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Abstract The photosynthetic pathway composition
(C3:C4 mixture) of an ecosystem is an important con-
troller of carbon exchanges and surface energy flux
partitioning, and therefore represents a fundamental
ecophysiological distinction. To assess photosynthetic
mixtures at a tallgrass prairie pasture in Oklahoma, we
collected nighttime above-canopy air samples along
concentration and isotopic gradients throughout the
1999 and 2000 growing seasons. We analyzed these
samples for their CO2 concentration and carbon isotopic
composition and calculated C3:C4 proportions with a two-
source mixing model. In 1999, the C4 percentage
increased from 38% in spring (late April) to 86% in
early fall (mid-September). The C4 percentages inferred
from ecosystem respiration measurements in 2000 indi-
cate a smaller shift, from 67% in spring (early May) to

77% in mid-summer (late July). We also sampled daytime
CO2 concentration and carbon isotope gradients above the
canopy to determine ecosystem discrimination against
13CO2 during net uptake. These discrimination values
were always lower than corresponding nighttime ecosys-
tem respiration isotopic signatures would suggest. After
accounting for the isotopic disequilibria between respira-
tion and photosynthesis resulting from seasonal variations
in the C3:C4 mixture, we estimated canopy photosynthetic
discrimination. The C4 percentage calculated from this
approach agrees with the percentage determined from
nighttime respiration for sampling periods in both grow-
ing seasons. Isotopic imbalances between photosynthesis
and respiration are likely to be common in mixed C3:C4
ecosystems and must be considered when using daytime
isotopic measurements to constrain ecosystem physiolo-
gy. Given the global extent of such ecosystems, isotopic
imbalances likely contribute to global variations in the
carbon isotopic composition of atmospheric CO2.

Keywords C4 photosynthesis · Grassland · Carbon
isotopes · Isotope disequilibrium · Discrimination

Introduction

Grassland ecosystems of the North American Great Plains
contain mixtures of C3 and C4 plants that vary spatially
and temporally. The C4 percentage of annual production
increases along a diagonal from the northwest to the
southeast, reaching a maximum in the tallgrass prairies of
eastern Kansas and north-central Oklahoma (Tieszen et
al. 1997). In the shortgrass prairie ecosystem, C3 grasses
generally grow in spring and early summer, while C4
grasses predominate during mid- and late summer (Kemp
and Williams 1980). Similarly, in upland mixed grass
prairies, C3 grasses grow in spring and fall, while C4
grasses dominate in summer (Ode et al. 1980). Such
patterns in photosynthetic mixtures have been explained
as differential responses to temperature exhibited by these
plant types (Ehleringer 1978; Ehleringer et al. 1997;
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Collatz et al. 1998; Sage et al. 1999). In the third main
grassland type of the Great Plains, the tallgrass prairie
ecosystem, C4 grasses co-occur with C3 grasses, some
forbs (non-graminoid herbs), and occasional streamside
deciduous trees (Freeman 1998; Knapp et al. 1998).

The original tallgrass prairies have been largely
plowed under and replaced by crops. However, there are
still patches of pure tallgrass prairie, and pasturelands
throughout several of the Great Plains states contain many
of the original tallgrass species, including the character-
istic perennial C4 tall grasses: big and little bluestem
(Andropogon gerardii and Schizachrium scoparius),
indiangrass (Sorghastrum nutans), and switchgrass (Pa-
nicum virgatum). One of these pastures in north-central
Oklahoma was the site of intensive measurements with an
eddy covariance system and associated instrumentation
from late 1996 to late 2000 (Suyker and Verma 2001).
The focus of that study was to characterize the annual
carbon balance of this ecosystem remnant and better
understand the influence of climate variations and land
use decisions on carbon storage.

As part of this larger effort, we collected air, soil, and
plant samples and analyzed them for their carbon
concentration and isotopic composition, with the goal of
better understanding the physiological controls on carbon
exchanges. Because the dominant functional types in this
ecosystem are C3 and C4 plants, our approach was to use
the distinction in photosynthetic carbon isotope fraction-
ation between these plant types to estimate the contribu-
tion of each to gas and organic matter samples.
Specifically, we sampled soil organic matter, leaf bio-
mass, soil and plant respiration, nighttime ecosystem
respiration, and daytime ecosystem photosynthesis. The
nighttime ecosystem respiration and daytime ecosystem
photosynthesis measurements are particularly useful in a
system like this with a great deal of vegetation hetero-
geneity. Since these measurements integrate a large
spatial area and represent the flux-weighted contribution
of C3 and C4 plants, they complement more intensive
vegetation composition surveys and spot measurements of
soil respiration and its carbon isotopic composition.

Site description

Measurements were taken in a tallgrass pasture that is
located (36�560N, 96�410W) within a matrix of land uses
and land covers, including sparse tree cover, some crops,
and other pastures and grasslands. The maximum green
leaf area index (LAI) of the pasture is ~3.0, maximum
daytime net ecosystem exchange (NEE) is –30–35 mmol
CO2 m�2 s�1, and the average nighttime NEE is –4–6 mmol
CO2 m�2 s�1 (Suyker and Verma 2001). The site is burned
annually in early April in accordance with the manage-
ment regime of the region, and it has not been grazed
since late 1996. The measured integral of NEE between
1997 and 1998 was 268 g C m�2; when the carbon lost in
the annual burn was factored in, annual NEE was
estimated to be almost zero (Suyker and Verma 2001).

