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ABSTRACT

 

Fluxes and concentrations of carbon dioxide and 

 

13

 

CO

 

2

 

 pro-
vide information about ecosystem physiological processes
and their response to environmental variation. The bio-
physical model, 

 

CANOAK,

 

 was adapted to compute con-
centration profiles and fluxes of 

 

13

 

CO

 

2

 

 within and above a
temperate deciduous forest (Walker Branch Watershed,
Tennessee, USA). Modifications to the model are described
and the ability of the new model (

 

CANISOTOPE

 

) to sim-
ulate concentration profiles of 

 

13

 

CO

 

2

 

, its flux density across
the canopy–atmosphere interface and leaf-level photosyn-
thetic discrimination against 

 

13

 

CO

 

2

 

 is demonstrated by com-
parison with field measurements. The model was used to
investigate several aspects of carbon isotope exchange
between a forest ecosystem and the atmosphere. During
the 1998 growing season, the mean photosynthetic discrim-
ination against  

 

13

 

CO

 

2

 

,  by  the  deciduous  forest  canopy
(∆∆∆∆

 

canopy

 

), was computed to be 22·4‰, but it varied between
18 and 27‰. On a diurnal basis, the greatest discrimination
occurred during the early morning and late afternoon. On
a seasonal time scale, the greatest diurnal range in ∆∆∆∆

 

canopy

 

occurred early and late in the growing season. Diurnal and
seasonal variations in ∆∆∆∆

 

canopy

 

 resulted from a strong depen-
dence of ∆∆∆∆

 

canopy

 

 on photosynthetically active radiation and
vapour pressure deficit of air. Model calculations also
revealed that the relationship between canopy-scale water
use efficiency (CO

 

2

 

 assimilation/transpiration) and ∆∆∆∆

 

canopy

 

was positive due to complex feedbacks among fluxes, leaf
temperature and vapour pressure deficit, a finding that is
counter to what is predicted for leaves exposed to well-
mixed environments.
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INTRODUCTION

 

Stable isotopes act as tracers for studying flows of material
through ecosystems and the atmosphere (Farquhar,
Ehleringer & Hubick 1989; Ehleringer, Hall & Farquhar
1993; Flanagan & Ehleringer 1998; Yakir & Sternberg
2000). In practice, ecologists and biogeochemists use infor-
mation on the stable carbon isotope content of air, plants
and soil to provide information on: (1) plant water use
efficiency (Farquhar & Richards 1984; Farquhar 

 

et al

 

. 1988;
Condon, Richards & Farquhar 1993; Hall, Ismail & Menen-
dez 1993); (2) recycling of respired carbon dioxide within
forests (Schleser & Jayasekera 1985; Sternberg 1989; Lloyd

 

et al

 

. 1996; Sternberg 

 

et al

 

. 1997; Yakir & Sternberg 2000);
(3) the partitioning of net ecosystem carbon exchange into
its components, photosynthesis and respiration (Yakir &
Wang 1996; Bowling, Monson & Tans 2001); (4) identifying
and quantifying the distribution and contributions of C

 

3

 

and C

 

4

 

 species to global primary productivity (Lloyd &
Farquhar 1994; Ehleringer, Cerling & Helliker 1997; Sage,
Wedin & Li 1999); and (5) the partitioning of CO

 

2

 

 exchange
between terrestrial biosphere and oceanic reservoirs in glo-
bal carbon cycle models (Ciais 

 

et al

 

. 1995; Fung 

 

et al

 

. 1997).
Plant material and the CO

 

2

 

 respired by plants or the
decomposition of plant material are depleted in 

 

13

 

C relative
to that in the atmosphere. This depletion is due to discrim-
ination against CO

 

2

 

 molecules containing the heavier iso-
tope, 

 

13

 

C, when molecules diffuse across the laminar
boundary layer of leaves and are carboxylated by the
enzyme Rubisco during photosynthesis (Farquhar 

 

et al

 

.
1989; O’Leary, Madhaven & Paneth 1992; O’Leary 1993;
Lloyd & Farquhar 1994; Yakir & Sternberg 2000). Other
discriminating processes include the hydration of CO

 

2

 

, and
the diffusion of CO

 

2

 

 in aqueous solution (O’Leary 1993).
The isotopic signature of respiring roots, soil microbes and
leaves, on the other hand, differ from one another due to
their unique turnover times (Flanagan & Ehleringer 1998).
Each respiring carbon pool possesses a different isotopic
content because the isotopic content of the atmospheric
CO

 

2

 

 fixed by the plants is decreasing with time; fossil fuel
combustion is diluting the isotopic content of the atmo-



 

232

 

D. D. Baldocchi and D. R. Bowling

 

© 2003 Blackwell Publishing Ltd

 

, 

 

Plant, Cell and Environment

 

, 

 

26

 

, 231–244

 

sphere because it is oxidizing organic compounds that are
depleted in 

 

13

 

C, due to their photosynthetic origin (Francey

 

et al

 

. 1995). Consequently, carbon in older pools generally
contains more 

 

13

 

C than carbon that was assimilated more
recently. Other factors leading to variation in the 

 

13

 

C con-
tent of respiration include selective degradation of various
organic compounds by microbes, leaching of soluble
organic components, and refixation of diffusively enriched
CO

 

2

 

 within the soil gas (Gleixner 

 

et al

 

. 1998; Ehleringer,
Buchmann & Flanagan 2000).

