM, Miranda AC, Farquhar GD, Gash JHC, Vygodskaya NN, Wright
IR, Miranda HS, Schulze E-D (1996) Vegetation effects on the iso-
topic composition of atmopsheric CO2 at local and regional scales:
theoretical aspects and a comparison between a rain forest in
Amazonia and a boreal forest in Siberia. Australian Journal of
Plant Physiology 23:371–399

Luo YQ, White LW, Canadell JG, DeLucia EH, Ellsworth DS, Finzi AC,
Lichter J, Schlesinger WH (2003) Sustainability of terrestrial car-
bon sequestration: A case study in Duke Forest with inversion
approach. Global Biogeochemical Cycles 17:Art. No. 1021

Miller JB, Tans PP (2003) Calculating isotopic fractionation
from atmospheric measurements at various scales. Tellus 55B:
207–214

Moreira M, Sternberg L, Martinelli L, Reynaldo L, Barbosa E, Bonates
L, Nepstad D (1997) Contribution of transpiration to forest ambi-
ent vapour based on isotopic measurements. Global Change Bi-
ology 3:439–450

Ogée J, Peylin P, Ciais P, Bariac T, Brunet Y, Berbigier P, Roche C,
Richard P, Bardoux G, Bonnefond J-M (2003) Partitioning
net ecosystem carbon exchange into net assimilation and
respiration using δ 13CO2 measurements: A cost-effective sam-
pling strategy. Global Biogeochemical Cycles 17:doi: 10.1029/
2002GB001995

Ometto PHB, Flanagan LB, Martinelli LA, Moreira MZ, Higuchi N,
Ehleringer JR (2002) Carbon isotope discrimination in forest and
pasture ecosystems of the Amazon Basin, Brazil. Global Biogeo-
chemical Cycles 16:1109

Pataki DE, Bowling DR, Ehleringer JR (2003a) The seasonal cycle of
carbon dioxide and its isotopic composition in an urban atmo-
sphere: anthropogenic and biogenic effects. Journal of Geophysi-
cal Research 108:4735

Pataki DE, Ehleringer JR, Flanagan LB, Yakir D, Bowling D, Still CJ,
Buchmann N, Kaplan JO, Berry JA (2003b) The application and
interpretation of Keeling plots in terrestrial carbon cycle research.
Global Biogeochemical Cycles 17

Perez T, Trumbore SE, Tyler SC, Davidson EA, Keller M, de Camargo
PB (2000) Isotopic variability of N2O emissions from tropical for-
est soils. Global Biogeochemical Cycles 14:525–535

Perez T, Trumbore SE, Tyler SC, Matson PA, Ortiz-Monasterio I, Rahn
T, Griffith DWT (2001) Identifying the agricultural imprint on
the global N2O budget using stable isotopes. Journal of Geophysi-
cal Research 106A:9869–9878

Peylin P, Ciais P, Denning AS, Tans PP, Berry JA, White JWC (1999) A
3-dimensional study of δ 18O in atmospheric CO2: contribution
of different land ecosystems. Tellus 51B:642–667

Quay PD, King SL, Wilbur D, Wofsy S, Richey J (1989) 13C/12C of at-
mospheric CO2 in the Amazon Basin; forest and river sources.
Journal of Geophysical Research 94:18,327–318,336

Rahn T, Eiler JM, Kitchen N, Fessenden JE, Randerson JT (2002) Con-
centration and δD of molecular hydrogen in boreal forests: Eco-
system-scale systematics of atmospheric H2. Geophysical Re-
search Letters 29:Art. No. 1888

Randerson JT, Collatz GJ, Fessenden JE, Munoz AD, Still CJ, Berry JA,
Fung iY, Suits N, Denning AS (2002) A possible global covariance
between terrestrial gross primary production and 13C discrimina-
tion: Consequences for the atmospheric 13C budget and its response
to ENSO. Global Biogeochem Cycles 16:doi:10.1029/2001GB001845

Raupach MR (2001) Inferring biogeochemical sources and sinks from
atmospheric concentrations: General considerations and appli-
cations in vegetation canopies. In: Schulze E-D, et al. (eds) Global
biogeochemical cycles in the climate system. Academic Press, San
Diego, pp 41–60