The plant species composition at the site is dominated by
C4 grasses, which constituted at least 78% of the species
present in a vegetation cover survey conducted in 1997
(Suyker and Verma 2001).

Materials and methods

Isotopic approach

The distinction between C3 and C4 plants in photosynthetic isotope
fractionation provides a useful tracer of the carbon fluxes
associated with each photosynthetic pathway. Because of inherent
biochemical and anatomical differences between these plant types,
they discriminate against 13CO2 to different degrees during
photosynthesis (the discrimination or fractionation is denoted D13)
(Farquhar et al. 1989). Given isotopic composition values for each
photosynthetic type (d13C3 and d13C4), it is possible to estimate the
contribution of each to measured (d13CM) samples. The percentage
contribution from C4-derived carbon is given by the following
equation:

p4 ¼
ðd13C3 � d13CMÞ
ðd13C3 � d13C4Þ

100 ð1Þ

See Table 1 for a complete list of symbols and variables used in this
paper.

Leaf biomass and soil organic carbon isotope analyses

Sunlit, upper canopy leaves from a variety of plant species were
collected throughout the 1999 growing season. The leaf samples
were dried for 48–72 h at 75�C, ground into powder, and sub-
sampled for isotope and elemental analysis at the Carnegie
Institution of Washington, Department of Plant Biology (CIW).
Samples were combusted in an elemental analyzer (Carlo-Erba),
the CO2 was separated by chromatography and directly injected
into a continuous-flow Isotope Ratio Mass Spectrometer (Finnigan
Delta S). Standards were run every ten samples. The standard
deviation of the analysis was always below 0.1‰.

Soil cores were collected at the following depth increments in
July 2000: 0–2 cm, 2–5 cm, 5–10 cm, and 10–20 cm. They were

Table 1 List of symbols and notation used in this paper

Symbol Description

d13C3 Carbon isotopic composition of C3 vegetation
d13C4 Carbon isotopic composition of C4 vegetation
p4 The C4 percentage contribution
d13Catm Carbon isotopic composition of atmospheric CO2
d13CR Carbon isotopic composition of ecosystem

respiration
d13CA Carbon isotopic composition of gross canopy

photosynthesis
d13Ceco Carbon isotopic composition of net ecosystem

uptake
D13

eco Ecosystem net discrimination against 13CO2 during
uptake

D13
can Canopy gross photosynthetic discrimination against

13CO2
D13

3=4 Discrimination against 13CO2 by C3 or C4 vegetation
CO2hi, CO2lo Average CO2 concentration at 4.5 m (hi) and 0.5 m

(lo) above the surface
d13Chi, d13Clo Average carbon isotopic composition of CO2 at

4.5 m (hi) and 0.5 m (lo) above the surface
NEE Net ecosystem exchange of CO2
A Gross plant photosynthesis
R Ecosystem respiration
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dried for 48–72 h at 70�C, sieved to remove roots, ground into
powder, decarbonated with sulfurous acid, and prepared for isotope
and elemental analysis at the Stanford University Stable Isotope
Laboratory. Litter samples were not collected, since the site is
burned annually and there is minimal buildup.

Nighttime respiration collection and analysis

Air samples were collected at four heights above the surface (0.5 m,
1.5 m, 2.5 m, and 4.5 m) during nighttime periods when both
autotrophic and heterotrophic respiration (i.e., ecosystem respira-
tion) were occurring. We designed and built an automated system
for near-simultaneous trapping of air from all heights. Sampling
tubes from each of the four heights on the tower led to a 4-port
manifold. At pre-selected times, the system activated itself and
tested the lowest and highest levels by alternately opening the
solenoid valve on the manifold corresponding to that level. Air was
then pumped at ~1 l min�1 through 4-l buffer volumes, a water trap
(magnesium perchlorate), multi-port valve (Valco ST configuration
E 16 position valve), sampling flask (100-ml glass flasks, Kontes
Custom Glass Shop), and infrared gas analyzer (Li-Cor 6200). If
the gradient in CO2 concentration between the lowest and highest
levels were sufficient (usually a minimum of 15–20 ppm), the
system would trap air from each level in a sampling flask until all
flasks were filled (up to four samples/level with our 16-port valve).
Flasks were not pressurized. Each sample was collected over a 2-
min interval, so that all levels were sampled over a short time
interval. During the 2000 growing season, we sampled nighttime
gradients several times throughout the night and treated each
sampling of four levels as one measurement. Samples from late
1998 and 1999 were collected over longer periods, and in April and
June of 1999 separate sample collections were bundled together.
Air samples were collected and stored in the sampling flasks and
returned to the CIW for concentration and isotope analysis. This
analysis was conducted using a novel system for simultaneously
obtaining CO2 concentration and isotope ratios of small air
samples. The measurement precision for CO2 concentration is
0.4–0.7 ppm, while the isotope precision for d13C and d18O is 0.03–
0.05‰. Other details of this measurement system are described in
Ribas-Carbo et al. (2002).

With the concentration and carbon isotope ratios of the samples,
we constructed ’Keeling plots’ to estimate the isotopic composition
of ecosystem respiration. The intercept of a linear regression
between d13C and the reciprocal of the concentration provides an
estimate of the isotopic composition of the source (d13CR) (Keeling
1958, 1961; Flanagan and Ehleringer 1998; Yakir and Sternberg
2000). The linear regression for each Keeling plot was a model II,
or geometric mean, regression that incorporates errors in both the
concentration and isotope ratios (i.e., the independent variable also
has errors associated with it) (Friedli et al. 1987; Flanagan et al.
1996; Sokal and Rohlf 1995; Bowling et al. 1999; Harwood et al.
1999; Pataki et al. 2003). The errors for our ecosystem respiration
Keeling plots were calculated assuming model I regression
formulas, however, as there is controversy within the statistical
literature about the appropriate errors to ascribe to geometric mean
regressions (Sokal and Rohlf 1995; Laws 1997).