Isotopic mixing lines, called ‘Keeling plots’ (Keeling
1958), are used to quantify the carbon isotope composition
of respiring sources, such as an ecosystem and soil (Flana-
gan 

 

et al

 

. 1996; Buchmann & Ehleringer 1998; Yakir &
Sternberg 2000; Bowling 

 

et al

 

. 2002; Pataki 

 

et al

 

. 2002). In
principle, a respiring source changes the ambient CO

 

2

 

 mix-
ing ratio and its isotopic composition. The isotopic compo-
sition of the respiring source can be deduced from the two
end-member mixing relationship, on the assumption that a
canopy is a well-mixed vessel (Keeling 1958). However,
plant canopies are not well-mixed vessels. Drag and shear
imposed on the atmosphere by plants causes the turbulent
transfer of trace gases between plants and the atmosphere
to be intermittent and to occur against the mean scalar
concentration gradient (Raupach, Finnigan & Bruwet 1996;
Finnigan 2000). Furthermore, vertical variations in leaf
photosynthetic capacity and canopy structure cause respi-
ratory carbon fluxes to vary vertically throughout the can-
opy. Another source of variation associated with the
measurement of Keeling plot intercepts arises from logisti-
cal and technological issues that compromise sampling fre-
quency and density. Air samples must be collected in flasks
and returned to a laboratory for analysis on a mass spec-
trometer. This time-consuming and expensive procedure
limits the number of samples that can be collected and
analysed during a given period, thereby producing a sample
mean with a less than ideal sampling error. Quantitatively,
the relative sampling error of an atmospheric trace gas
concentration profile is a function of the time scale of tur-
bulence, 

 

τ

 

, and the time duration over which the entire
profile is measured, 

 

T

 

c

 

 (Meyers 

 

et al

 

. 1996):

(1)

From Eqn 1, we deduce that the relative sampling error
equals 35% when the isotopic profile is sampled only once
every 30 min and the turbulence time scale is 200 s. In con-
trast, a relative sampling error of less than 5% can be
attained if the profile is sampled every minute; but this
metric is not realistic when using a mass spectrometer at a
distant laboratory. Implementing a less than ideal sampling
frequency may be one source of variance associated with
complex carbon isotope profiles reported in the literature
(Medina & Minchin 1980; Schleser & Jayasekera 1985; Gar-
ten & Taylor 1992; Kruijt 

 

et al

 

. 1996; Flanagan 

 

et al

 

. 1996;
Buchmann 

 

et al

 

. 1997a; Buchmann, Kao & Ehleringer
1997b; Buchmann & Ehleringer 1998; LeRoux 

 

et al

 

. 2001)
and spatial variations of carbon dioxide sources and sinks

e
t
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Ë

ˆ
¯

◊

6
0 8Tc

 

may contribute to a controversy as to whether or not Keel-
ing plot intercepts vary with time of day; the literature
contains examples showing that the Keeling-plot intercepts
for carbon isotopes do (Bowling, Baldocchi & Monson
1999a; Pataki 

 

et al

 

. 2002) and do not change from night to
day (Buchmann & Ehleringer 1998, Mortazavi & Chanton
2002).

In this article, we intend to evaluate carbon isotope
measurements through the theoretical lens of a biometeo-
rologist. Mechanistic biophysical models that couple
micrometeorological and eco-physiological theories have
the potential to shed light on how leaf-level relationships
for isotopic discrimination can be integrated to the canopy
and landscape dimensions. This capability exists because
these models are able to resolve vertical profiles of carbon
isotope discrimination with high vertical resolution and
they can account for counter-gradient transfer (Katul &
Albertson 1999; Lai 

 

et al

 

. 2000; Baldocchi & Wilson 2001).
Second, biophysical models can predict how isotope dis-
crimination may respond to environmental perturbations.
and third, biophysical models can produce information on
the diurnal, seasonal and interannual dynamics of isotope
discrimination. The value of this third feature stems from
the fact that few long-term studies on isotope discrimina-
tion exist (e.g. Lowdon & Dyck 1974; Flanagan 

 

et al

 

. 1996;
Buchmann 

 

et al

 

. 1997a, b; Damesin, Ramball & Joffre 1998;
Bowling 

 

et al

 

. 2002) due to the economic and logistical con-
straints of using mass spectrometers to analyse air samples.

Only a few biophysical models have been developed to
assess stable carbon discrimination between a plant canopy
and the atmosphere. To date, the majority of models have
been developed for global scale applications (Lloyd & Far-
quhar 1994; Ciais 

 

et al

 

. 1995; Fung 

 

et al

 

. 1997). Of the mod-
els developed for studying carbon isotopic exchange in the
surface boundary layer, two use ‘big-leaf’ theory (Lloyd

 

et al

 

. 1996; Bowling 

 

et al

 

. 2001) and the others use
Lagrangian localized near field (LNF) diffusion theory
(Kruijt 

 

et al

 

. 1996; Raupach 2001). ‘Big leaf’ models have
self-acknowledged limitations. For example, they presup-
pose that a forest is physically and biochemically homoge-
neous, a false assumption in many circumstances as noted
by reports of vertical gradients in isotopic discrimination
(e.g. Garten & Taylor 1992; Buchmann & Ehleringer 1998).
Lagrangian LNF theory has the potential to account for
counter-gradient transfer. Yet, this modelling framework
makes many simplifying assumptions about the heteroge-
neity of turbulence in the canopy (e.g. Warland & Thurtell
2000) and the quantification of sources and sinks. Further-
more, it ignores the effect of atmospheric stability on tur-
bulent diffusion, which has an important impact on scalar
fluxes and concentration fields inside canopies (Baldocchi
& Harley 1995; Leuning 2000).