Riley WM, Still CJ, Helliker BR, Ribas-Carbo M, Berry JA (2003) 18O
composition of CO2 and H2O ecosystem pools and fluxes in a
tallgrass prairie: Simulations and comparisons to measurements.
Global Change Biology 9:1567–1581

Ropelewski CF, Halpert MS (1987) Global and regional scale precipi-
tation patterns associated with the El Niño/Southern Oscillation.
Monthly Weather Review 115:1606–1626

Scartazza A, Mata C, Matteucci G, Yakir D, Moscatello S, Brugnoli E
(2004) Comparisons of δ13C of photosynthetic products and eco-
system respiratory CO2 and their responses to seasonal climate
variability. Oecologia 140:340–351

Schauer AJ, Lai C, Bowling DR, Ehleringer JR (2003) An automated
sampler for collection of atmospheric trace gas samples for stable
isotope analyses. Agricultural and Forest Meteorology 118:113–124

Snover AK, Quay PD (2000) Hydrogen and carbon kinetic isotope
effects during soil uptake of atmospheric methane. Global Bio-
geochemical Cycles 14:25–39

Stern LA, Amundson R, Baisden WT (2001) Influence of soils on oxy-
gen isotope ratio of atmospheric CO2. Global Biogeochemical
Cycles 15:753–759

Sternberg LL, Mulkey SS, Wright JS (1989) Ecological interpretation
of leaf carbon isotope ratios: influence of respired carbon diox-
ide. Ecology 70:1317–1324

Still CJ, Berry JA, Collatz GJ, DeFries RS (2003a) Global distribution
of C3 and C4 vegetation: Carbon cycle implications. Global Bio-
geochemical Cycles 17:doi: 10.1020/2001GB001807

Still CJ, Berry JA, Ribas-Carbo M, Helliker BR (2003b) The contribu-
tion of C-3 and C-4 plants to the carbon cycle of a tallgrass prai-
rie: an isotope approach. Oecologia 136:347–359

Styles JM, Raupach MR, Farquhar GD, Kolle O, Lawton KA, Brand
WA, Werner RA, Jordan A, Schulze E-D, Shibistova O, Lloyd J (2002)
Soil and canopy CO2, 

13CO2, H2O and sensible heat flux partitions
in a forest canopy inferred from concentration measurements.
Tellus 54B:655–676

Suits NS, Denning AS, Berry JA, Still CJ, Kaduk J, Miller JB (2005)
Simulation of carbon isotope discrimination of the terrestrial bio-
sphere. Global Biogeochem Cycles 19:doi:10.1029/2003GB002141

Tans PP, Berry JA, Keeling RF (1993) Oceanic 13C/12C observations: A
new window on Ocean CO2 uptake. Global Biogeochemical Cycles
7:353–368

Tu KP, Brooks PD, Dawson TE (2001) Using septum-capped vials with
continous-flow isotope ratio mass spectrometric analysis of at-
mospheric CO2 for Keeling plot applications. Rapid Communi-
cations in Mass Spectrometry 15:952–956

Van der Werf GR, Randerson JT, Collatz GJ, Giglio L, Kasibhatla PS,
Arellano AF, Olsen SC, Kasischke ES (2004) Continental-scale
partitioning of fire emissions during the 1997 to 2001 El Niño/La
Niño period. Science 303:73–76

Wanninkhof R (1985) Kinetic fractionation of the carbon isotopes 13C
and 12C during transfer of CO2 from air to seawater. Tellus 37B

Yakir D, Wang XF (1996) Fluxes of CO2 and water between terrestrial
vegetation and the atmosphere estimated from isotope measure-
ments. Nature 380:515–517

Yepez EA, Williams DG, Scott RL (2003) Partitioning overstory and
understory evapotranspiration in a semiarid savanna woodland
from the isotopic composition of water vapor. Agricultural and
Forest Meteorology 119:53–68

Zhang J, Quay PD, Wilbur DO (1995) Carbon-isotope fractionation
during gas-water exchange and dissolution of CO2. Geochemica
et Cosmochimica Acta 59:107–114