To calculate the C4 percentage contribution to ecosystem
respiration using Eq. 1 requires isotopic end members for each
photosynthetic type, as well as the regression intercept. These end
members were estimated from the isotopic composition of bulk leaf
matter collected from representative C3 and C4 plants as previously
described.

Soil respiration and plant dark respiration

We measured the isotopic composition of soil respiration on two
occasions: September 1999 and July 2000. We used a Li-Cor LI
6400 photosynthesis system and LI 6400–09 soil CO2 flux chamber
to estimate this composition. The soil chamber was placed on open
patches of soil and air was sampled in 100-ml pre-evacuated flasks

(Kontes Custom Glass Shop) during the concentration buildup that
resulted from soil respiration. To avoid any pressure decline in the
soil chamber during air collections, a balloon was placed on an inlet
open to atmospheric air. As the sample was being collected into the
pre-evacuated flasks, atmospheric air was filling the balloon, thus
maintaining constant pressure inside the soil chamber. The flasks
were analyzed for CO2 concentrations and isotope ratios and the
Keeling plot intercept calculated with a geometric mean regression.
In September 1999, soil patches adjacent to clumps of either C3 or
C4 grasses were chosen on a single day (two Keeling plots total). In
July 2000, multiple soil patches were chosen, and the samples from
each patch were bundled together for each Keeling plot. This was
repeated a second day, for a total of two soil Keeling plots in July
2000.

We sampled plant dark respiration and estimated its isotopic
composition in a similar fashion. For these collections in July and
September 1999, several leaves from representative C3 or C4 plants
were clipped and placed in the LI 6400–09 soil CO2 flux chamber.
The chamber was sealed and the ensuing concentration buildup was
sampled with flasks connected to the chamber’s outflow. The flasks
were analyzed for CO2 concentrations and isotopic ratios and the
Keeling plot intercept was calculated with a geometric mean
regression. In some cases, other plant organs (i.e., stems and
flowers) were collected and their respiration sampled.

Leaf-level discrimination measurements

We obtained leaf-level discrimination against 13CO2 during leaf gas
exchange measurements with representative grass and forb leaves.
We sampled air in the inlet and outlet streams of the LI 6400 leaf
chamber. Samples were taken under steady-state conditions, which
typically occurred within several minutes after a leaf was sealed in
the chamber. Following Evans et al. (1986), discrimination values
were calculated based on the difference in CO2 concentration and
isotopic ratio between the two air streams.

Daytime gradient sampling

To assess the photosynthetic composition of the canopy during
daytime net carbon uptake, we sampled CO2 concentration and
d13C gradients between the highest (4.5 m-denoted ‘hi’) and lowest
(0.5 m-denoted ‘lo’) tower levels during the 1999 and 2000
measurement campaigns. The 0.5 m level was just above the prairie
canopy at peak growth in July. The flow diagram for air sample
collection was the same as that used for nighttime collections,
except only two levels were sampled for each measurement.

Net ecosystem discrimination against 13CO2, which includes the
influence of ecosystem respiration, was calculated from the
following equation (derived in the Appendix),

D13
eco ¼

�CO2hiðd13Chi � d13CloÞ1; 000

1; 000ðCO2hi � CO2loÞ þ d13ChiCO2hi � d13CloCO2lo
ð2Þ

where the components are average CO2 and d13C of air sampled at
4.5 m (hi) and 0.5 m (lo). This formulation is similar to an equation
developed by Lloyd et al. (1996) to quantify ecosystem discrim-
ination using measurements of the concentration and isotopic
composition of one-way fluxes into a forest canopy. Equation 2
predicts slightly larger discrimination values than the Lloyd et al.
equation, but the same values as the Evans et al. (1986) equation to
describe leaf-level discrimination during gas exchange. For each
ecosystem discrimination calculation, we used average CO2
concentration and d13C values sampled at each height during a 1–
3 h period. On a typical day, only 5–7 gradient pairs with sufficient
concentration and isotope gradients could be sampled due to the
strong winds at the site. An example of the average CO2 and d13C at
4.5 m and 0.5 m collected during mid-day on 6 June 2000 is
displayed in Fig. 1.
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The daytime canopy photosynthetic composition (C4 percent-
age) was determined in the same fashion as in the nighttime
respiration approach (using Eq. 1), except the component terms
were D13 values instead of d13C values. Two sets of end members
were used for these calculations: one set based on the bulk leaf
biomass, and the other based on discrimination during leaf gas
exchange measurements. For the bulk-leaf biomass end member
set, we estimated each discrimination end member as (Farquhar et
al. 1989; Buchmann and Ehleringer 1998),

D13
3=4 ¼

d13Catm � d13C3=4

1þ d13C3=4=1; 000
ð3Þ

where the subscript 3/4 represents the quantity for C3 or C4
vegetation sampled at the site. The value of d13Catm, which is the
isotopic composition of the background atmosphere, was taken as
the troposphere average of –8.0‰. In all cases, the canopy C4
percentage was calculated using the corrected photosynthetic
discrimination (Eq. 4—next section), not the net ecosystem
discrimination calculated from Eq. 2.