Biophysical models, such as 

 

CANOAK

 

 (Baldocchi &
Harley 1995; Baldocchi 1997; Baldocchi & Wilson 2001),
can be used to address many of the issues related to the
interpretation of stable carbon isotopes in air and ecosys-
tem components. First, 

 

CANOAK

 

 accounts for counter-
gradient transfer  and  heterogeneous  canopy  turbulence
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by using a Lagrangian random-flight turbulent transfer
scheme. Second, its multilayer architecture enables it to
assess sources and sinks and trace gas, mixing ratios with
high vertical resolution. These attributes give the model the
potential to interpret Keeling plots intercepts during the
day and night. Third, by coupling leaf energy balance, pho-
tosynthesis and stomatal conductance, 

 

CANOAK

 

 is able to
examine interrelationships between water use efficiency,
isotope discrimination and vapour pressure deficits with
mechanistic detail. Fourth, its integration of algorithms that
assess photosynthesis, stomatal conductance and radiative
transfer through the canopy gives it the potential to diag-
nose how variations in canopy structure and photosynthetic
capacity may alter isotope discrimination. and finally, by
incorporating information on how leaf area index and phys-
iological capacity vary over the growing season, a biophys-
ical model, like 

 

CANOAK,

 

 has the potential to investigate
how a forest canopy discriminates against 

 

13

 

C on daily, sea-
sonal and yearly time scales.

In this paper, we describe adaptations that were made to
the 

 

CANOAK

 

 model to enable it to simulate flux densities
and concentration profiles of 

 

13

 

CO

 

2

 

 within and above a
deciduous forest. We then compare model computations
and measurements of isotopic fluxes and discrimination
made during experiments at Walker Branch in 1998 (Bowl-
ing 

 

et al

 

. 1999a, 2001). Finally, we discuss model computa-
tions were that performed to examine:

 

1

 

vertical profiles and diurnal and seasonal patterns in
whole-canopy carbon isotope discrimination (

 

∆

 

canopy

 

);

 

2

 

the impact of variation in environmental variables (light,
humidity deficits) on 

 

∆

 

canopy

 

; and

 

3

 

inter-relationships between 

 

∆

 

canopy,

 

 stand-level water use
efficiency and humidity deficits.

 

MATERIALS AND METHODS

Model: theory, implementation, inputs and 
parameters

 

CANISOTOPE

 

 is a one-dimensional, multilayer bio-
sphere–atmosphere gas exchange model that computes
water vapour, CO

 

2

 

 and sensible heat flux densities and the
microclimate within and above a forest. The model, a mem-
ber of the 

 

CANVEG

 

/

 

CANOAK

 

 family, consists of coupled
micrometeorological and eco-physiological modules. The
micrometeorological modules compute leaf and soil energy
exchange, turbulent diffusion, scalar concentration profiles
and radiative transfer through the canopy. Environmental
variables, computed with the micrometeorological module,
drive the physiological modules that compute leaf photo-
synthesis, stomatal conductance, transpiration and leaf,
bole and soil/root respiration. The model has been
described and tested for summer-length studies by Baldoc-
chi & Harley (1995) and Baldocchi (1997) and over the
course of several years by Baldocchi & Wilson (2001). A
brief overview of key components is provided below.

The conservation budget for a passive scalar provides the
foundation for computing scalar flux densities (

 

F

 

) and their

mixing ratio (

 

C

 

). By assuming that the canopy is horizon-
tally homogeneous and environmental conditions are
steady, the scalar conservation equation becomes an equal-
ity between the change, with height, of the vertical turbu-
lent flux density (

 

F

 

) and the diffusive source/sink strength,

 

S

 

(

 

C,z

 

). For 

 

13

 

CO

 

2

 

, the conservation budget is expressed as
(after Raupach 2001):

(2)

where 

 

R

 

a

 

 equals the ratio 

 

13

 

C

 

/(

 

12

 

C 

 

+

 

 

 

13

 

C

 

). The source/sink
term is a function of the diffusion of 

 

13

 

CO

 

2

 

 across a network
of laminar boundary layers, the rate by which 

 

13

 

CO

 

2

 

 is
assimilated by leaves and the rate it is respired by the
vegetation and soil.

Photosynthesis of 

 

13

 

CO

 

2

 

 (

 

13

 

A

 

) is defined as a function of
leaf photosynthesis (

 

A

 

) and the ratio 

 

13

 

C

 

/(

 

12

 

C 

 

+

 

 

 

13

 

C

 

) in the
photosynthetic products (

 

R

 

plant

 

); alternatively 

 

13A can be
expressed in terms of Ra and ∆, the isotopic discrimination
factor due to photosynthesis:

(3)

Leaf photosynthesis is computed as a balance between the
supply and demand for carbon dioxide. The supply is lim-
ited by the diffusion of carbon dioxide through the leaf
boundary layer and stomata. Stomatal conductance (gs) is
computed with the algorithm of Collatz et al. (1991), which
couples stomatal conductance with leaf photosynthesis, rel-
ative humidity and the CO2 concentration at the leaf’s
surface (Cs). The biochemical demand for CO2 by leaf pho-
tosynthesis (A) is constrained by the interaction between
the intercellular CO2 concentration, Ci, and the rates of
carboxylation (Vc), oxygenation (Vo, photorespiration) and
dark respiration (Rd) (Farquhar, von Caemmerer & Berry
1980).

The isotopic discrimination factor due to photosynthesis,
∆, is defined as:

(4)

(∆ is commonly multiplied by 1000 and expressed in dimen-
sionless units of per mil, ‰). We calculated the photosyn-
thetic discrimination against 13CO2 with a linear model that
is a function of the CO2 mixing ratio inside the substomatal
cavity of the leaf (Ci), relative to its mixing ratio in the
atmosphere, Ca (Farquhar O’Leary & Berry 1982):

(5)

In Eqn 5, a is the isotopic fractionation that occurs during
diffusion (4·4‰) and b is the net fractionation due to car-
boxylation (27·5‰). This algorithm is a simpler version of
the more expansive model produced later by Farquhar et al.
(1989) that includes additional terms for fractionation
across the laminar boundary layer, an equilibrium fraction-
ation as CO2 enters solution and a fractionation term rep-
resenting 13CO2 diffusion in water. The internal CO2
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concentration was computed using a conductance relation-
ship between leaf photosynthesis and stomatal conduc-
tance, Ci = Cs − (A/gs) (Farquhar et al. 1980).