Correction to canopy discrimination calculations
and implications for daytime Keeling plots

A correction must be applied to Eq. 2 to calculate canopy
photosynthetic discrimination, since this equation represents eco-
system discrimination during net carbon uptake, and thus includes
the influence of both soil and plant fluxes. For a system in isotopic
balance, i.e., the isotopic composition of respiration is the same as
that of photosynthesis, photosynthetic and ecosystem discrimina-
tion are equal and no correction need be applied. However, most if
not all systems that contain C3 and C4 plants, as well as systems
dominated by C3 plants that experience large climate stresses and
thus discrimination variations, are out of isotopic balance for parts
of the year and between years.

A disequilibrium in isotope fluxes should be expected in our
system due to the different seasonal activities of C3 and C4 plants.
For example, the dominance of C3 grasses and forbs in the cooler
spring would bias the soil organic carbon (SOC) and litter towards
lower (i.e., more depleted) d13C values, and this bias might carry
forward into the summer when C4 vegetation becomes dominant.
This would produce a disequilibrium in isotope fluxes because the
heterotrophic respiration would have more of a C3 signal than the
net photosynthetic flux. In this scenario, if the net ecosystem
discrimination calculated with Eq. 2 is taken as the canopy
photosynthetic discrimination, the C4 percentage would be overes-

timated. Each 1‰ error in canopy discrimination corresponds to a
~6% error in the inferred C4 percentage from Eq. 1.

The effect of fluxes with different isotope signatures and
opposite signs (i.e., carbon uptake versus carbon release) on the
ambient or background atmosphere is illustrated with a vectorial
approach in Fig. 2. The axes denote concentration and isotopic
differences relative to a background value, in this case, air sampled
at 4.5 m. Respiration adds CO2 to the atmosphere that is relatively
depleted in 13CO2, thus producing a positive CO2 deviation and a
negative d13C deviation from the background; photosynthesis does
just the opposite. For example, soil heterotrophic respiration with a
d13C signature of –26‰ would produce a vector with a slope of
�0.05‰ ppm�1. The total ’isotopic forcing’ is a function of the flux
magnitude and the difference in isotopic composition between the
background atmosphere and the flux. As discrimination increases,
the vector slope (and isotopic forcing) increases. In Fig. 2, vectorial
addition of the soil respiration and photosynthetic vectors yields a
resultant vector whose length is the change in background CO2
concentration resulting from net carbon exchange and whose slope
is lower than either of the component vectors.

The impact of isotopic imbalances must be considered for
daytime Keeling plot analyses as well. In general, daytime Keeling
plot intercepts in systems that are out of isotopic balance can give
counterintuitive results. For example, in a system where soil
respiration is isotopically heavier than canopy photosynthesis (the
opposite of the situation plotted in Fig. 2), a Keeling plot of air
samples collected along a concentration and isotope gradient above
the canopy will give an intercept that is lighter (more depleted in
13C) than either the photosynthetic or respiratory flux. Yakir and
Wang (1996) sampled daytime above-canopy gradients in both a
corn and wheat field to partition NEE into its photosynthetic and
respiratory components. To accomplish this partitioning, the
isotopic composition of the component fluxes must differ. Both
situations (respiration lighter and heavier than photosynthesis) and
the resultant impact on their ecosystem Keeling plot intercepts are
apparent in Table 1 of Yakir and Wang (1996).

Fig. 2 A vectorial approach for demonstrating the influence of
photosynthetic (dash-dot arrow) and respiratory (solid arrow)
fluxes that differ in isotopic composition on the discrimination
measured with daytime above-canopy gradients. The axes denote
concentration and isotope differences relative to a background
atmospheric value (i.e., the deviation of an air sample from a
background or ambient value because of photosynthetic or
respiratory fluxes). The slope of each component vector is a
function of the isotopic composition of the photosynthetic or
respiratory flux; a more negative isotopic value corresponds to a
greater slope. The length of each component vector is a function of
the flux magnitude. Addition of the photosynthetic and respiratory
component vectors produces the resultant vector (net dashed
arrow), which has a lower slope than either of the components

Fig. 1 The average values (SE) of CO2 concentration and d13C at
0.5 m and 4.5 m above the surface on the afternoon of 6 June 2000
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The example in Fig. 2 is a specific case of isotopic disequilibria
between incoming and outgoing carbon fluxes, in which only
heterotrophic respiration is out of isotopic balance with net
autotrophic uptake. However, in ecosystems with large turnover
times in the biomass and rapid discrimination changes such as
forests (Ekblad and Hogberg 2001; Bowling et al. 2002; Randerson
et al. 2002a), it is also possible for autotrophic respiration to have a
different isotopic composition from photosynthesis. Mixed C3:C4
ecosystems might experience isotopic imbalances from autotrophic
fluxes as well. For example, if the C3 vegetation in our tallgrass
prairie pasture is contributing a proportionally larger amount to
canopy respiration than to canopy photosynthesis during a gradient
measurement, an isotope disequilibrium will result.