Respiration provides energy for metabolism and synthe-
sis. At the leaf level, we assess dark respiration as a function
of photosynthetic capacity (Collatz et al. 1991) and temper-
ature. Soil and bole respiration is computed with a relation
based on the temperature-dependent Arrhenius equation
(Hanson et al. 1993). The isotopic signal of plant respiration
is assumed to equal that produced by the previous day’s
photosynthesis; this assumption will be refined as more
data become available (e.g. Bowling et al. 2002). Soil respi-
ration of 13CO2 is represented as a multiplicative function
of soil respiration, Fsoil., and the isotope ratio of total eco-
system respired CO2, Rsoil. In the model simulations we
assigned Rsoil the value derived from Keeling plot measure-
ments, in lieu of any other information (Bowling et al.
1999a, 2002).

The transfer of photons through the canopy is simulated
to evaluate the flux densities of visible, near infrared and
long-wave radiation, the probability of sunlit and shaded
leaves, as well as photosynthesis, stomatal conductance,
and leaf and soil energy balances. The radiative transfer
model is derived from Norman (1979) and considers the
impact of clumped foliage on the probability of beam pen-
etration using a Markov chain model (Baldocchi & Harley
1995).

The interdependence between sources and sinks [S(C,z)]
and scalar concentrations [C(z)] requires the use of a tur-
bulent diffusion model. A Lagrangian turbulence transfer
scheme (Raupach 1988, 2001) is used to compute turbulent
transport and diffusion. With regard to the Lagrangian
model, concentration differences between an arbitrary
level (Cz) and a reference level (Cr) (located above a plant
canopy) are computed by summing the contributions of
material diffusing to or from different layers in the canopy
(Raupach 1988, 2001). A dispersion matrix is computed
using a stochastic differential equation that tracks the dif-
fusion of an ensemble of fluid parcels as they travel through
a virtual atmosphere (Thomson 1987). The random flight
algorithm accounts for heterogeneity of turbulence inside
the canopy and the impact of atmospheric thermal stability
on the variance of vertical velocity fluctuations (Baldocchi
& Harley 1995).

Leaf boundary layer resistances for molecular com-
pounds are computed using flat plate theory (Schuepp
1993) for free and forced convection. To simulate wind
speed, we apply the logarithmic wind law above the canopy
and the exponential wind profile within it.

Leaf temperature is calculated by solving the leaf energy
balance (Norman 1979). This information is used to deter-
mine enzymatic rates associated with carboxylation,
electron transport, and respiration and to evaluate transpi-
ration, sensible heat fluxes and infrared emission.

Soil constitutes the lowest boundary of a canopy-scale,
water vapour, CO2 and trace gas exchange model. Flux
densities of convective and conductive heat transfer and
evaporation at the soil/litter boundary and soil temperature

profiles are computed using a 10-layer numerical soil heat
transfer model (Campbell 1985).

A suite of external meteorological variables is used to
drive the model and provide the upper boundary conditions
for the model calculations. These variables include short-
wave radiation, air and soil temperature, relative humidity,
wind speed, and CO2 and 13CO2 concentrations at a refer-
ence level above the canopy. Based on the local time, lon-
gitude and latitude, the model first computes the sun angle.
Next the model computes photon transport through the
foliage space, by dividing the canopy into 40 layers of equal
leaf area. These computations produce estimates of flux
densities of visible, near infrared and infrared radiation and
the fractions of sunlit and shaded leaf area. Next, solar
radiation information is used to produce an initial estimate
of stomatal conductance. In turn, these products are used
to compute leaf photosynthesis, leaf energy fluxes (latent
and sensible heat), leaf temperature, and respiration. Infor-
mation on scalar source/sink strengths (water vapour, heat,
CO2 and 13CO2) and turbulent mixing are used to compute
scalar profiles of temperature, humidity, CO2 and 13CO2

within and above the canopy. Iterations are performed on
revised estimates of long wave radiation emission, stomatal
conductance and scalar source–sink strengths for heat,
water vapour, CO2 and 13CO2 until equilibrium is achieved
between the flux profiles and their local scalar fields.

Two key plant input parameters in CANISOTOPE are
leaf area index and the maximum carboxylation rate, Vcmax.
Data on leaf photosynthetic properties were derived using
gas exchange measurement on oak (Quercus alba; Q. pri-
nus), maple (Acer rubrum) and black gum (Nyssa sylvatica)
leaves (Harley & Baldocchi 1995; Wilson, Baldocchi &
Hanson 2000). Values of photosynthetic model parameters
used in the simulations are listed in Table 1. These rate
coefficients are scaled according to leaf temperature (rela-
tive to an optimal temperature of 311 K), position within
the canopy and time of year. Other biochemical rate con-
stants, used for photosynthesis, such as the maximum rate
of electron transport (Jmax) and dark respiration rate (Rd)
were scaled to the maximum carboxylation rate (Vcmax)
(Wilson et al. 2000). We varied Vcmax with depth in the can-
opy to reflect its dependency on vertical variations in spe-

Table 1. Parameter values used by the CANISOTOPE model in 
the simulations of canopy CO2, water vapour and energy exchange 
during the peak summer growing season

Parameter Value Units

Vcmax (311 K) 73 mmol m-2 s-1

Jmax (311 K) 2·32 Vcmax (311 K) mmol m-2 s-1

Rd 0·0046 Vcmax (311 K) mmol m-2 s-1

LAI max 6 m2 m-2

Canopy height 26 m
Leaf length 0·10 m
Stomatal conductance factor 9·5 –
Quantum yield 0·055 mol mol-1

Markov clumping factor 0·84 –
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cific leaf weight and leaf nitrogen content. Seasonal
variations in Vcmax were linked to seasonal changes in leaf
area index. The seasonal change in photosynthetic capacity
was computed to vary as a fraction of full leaf area, which
is a simpler representation of the results reported by Wilson
et al. (2000). The suite of micrometeorological measure-
ments used to drive and test model computations are
described in Baldocchi & Wilson (2001).