Because the daytime gradients we sampled were susceptible to
isotopic imbalances (from both heterotrophic and autotrophic
respiration), we corrected them by accounting for the influence of
ecosystem respiration on the measured net ecosystem discrimina-
tion. Ideally, this correction requires two pieces of information: the
isotopic composition of ecosystem respiration (d13CR), and its
magnitude (R). This is apparent in the equation we used to correct
our net ecosystem discrimination values from Eq. 2 to canopy
photosynthetic discrimination (D13

can) values,

D13
can ¼ D13

eco 1; 000ðA� RÞ þ Ad13CA � Rd13CR
� �

þRðd13Catm � d13CRÞ1; 000

Að1; 000þ d13CAÞ
ð4Þ

where A is gross photosynthesis (net photosynthesis plus all
autotrophic respiration), and d13CA is its isotopic composition.
This equation is very similar to a correction derived with equation
11 from Lloyd et al. (1996), although their A is the sum of
foliage photosynthesis and respiration. Also, they approx-
imated eco-system and canopy photosynthetic discrimination as
D13

eco ffi d13Catm � d13Ceco and D13
can ffi d13Catm � d13Ccan, whereas

Eq. 4 is derived with the full discrimination formulation (e.g., Eq. 3)
for both terms. Eq. 4 produces discrimination values that are only
slightly larger (less than 0.5%) than those predicted by the equation
derived from equation 11 in Lloyd et al. (1996). A derivation of
Eq. 4 is presented in the Appendix.

We assigned values for d13CR from the average of contempo-
raneous nighttime Keeling plot intercepts with CO2 gradients
exceeding 20 ppm. Because of the 1,000 multiplier, the Ad13CA and
Rd13CR terms in Eq. 4 have a small influence on the discrimination
correction. d13CA and d13CR were set to d13CR. Daytime R was
predicted with a NEE regression formulation developed for the site
by Suyker and Verma (2001). We estimated A from the difference
between R and the daytime NEE measured by the adjacent eddy
flux system. In reality, the canopy photosynthetic discrimination
includes leaf respiration, which we have removed in this approach.
However, since leaf respiration is typically less than 10% of the
maximum photosynthetic rate for tallgrass C4 plants (Colello et al.
1998), this distinction has a very small impact on the corrected
canopy photosynthetic discrimination.

The Suyker and Verma (2001) model is based on measured soil
temperature at 10 cm, air temperature at 0.5 m, and canopy green
LAI, and includes separate terms for soil respiration and plant
respiration. Soil moisture was found to have no significant
influence on predicted nighttime NEE by Suyker and Verma
(2001). Their model accurately predicted measured nighttime
respiration on nights before and after our daytime gradient
sampling.

The correction to photosynthetic discrimination in Eq. 4 is a
function of the sensitivity to the R and (d13Catm�d13CR) terms. As
the relative magnitude of respiration (i.e., R/A) increases, the
(d13Catm�d13CR) term becomes more important. For example, in
September 1999 when respiration was 41% of photosynthesis, each
1‰ change in the (d13Catm�d13CR) term corresponds to a 0.4‰
change in the inferred gross discrimination; in May 2000 R/A was
28% and the sensitivity decreased to 0.3‰. The latter sensitivity is
more typical since the rest of our measurements earlier in the
growing season were during periods with lower R/A ratios. Also, in

September the magnitude of the (d13Catm�d13CR) term should be the
smallest since the primary growth period of most C3 plants at this
site is spring and early summer.

The sensitivity to R in the Eq. 4 is more variable than to the
(d13Catm�d13CR) term. Again, the largest sensitivity is in September
1999 at the end of the growing season when photosynthesis is very
low. Each 1 mmol m�2 s�1 increase in R increased the canopy
photosynthetic discrimination by 0.7‰ for this period. Earlier in
the growing season, the sensitivity was 0.2–0.4‰/mmol m�2 s�1.

Error propagation

Gaussian error propagation was used to estimate the uncertainty
associated with calculations using Eqs. 1, 2 and 4. For example, the
standard error (SE) in Eq. 1 was calculated by adding the SEs of the
components in quadrature for the numerator and denominator. The
errors in the numerator and denominator were then propagated
through the calculation by adding their fractional errors (i.e., SEðxÞ

�xx ,
where x is the numerator or denominator and the overbar is the
average of that quantity) in quadrature (Daniels et al. 1962; Morgan
and Henrion 1990):

SEðnumÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SE d13CR
� �� �2 þ SE d13C3

� �� �2
q

ð5aÞ

SEðdenomÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SE d13C4
� �� �2 þ SE d13C3

� �� �2
q

ð5bÞ

SEðp4Þ
p4

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SEðnumÞ

num

� �2

þ SEðdenomÞ
denom

� �2
s

ð5cÞ

Although Eqs. 5a, 5b, 5c assume no correlation among
component variables in an equation (Morgan and Henrion 1990),
Eqs. 2 and 4 do contain correlated variables. A formulation that
includes the correlation among component terms should be used.
However, it is not obvious what correlation coefficients to employ
for such a calculation, such as the relationship between d13C
measured at 4.5 m and at 0.5 m, or net discrimination and net
photosynthesis. Thus, the Gaussian approximation of Eqs. 5a, 5b,
5c was also employed to propagate the errors in the component
terms of the discrimination calculations in Eqs. 2 and 4.

Results

Plant biomass and SOC analyses

The d13C and carbon: nitrogen (C:N) values of leaf
biomass for representative C3 and C4 grasses and forbs are
displayed in Table 2; the d13C, C4 percentage, and C:N
values for bulk soil organic carbon (SOC) in the upper
soil layers are listed in Table 2. The d13C values of C3 and
C4 plants at this site are fairly consistent within each
grouping, and the carbon isotope offset between the
groupings is large (~16‰). The C:N elemental ratios of
each photosynthetic pathway, by contrast, are less
distinct. In general, C4 plants should have higher C:N
ratios because of the higher amounts of Rubisco protein in
C3 plants (Long 1999).