Site characteristics

The Walker Branch Watershed experimental field site is
located on the United States Department of Energy reser-
vation near Oak Ridge, Tennessee (lat. 35°57′30′′ N; long.
84°17′15′′ W; 335 m above mean sea level). The mean
annual rainfall is 1372 mm and the mean annual air tem-
perature is 13·9 °C.

The site is classified as an Eastern, mixed-species, broad-
leaved deciduous forest. The predominant species in the
forest stand are oak (Quercus alba L., Quercus prinus L.)
and maple (Acer rubrum L., Acer saccharum). The forest
has been growing since agricultural abandonment in 1940.
The mean canopy height is about 26 m. The peak leaf area
index is about 6·0 and generally occurs by day 140.

Measurements, instrumentation and flux 
density calculations

Air samples were collected in whole-air flasks at six heights
(0·75, 2, 4, 10, 26 and 44 m) for analyses of CO2 and isotope
mixing ratios. Details of this system are reported in Bowling
et al. (1999a). Flask samples were collected during periods
between 14 (day 195) and 17 (day 198) July 1998, at the
canopy top (26 m). On 15 July (day 196), three flasks were
filled at 0·75, 26 and 44 m. Samples were also collected at
night at a variety of heights on 13 and 14 July.

It is common practice to express the isotopic mole frac-
tion as a ratio of the isotope content of a sample and a
known  standard  because  the  absolute  isotope  content  is

difficult  to  measure: ; the

units of δ13C are per mil, ‰. The isotopic standard is derived
from a carbonate formation in South Carolina, called Pee
Dee Belemnite and is expressed in terms of total carbon,
13C/(12C + 13C), as recommended by Tans, Berry & Keeling
(1993).

The carbon isotope ratio in CO2 were evaluated at the
Stable Isotope Laboratory of the University of Colorado’s
Institute of Arctic and Alpine Research (INSTAAR) and
CO2 mole fractions were measured at National Oceanic and
Atmospheric Administration (NOAA) Climate Monitoring
and Diagnostic Laboratory (NOAA/CMDL), as described
by Trolier et al. (1996). The precision for our flask measure-
ments was 0·1 p.p.m. for CO2 and 0·03‰ for δ13C.

The eddy covariance method was used to measure CO2,
water vapour and sensible heat flux densities. These mea-
surements were made using a three-dimensional sonic ane-

d 13
13

13 1 1000C
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C C
= -È

ÎÍ
˘
˚̇

¥sample

standard

mometer and an open-path, infrared absorption gas
analyser (Auble & Meyers 1992). The instruments were
suspended at 36 m, about 10 m above the forest.

Flux densities of carbon isotopes, and their derived quan-
tities, were measured using two inferential methods. The
first method (referred to as the eddy covariance (EC)/flask
method) is based on the linear relation between isotopic
composition (δ13C) and CO2 mixing ratio, C. We then com-
bined this information with high frequency measurements
of CO2 mixing ratio to compute high frequency variations
in δ13C. Finally, we calculated the isotopic flux density, ,
known as the isoflux (Bowling et al. 1999a, 2001) as:

(6)

In Eqn 6, the overbar denotes time averaging (30 min), the
primes denote fluctuations from the mean, m is the slope
of the linear regression between δ13C and C and b is its
intercept. For clarification, we also note that Eqn 6 is a linear

combination of the flux density of 13C, .
Equation 6 is derived from the steady-state version of

conservation budget for the iso-concentration, δ13C · C
(Raupach 2001):

(7)

Undefined terms in Eqn 7 are S, the source-sink strength,
and δs the isotopic composition of the source (plant or soil)
or sink (plant) material. As Eqn 7 is expressed in terms of
delta-notation, fluxes towards the canopy are positive when
there is a loss of 13CO2 from the atmosphere; contrary,
fluxes are negative when directed towards the canopy when
one considers the budget equation for scalar, 13C.

The second isotopic flux measurement method used the
hyperbolic relaxed eddy accumulation (HREA) technique
(Bowling et al. 1999a,b). This technique collects air in
updraughts and downdraughts. Isotopic flux densities are
proportional to the standard deviation of the vertical veloc-
ity (σw) and the iso-concentration differences between the
air captured in the up and down draught samplers,

.

RESULTS AND DISCUSSION

Model validation

Our first intention was to show how well the CANISO-
TOPE model could reproduce measured concentrations of
the stable carbon isotope, 13CO2, by testing our ability to
reproduce Keeling plot intercepts, as deduced from com-
parisons between vertical profiles of δ13C and CO2 (Fig. 1).
During  the  nocturnal  period  of  day  194  the  Keeling
plot intercept deduced from gas measurements was −
26·13 ± 0·56‰; we used the geometric mean regression
method to estimate regression intercepts. By comparison,
the Keeling plot intercept produced by the model was −
26·26 ± 0·01‰, a difference of 0·13‰ or less than 1%. We
thereby conclude that there is no statistical difference
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between the measured and computed Keeling plot inter-
cept within the 95% confidence interval, using Students’ t-
test.

This favourable agreement may have been expected a
priori because we used the measured Keeling plot intercept
as the boundary condition for soil respiration in the model
computations. However, this result is non-trivial because
there was no guarantee that the model computations would
converge with the measurements because counter-gradient
transfer can occur throughout the canopy and because we
computed the isotopic signal of the respiring foliage inde-
pendently from the soil.

The second means of testing the model involves a com-
parison between measured and computed values of carbon
isotope discrimination, ∆. Isotopic contents of leaves sam-
pled through the canopy are presented in Table 2 and these
data are plotted against model computations in Fig. 2.