The d13C values of SOC increase (become heavier)
with depth. It is possible that this trend reflects changes in
root competition between C3 and C4 plants with depth,
reflecting a higher percentage of C4-derived carbon.
However, a similar trend is apparent in soils from many
ecosystems around the world, reflecting the decrease in
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atmospheric d13C due to fossil fuel and biomass burning
over the last 200 years, and some combination of
microbial fractionation during decomposition, microbial
preference for different components of soil organic
matter, and enrichment of microbial and fungal products
at depth (Ehleringer et al. 2000). It is therefore difficult to
unambiguously attribute the d13C trend at our site to
changes in the C3 or C4 contribution with depth.

Isotopic composition of soil and plant respiration

The d13C values of soil respiration collected on two
occasions are presented in Table 3, along with inferred C4

percentages and 95% confidence intervals. The d13C values
of dark respiration from C3 and C4 plant organs (leaves,
stems and flowers) are presented in Table 4. Because of the
vegetation heterogeneity in this pasture, the d13C of soil
respiration varied considerably, as is apparent for the 1999
sampling. Sampling on multiple soil patches and bundling
the results together in 2000 reduced this variability.

Seasonal and interannual changes in the isotopic
composition of ecosystem respiration

The Keeling plots for each of our nighttime respiration
sampling periods are displayed in Figs. 3a, b. The 1999

Table 3 The d13C geometric mean regression intercepts (SE) for
soil respiration. These measurements were undertaken in Septem-
ber of 1999 and July of 2000. The contribution of C4 plants to the
respiration signal is also displayed, along with the estimated 95%
confidence interval. The September measurements (‘C4 soil’ and

‘C3 soil’) were collected on soil adjacent to clumps of C4 and C3
grass, respectively. The July measurements were collected on
various soil patches without regard to the photosynthetic pathway
of adjacent vegetation and the data pooled together for analysis

Sampling period d13C of soil respiration (SE) r2 C4 percentage (95% C.I.)

September 1999 ‘C3 soil’ �23.3 (0.2) 0.99 31.1 (€6.3)
September 1999 ‘C4 soil’ �15.4 (0.5) 0.97 80.1 (€9.8)
19 July 2000 �16.0‰ (0.8) 0.82 76.4 (€12.8)
20 July 2000 �16.5‰ (1.0) 0.77 73.3 (€15.1)
Both July days together �16.3‰ (0.6) 0.79 74.5 (€10.7)

Table 2 The d13C values and
C:N ratios of leaf biomass sub-
samples. [d13C refers to the 13C/
12C ratios of a sample relative to
a known standard: d= (Rsample/
Rstandard�1)�1,000]. Mean val-
ues and 95% confidence inter-
vals for both photosynthetic
types are listed in the bottom
row of the table. The d13C
values (SE), C4percentage con-
tribution (95% C.I.), and C:N
ratios (SE) of soil sub-samples
from four depth increments.
Each value is the mean of 4 or 5
samples. A blank signifies that
no data were collected

Species name d13C (‰) C:N

Andropogon gerardii (C4) �12.1 17.2
Sorghastrum nutans (C4) �12.1 35.9
Panicum virgatum (C4) �12.8 37.8
Schizachrium scoparium (C4) �11.7
Rumex crispus (C3) �28.2 30.9
Ratibida columnifera (C3) �29.2 40.4
Amorpha canescens (C3) �28.4 22.7
Panicum capillare (C3) �26.6 16.3
Plantago aristata (C3) �30.6 33.3
Elymus canadensis (C3) �28.9 32.2
Sabatia campestris (C3) �29.6 20.2
Asclepias viridis (C3) �28.5 13.4
Psoralea tenioflora (C3) �27.0 17.7
Bromus japonicus (C3) �29.0
Ruellia humilis (C3) �26.3 22.9
Solidago missouriensis (C3) �27.4 25.4
Mean of all C4 plants (95% CI) �12.2 (€0.7) 30.3 (€28.3)
Mean of all C3 plants (95% CI) �28.3 (€0.8) 25.0 (€5.6)

Core increment (cm) d13C (‰) (SE) C4 percentage (95% C.I.) C:N (SE)

0–2 �18.6 (0.1) 60.2 (€8.5) 13.7 (0.1)
2–5 �18.2 (0.1) 62.7 (€8.6) 13.6 (0.1)
5–10 �16.9 (0.2) 70.8 (€10.8) 14.0 (0.3)

10–20 �15.8 (0.2) 77.6 (€11.2) 13.9 (0.3)

Table 4 The d13C composition of dark respiration (SE) from C4 and C3 plant organs. Plant organs were excised from the plant and placed
in the LI 6400–09 soil CO2 flux chamber for measurement. Blanks indicate that no measurements were taken

Sampling date C4 leaf respiration (SE) C4 stem plus flower respiration (SE) C3 leaf plus stem respiration (SE)

July 1999 �14.9 (0.6) �16.7 (1.3) �25.5 (1.0)
September 1999 �11.4 (0.7) �18.3 (0.1)
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measurements (Fig. 3a—note October 1998 as well) have
a larger variability in slopes than the 2000 measurements
(Fig. 3b). Figure 4 is a plot of the C4 percentage
contribution to respiration from October 1998 to July
2000 (solid circles with SE). The apparent contribution of
C4-derived carbon to ecosystem respiration increases
from ~40% in early 1999 to over 80% in late 1999,
whereas during 2000 the C4 percentage is always greater
than 65%. There appears to be an increase in the C4
percentage in 2000 compared to the corresponding 1999
period. The C4 percentage in June and late July of 1999 is
close to 50%, whereas in similar periods in 2000 it is
greater than 70%. This may represent a real change in the
photosynthetic mixture between years.

However, there were slight differences in the metho-
dology of sample collections in April and June of 1999
versus late 1999 and all of 2000 that might affect this
interpretation. In April and June of 1999, samples

collected throughout a night were treated as one mea-
surement (i.e., were bundled together for one regression).
During the other periods, each collection was treated as its
own measurement, and the intercepts throughout the night
averaged together. The April and June 1999 samples were
treated as one measurement because the spatial gradients
in CO2 between 0.5 m and 4.5 m during each collection
throughout individual nights were not sufficient to create
robust Keeling plots. However, the temporal gradient in
CO2 concentration was sufficient (i.e., buildup throughout
the night) for a single ‘bulked’ plot. The basic difference
between the April–June 1999 plots and the remaining
plots can be characterized by the distinction of ‘Keeling
plots in time’ (either collected along gradients or from a
single level) versus ‘Keeling plots in space’ (collected at
the same time over a spatial gradient). However, even
with this methodology consideration, there appears to still
be a real difference in C4 percentage between 1999 and
2000. The intercept from the July 1999 Keeling plot,
which was treated the same as the 2000 collections (i.e.,
point-in-time through space), is more depleted than the
average of corresponding 2000 plots by about 5‰.

Treating collections in the former fashion will tend to
bias the regression intercept towards a more regional
value of isotopic composition because the concentration
changes are largely driven by air that has been advected
over heterogeneous surfaces upwind of the sampling
point. If those surfaces are of the same photosynthetic
composition as the vegetation surrounding the pasture, no
bias will be introduced. However, our site is surrounded
by a matrix of land covers and land uses that introduces
large variations in regional (tens to hundreds of km2)
photosynthetic composition. The areas to the west of our
site are largely planted in winter wheat, to the south and
southeast are tree-grass savannahs, and to the north and
northeast lie the Flint hills which contain the largest
extent of remaining tallgrass prairie in North America.
Therefore, unless the wind was consistently from the

Fig. 4 The C4 percentage (SE) of nighttime respiration and
daytime photosynthesis plotted together for the period from
October 1998 to July 2000. Solid circles denote values derived
from nighttime respiration measurements, open circles represent
values derived from daytime photosynthesis measurements. Years
are separated by vertical gray lines

Fig. 3 a Keeling plots of nighttime collections for sampling
campaigns in late-1998 and throughout the 1999 growing season,
with sampling month given. The intercepts of these plots represent
the isotopic composition of ecosystem respiration. b Keeling plots
of nighttime collections for sampling campaigns in the 2000
growing season, with sampling month given. The intercepts of
these plots represent the isotopic composition of ecosystem
respiration
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north-northeast, a grouping of samples through time will
introduce more of a C3 regional signal into the regression.

We did see some evidence of wind-related variations
in the d13C signature of nighttime respiration. During the
night of 18–19 July 2000, we collected air samples at
9:37 p.m., 12:20 a.m. and 3:30 a.m. The first two d13C
intercepts (standard error) were –14.9‰ (0.6) and
–14.7‰ (0.7), while the 3:30 a.m. d13C intercept was
–16.5‰ (0.4). The period between the 12:20 a.m. and
3:30 a.m. collections is marked by large variations in
horizontal wind speed and wind direction at 4.5 m
measured at the adjacent flux tower. The d13C variation
over this time period might be related to footprint effects,
but it is difficult to eliminate other mechanisms. Roughly
concurrent with the 3:30 a.m. sampling was a positive
spike in the canopy CO2 storage flux and very large
values of nighttime respiration. However, these values
were recorded at wind speeds just above the 2 m s�1 cutoff
often employed in eddy flux studies (Suyker and Verma
2001). If the storage and respiration fluxes are real, they
suggest a burst of CO2-rich air that had been stored below
the sonic anemometer and was carried past the sensor by
an updraft of air.

Seasonal changes in the isotopic composition
of photosynthesis

The ecosystem net and canopy gross discrimination
values, as well as C4 percentages and associated 95%
confidence limits, are presented in Table 6. Our statistical
confidence in the calculated C4 percentage for several of
the measurement periods (June 1999 in particular) is
small for two reasons. First, to resolve meaningful
isotopic differences between the two heights, we needed
a minimum concentration gradient of 5 ppm (correspond-
ing to an expected d13C difference of ~0.06‰ for a C4
canopy and ~0.25‰ for a C3 canopy, or 2–8 times the
measurement precision of our mass spectrometer). How-
ever, we rarely encountered such standing gradients due
to the near-continuous winds at the site, so we collected a
relatively small number of flasks during each sampling
period (Table 6). While the standard errors were reason-
able for most measurements, the values from the t-
distribution were large because of the small number of
sample pairs, producing broad confidence limits. In 2000,
the confidence limits were smaller because of the larger
number of sample pairs we collected. The second reason
for our low statistical confidence is because each C4
percentage calculation requires error propagation through
three equations (Eqs. 1, 2, and 4), and the errors add at
each step.

In contrast to the nighttime respiration measurements,
the C4 percentage through time from the daytime
measurements is less variable seasonally, and is generally
higher than the corresponding fraction from the respira-
tion measurements, though they are not statistically
separated at the 95% confidence level (Fig. 4—open
circles with SE).