The computed mean vertical profile of isotope discrimi-
nation, ∆, matched measured values of ∆ within the sam-
pling error of the model computations at most levels in the
canopy; the computed values are based on the average
photosynthesis on day 194, between 0800 and 1800 h. Fac-
tors relating to representativeness account for some of the
differences observed. For example, the measured values
reflect the isotopic signal the leaves had acquired during
their lifespan of approximately 90 d, whereas the computa-
tions are representative of a single summer day.

As the number of leaves sampled was limited, we refer
the reader to data from a prior and independent experi-
ment near this field site for an additional source of model
comparison data. Between 1984 and 1989, Garten & Taylor
(1992) sampled and measured δ13C values on leaves of trees
growing on the Walker Branch Watershed. They reported
that δ13C for a cohort of maple (Acer rubrum), oak (Quer-
cus spp.) and tulip poplar (Liriodendron tulipifera) leaves

ranged between −28·8‰ and −30·1‰. We transformed δ13C
to ∆ [∆ = (δa − δp)/(1 + δp)]) by assuming the isotopic value
of the air (δa) during the mid 1980s was −7·7‰ (Francey
et al. 1995). This assumption produced estimates of ∆ that
ranged between 20·5‰ and 21·8‰, which are consistent
with our calculated values (Table 2; Fig. 2).

How we treat the isotopic signal of respiring leaves may
contribute to the small biases between measured and com-
puted discrimination values. At present we have two
options. We can either set the signal of the leaves to that
respired by the soil or have it reflect the isotopic signature
of assimilated carbon. At present we are setting the isotopic
ratio of carbon respired by leaves on the basis of the isoto-
pic signal determined from the previous day’s photosyn-
thetic discrimination. Turnover times of respired carbon
due to disequilibrium effects will influence how accurate
the two assumptions are. If the turnover time for an appre-
ciable fraction of respired CO2 is several days to weeks, as
recently reported by Högberg et al. 2001) and Bowling et al.
(2002), then a third option will be needed, which is based
on a short-term carbon accounting.

Figure 1. Computed and measured Keeling 
plots during the night-time period of day 194, 
1998. The intercepts of the Keeling plots were 
determined using the geometric mean regres-
sion method. The Keeling intercept from the 
field measurements is −26·12 ± 0·56‰. The 
intercept deduced from model computations 
is −26·26 ± 0·01‰. The solid line is the linear 
regression and the dashed line represents the 
95% confidence interval.1/CO2 (ppm-1)
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Table 2. Carbon isotope composition of leaves, δ13C (from Bowl-
ing et al. 1999a). Carbon isotope discrimination was computed 
assuming δ13C of air was −8·00‰

Species Position in canopy δ13C (‰) ∆ (‰)

Quercus alba Top (26 m) −28·8 21·4
Mid (20 m) −30·0 22·7
Bottom (10 m) −30·1 22·8

Acer rubrum Top (26 m) −28·2 20·8
Mid (20 m) −29·6 22·3
Bottom (10 m) −30·2 22·9

Quercus prinus Top (26 m) −28·9 21·5
Liriodendron tulipifera Top (26 m) −28·4 20·7
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The third means of testing the model involves a compar-
ison between computed and measured isofluxes. Figure 3
shows that the model reproduced the magnitude and diur-
nal pattern observed with the HREA method with reason-
able fidelity, considering potential errors in the isoflux
measurement, as well as the model. On average isofluxes
ranged between 30 and 600 µmol m−2 s−1‰ over the course
of three summer days and peaked around midday.

Figure 4 shows a second test of the ability of the model
to compute isofluxes, but against measurements produced
with the eddy covariance/flask sampling method (Eqn 6).
This test has a larger sample size, but the measurements
also exhibit more run-to-run variability. Model computa-

tions tended to overestimate inferred measurements
around midday and a phase shift between model computa-
tions and measurements occurred in the morning, with cal-
culations leading measurements.

To provide a quantitative comparison between measure-
ments and calculations, we fitted the measured and com-
puted diurnal patterns of isotopic flux densities with
second-order polynomials and integrated the regressions to
compute daytime mean flux densities. Between 0700 and
1800 h, the daytime integrals of isotopic fluxes were 529,
404 and 369 µmol m−2 s−1‰ for the model calculations, the
HREA and EC/Flask measurements, respectively. As both
the measurement technology and the model scheme are in

Figure 2. Vertical profiles of carbon isotope 
discrimination, both computed and measured, 
for a summer day (D194) between 0800 and 
1800 h. Error bars denote the modelled sam-
pling error and were determined from stan-
dard error of the mean over the course of the 
day.D (D (D (D (‰)
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the development stages it is too premature to indict one
method or the other. We can only claim that the model
reproduces the diurnal pattern and that the magnitude of
modelled and measured isotopic flux densities agree with
one another within 30%.

Diurnal and seasonal trends in isotope 
discrimination

No long-term and continuous measurements of isotope dis-
crimination by leaves exist in the literature. To provide
insight on how these variables may change over the course
of a growing season and respond to environmental pertur-
bations we present computations derived from the CAN-
ISOTOPE model.

First we examine the diurnal variability of the canopy
scale carbon isotope discrimination, ∆canopy. Canopy scale
values of carbon isotope discrimination (∆canopy) are com-
puted by weighting leaf-scale values by photosynthesis and
integrating with respect to height (Lloyd et al. 1996):

(8)

The variation of the mean canopy value of ∆canopy over the
course of the growing season is shown in Fig. 5. The most
notable observation is how the diurnal range of ∆canopy var-
ies over the course of the growing season. The diurnal
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amplitude is greatest in the spring and autumn when dis-
crimination values as low as 18‰ are computed. During the
middle of the growing season (days 150 and 230), the ∆canopy

varies between 21·5 and 24·5‰, a range of 3‰. Over the
course of the growing season, the mean value of ∆canopy is
22·4‰.

In Fig. 6 we examine the diurnal pattern of ∆canopy for four
case days, distributed across the 1998 growing season. Day
110, a cool (15 °C) and sunny day, is representative of the
spring leaf expansion phase when leaf area and photosyn-
thetic capacity were low. The second case, day 141, was a
warm (29 °C) and sunny day after the canopy attained full
leaf. Case three, day 195, was a mild (25 °C) and partly
cloudy summer day, during the field experiment. and case
four, day 240, was a hot (32 °C), clear day near the end of
the summer growing season. For all cases, greatest ∆canopy

values occur near sunrise and sunset, when photosynthesis
rates diminish relative to respiration, the stomata close and
Ci/Ca approaches one. Minimum ∆canopy values typically
occur during mid-afternoon (1400–1500 h). This is when the
day’s highest vapour pressure deficits occur because air
temperatures are warmest and dry air is entraining from
above the planetary boundary layer. These factors combine
to lower stomatal conductance, independent of changes in
photosynthesis, and thereby force Ci/Ca and ∆canopy to be
lower. With regard to seasonal changes in the diurnal pat-
tern, the greatest amplitude and the lowest mid-afternoon
values occur for the cases early in the spring (D110) and
hot, late summer (D240).

Response to the environmental and plant 
functional variables

Diurnal and seasonal variations in light, humidity, and tem-
perature impose corresponding changes in photosynthesis,
transpiration and stomatal conductance. In this section we

investigate the sensitivity of isotope discrimination to sev-
eral external environmental forcings.

Figure 7 shows the light response curve for ∆canopy over
the course of the growing season. Consistent with the diur-
nal pattern shown in Fig. 6, we observe the greatest values
of ∆canopy when photosynthetic photon flux density, Qp, is
low and lower discrimination when Qp is maximal. The
second feature of note is that the canopy-scale, light
response curve for carbon isotope discrimination is quasi-
linear. This observation is consistent with light response
curves for photosynthesis of forest canopies (Baldocchi &
Harley 1995; Baldocchi 1997).

Noted in Fig. 7 is a large amount of scatter. One source
of variation is attributed to canopy photosynthesis being
greater under cloudy skies than under clear skies given a
similar value of Qp (Baldocchi 1997). This situation would
favour greater discrimination against 13CO2 under cloudy
conditions and an increase in ∆canopy. A second source of
variation involves interactions among the degree of cloud-
iness, vapour pressure deficit (D), Ci/Ca and ∆canopy. The
explanation follows. First, D is lower under cloudy skies
than under clear skies (Gu et al. 2002). Secondly, the ratio
Ci/Ca decreases as the atmosphere becomes drier (Fig. 8).
In this circumstance, stomata close independent of their
link to photosynthesis in dry air (Schulze 1986; Lloyd &
Farquhar 1994). This physiological response forces Ci to be
drawn-down inside the stomatal cavity until a new equilib-
rium between CO2 supply and photosynthetic demand is
met. A consequence of these interactions is a reduction in
discrimination (Eqn 5).

Water use efficiency

The amount of carbon gained by photosynthetic assimila-
tion (A) per unit water lost to transpiration (T) is referred
to as the instantaneous water use efficiency (Farquhar &

Figure 6. Computations of the diurnal pat-
tern of carbon discrimination for four days 
during the 1998 growing season.Time (hours)
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Richards 1984; Condon et al. 1993) and is a function of the
internal (Ci) and atmospheric (Ca) CO2 concentrations and
vapour pressure deficit, D, between a leaf and the atmo-
sphere.

(9)

Because internal CO2 partial pressure, Ci, is positively cor-
related with the 13CO2 discrimination, stable carbon iso-
topes have been used to evaluate water use efficiency, the
ratio between photosynthesis (A) and transpiration (T)
(Farquhar & Richards 1984; Farquhar et al. 1988, 1989;
Condon et al. 1993). Conceptually, one expects instanta-
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neous water use efficiency to increase as Ci/Ca, and by
inference carbon isotope discrimination, decreases (Farqu-
har & Richards 1984; Farquhar et al. 1988). For this condi-
tion to hold, however, vapour pressure deficit must
remain constant and be independent of ∆ (Condon et al.
1993), an assumption that may not be true at the canopy
scale.

Based on model computations presented in Fig. 9, there
are interactions the field environment among stomatal con-
ductance, Ci/Ca, vapour pressure deficits, and leaf temper-
ature that result in A/T increasing with increasing isotopic
discrimination. For example, model calculations indicate
that a fivefold change in A/T can occur as ∆canopy ranges
between 20 and 23‰. The positive slope of the relation
between instantaneous A/T and ∆canopy is opposite to the
observations derived from leaf biomass and water use stud-

Figure 7. Response of 13C discrimination to 
photosynthetic photon flux density when the 
canopy had achieved full-leaf, days 140–260, 
1998.Qp (mmmmmol m-2 s-1)
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ies that are conducted on seasonal time scales. Condon et al.
(1993) and Hall et al. (1993), for example, report that ∆ is
negatively correlated with D and A/T was positively corre-
lated with D, although not significantly, for their study over
dryland wheat. Farquhar & Richards (1984) show that A/T
increases as δ13C becomes less negative for wheat biomass
studies. On the other hand, data presented in Fig. 9 are
consistent with data from micrometeorological field mea-
surements; typically, the ratio of carbon uptake to water
loss, an index of water use efficiency, is negatively corre-
lated with D (Baldocchi & Harley 1995; Arneth et al. 1998).

The CANISOTOPE model gives us the potential to pro-
vide a mechanistic and physiological explanation for these
contradictory results. First one can demonstrate theoreti-
cally how water use efficiency at the stand scale relates to
changes in Ci/Ca and carbon isotope discrimination by com-
bining the negative relationship between ∆canopy and D, pro-
duced in Fig. 8, with Eqn 9:

(10)

How well Eqn 10 captures the interactions between A/T,
Ci/Ca and D is shown in Fig. 10. Here we compare estimates
of A/T using the ‘big-leaf’model (Eqn 10) against estimates
derived from the CANISOTOPE model, which has a full
accounting for leaf energy balance, vapour pressure deficit
and stomatal conductance interactions. The two water use
efficiency models produce calculations that overlap and
predict that instantaneous water use efficiency increases
with Ci/Ca, and by extension with increasing ∆canopy, in a non-
linear manner. Water use efficiency increases most sensi-
tively to increasing Ci/Ca, after it exceeds a threshold of
about 0·75. Differing sensitivities of the numerator and
denominator, in Eqn 10, to changes in Ci/Ca illustrate why
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canopy-scale A/T increases with increasing Ci/Ca, rather
than decreases (Fig. 11).

Although these model computations may seem counter-
intuitive from a static view of how water use efficiency of
leaves respond to changes in Ci/Ca, they are consistent with
theory that consider the marginal cost of water (E) for
carbon gain (A), [(∂E/∂g)/(∂A/∂g)], at the leaf-scale
(Cowan & Farquhar 1977; Thomas, Eamus & Bell 1999);
this theory considers the effects of simultaneous changes in
vapour pressure deficits and internal CO2 on photosynthe-
sis and transpiration as stomatal open and close. Further-
more, our computations of water use efficiency (which
consider these feedbacks, but numerically) have been ver-
ified at the stand-scale in a previous paper using eddy cova-
riance flux measurements across a range of humidity
deficits (Baldocchi & Harley 1995).

Figure 10. The relationship between water 
use efficiency and the ratio of internal to atmo-
spheric CO2 concentration during the 1998 
growing season. The circles dots reflect com-
putations based on field measurements over a 
temperature deciduous forest in Tennessee. 
The inverted triangles dots represent compu-
tations with the big-leaf model.Ci/Ca

0.60 0.65 0.70 0.75 0.80 0.85

A
/T

(m
m

o
lm

o
l-1

)

0

5

10

15

20

25

CANISOTOPE
A/T=f(Ci/Ca, D)

Figure 11. Decomposition of how the numerator and denomina-
tor of the function, A/T, responds to changes in Ci/Ca.

Ci/Ca

0.5 0.6 0.7 .8

F
ac

to
r

0.01

0.1

1

10

100

1-Ci/Ca

1/D:(f(Ci/Ca))

A/T

0



242 D. D. Baldocchi and D. R. Bowling

© 2003 Blackwell Publishing Ltd, Plant, Cell and Environment, 26, 231–244

CONCLUSIONS

The biophysical model, CANOAK, was modified to com-
pute fluxes and concentrations of the stable isotope of
13CO2 over and within a deciduous forest. With recognition
that carbon isotope flux measurement technology is in a
nascent stage, we find that the agreement between mea-
sured and computed isofluxes was favourable, within 30%.
Furthermore, the model was able to reproduce other met-
rics, such as the Keeling plot intercept and leaf discrimina-
tion values of leaves, ∆.

With a tested model in hand, we were able to explore the
dynamics of isotopic carbon discrimination over the course
of days and the growing season. The model allowed us to
explore and hypothesize how values of ∆canopy may respond
to changes in light and humidity deficits and how ∆canopy

relates to changes in instantaneous water use efficiency.
Through the lens of the model we were able to detect that
short-term water use efficiency increased with increasing
Ci/Ca and ∆canopy, rather than decrease, as simple leaf models
predict.

Factors contributing to the satisfactory performance of
the CANISOTOPE model include its multilayer frame-
work, its dependence on coupled and constraining pro-
cesses, such as leaf energy exchange, turbulent transfer,
photosynthesis and stomatal conductance, and its represen-
tation of these fluxes on separate sunlit and shaded leaf
classes. This approach contrasts with that of simpler ‘big-
leaf models’ (e.g. Lloyd et al. 1996; Bowling et al. 2001) that
do not evaluate non-linear functions on sunlit and shaded
fractions of the canopy and ignore feedbacks among leaf
temperature, humidity and carbon, water and energy fluxes.
Consequently, simpler ‘big-leaf’ models often perform less
well, when their computations are compared against eddy
flux measurements (Norman 1993; De Pury & Farquhar
1997; Baldocchi & Wilson 2001). Acknowledging that ‘big-
leaf’ models are often preferred for practical applications,
we were able to use the mechanistic CANIOSOPE model
to produce and parameterize a ‘big-leaf’ water use effi-
ciency model that is able to consider interactions between
Ci/Ca and D.

Regarding future model development and tests, several
issues emerge. This physiologically based model does not
compute growth respiration explicitly. Incorporating algo-
rithms that consider changes in root and bole growth and
partition soil respiration according to root and microbial
respiration will lead to improvements in the specification
and dynamics of the isotopic signal of the soil. Unresolved
modelling issues, that must be deferred until more data are
available, include how to represent lags in the respired
isotopic signature due to changes in photosynthesis result-
ing from stress induced by high vapour pressure and soil
moisture deficits (Bowling et al. 2002).

We close by stating that it was our objective to produce
model runs that could serve as a template for the genera-
tion of hypotheses that could be addressed in future field
studies as new technologies emerge for making long-term
carbon isotope flux measurements. At present, with the

operation of many long-term eddy flux experiments our
community has the potential to implement the EC/Flask
method (Bowling et al. 1999a, 2001) on seasonal time scales.
Within the next year or two we anticipate development of
tunable diode lasers that can detect fluctuations of 13CO2

with adequate resolution and accuracy and be operational
on longer time scales (Baer et al. 2002).
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