Discussion

Mass-weighted versus flux-weighted measures
of isotopic composition

Our nighttime Keeling plot intercepts represent the
autotrophic respiration of C3 and C4 live biomass, as
well as heterotrophic metabolism of litter and soil organic
matter derived from both plant types. Therefore, these
intercepts represent the flux-weighted amount of C3-
derived and C4-derived carbon respired by the entire
ecosystem. However, we are using the d13C values of
representative C3 and C4 sunlit leaf biomass samples as
end members in Eq. 1 to estimate the C4 contribution to
ecosystem respiration. This is a mass-weighted measure
of isotopic composition, not a flux-weighted measure.
The potential discrepancy between the two measures is
apparent when examining the isotopic composition of
plant dark respiration. While the leaf biomass samples are
separated by ~16‰ on average and there is relatively
little variation within each pathway (Table 2a), the d13C
values of respiration from leaves and other plant organs
are not so homogeneous and distinct. This is apparent in
the scatter of values in Table 4. Assuming no fraction-
ation during autotrophic respiration (Lin and Ehleringer
1997; but see Duranceau et al. 1999 and Ghashghaie et al.
2001), this scatter suggests heterogeneity in plant com-
position, which requires fractionations during biosynthet-
ic reactions. This heterogeneity has been discussed
previously (e.g., Farquhar et al. 1989). For example, the
relatively depleted carbon isotopic composition of lipids
is well known and would contribute to such within-plant
heterogeneity (Benner et al. 1987).

These data point out the discrepancy between mass-
weighted versus flux-weighted measures of isotopic
composition. This discrepancy is also apparent in the
d13C values of upper SOC (top 5 cm) and soil-respired
CO2, which are separated by some 2‰. One reason for
this discrepancy might be the lack of root tissue in the
SOC analysis, while root respiration contributes to the
soil-respired CO2 isotope signature. Also, the lower SOC
layers (10–20 cm) are very similar to the isotopic
composition of soil-respired CO2, and they might dispro-
portionately contribute to the respired flux. On the other
hand, differences between the isotope signatures of SOC
and soil-respired CO2 are common in systems with C3:C4
spatial and temporal mixtures (Buchmann and Ehleringer
1998; Ehleringer et al. 2000).

We also calculated C4 percentages from the daytime
gradients measurements using discrimination measure-
ments from leaf-level gas exchange (flux-weighted end
members) with representative C3 and C4 plants as end
members. These percentages are given in Table 6 under
the ‘online’ column. In general, they are very similar to
the percentages inferred with leaf biomass d13C end
members, although the uncertainties (not shown) are
much larger due to the larger standard errors of online
discrimination measurements. Miranda et al. (1997) also
discuss the use of leaf biomass d13C end members versus
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online leaf-level discrimination end members in calculat-
ing the C4 percentage from ecosystem respiration Keeling
plots.

Impact of C3 and C4 discrimination variations

We did not explicitly examine the influence of seasonal
changes in C3 or C4 discrimination on our respiration d13C
trends and inferred C4 percentages. The study of Mole et
al. (1994) suggests a trend toward lower C3 discrimination
in prairie grasses as the growing season progresses, which
would look like more C4 production in our analysis.
However, the seasonal variations in discrimination ob-
served by Mole et al. (1994) are not larger than 1–2‰.
Our data for online leaf-level discrimination in C3 plants
also suggest a decrease in the 2000 growing season
(Table 5), although the uncertainties are too large to say
this definitively. Because an examination of the seasonal
variations in C3 discrimination was not the focus of our
study, we collected relatively few samples of air from leaf
gas exchange for isotope analysis.

Similarly, although there is evidence of variations in
C4 discrimination (Peisker and Henderson 1992; Buch-
mann et al. 1996), the magnitude is expected to be small

during unstressed conditions. For example, Buchmann et
al. (1996) showed a sharp increase in D13

4 as light levels
dropped below 700 mmol m�2 s�1. However, when
weighted by carbon assimilation, this effect should be
small as uptake will be decreasing as well. Buchmann et
al. (1996) also present evidence of increasing D13

4 during
water stress. As Henderson et al. (1992) discuss, short-
term online discrimination measurements in C4 species
correlate poorly with discrimination inferred from leaf
d13C biomass analyses. Our sparse leaf-level, online
discrimination measurements on C4 grasses suggest small
seasonal variations (Table 5); however, the mean of all
these measurements is close to the discrimination inferred
from C4 leaf biomass d13C data (Table 2).

Diurnal, seasonal and interannual isotopic disequilibria

Only a few studies have investigated the carbon isotopic
composition of respiration from ecosystems that contain
both C3 and C4 plants. Miranda et al. (1997) collected
nighttime ecosystem respiration above a Brazilian savan-
na during the wet and dry season and calculated the C4
contribution with a mixing model whose end members
were based on leaf organic d13C analyses of representa-
tive tree (C3) and grass (C4) species. The C4 contribution
to respiration was higher in the dry season (42% vs 30%)
at this site, but Miranda et al. (1997) note that the
interpretation is complicated by non-steady state vegeta-
tion conditions. These conditions would favor a higher C4
contribution than is likely present because some of the C3
carbon fixation is shunted to slowly respiring wood
biomass, suggesting that this ecosystem was not in
isotopic balance.

Another study by Buchmann and Ehleringer (1998)
examined the carbon isotopic composition of ecosystem
respiration from both C3 (alfalfa) and C4 (corn) crop

Table 5 Leaf-level discrimination (SE) against 13CO2for C4 and C3
plants (D13

4 and D13
3 �) calculated by the difference in CO2 concen-

tration and isotope ratio between air entering and leaving the LI
6400 leaf chamber during steady-state gas exchange. An asterisk
indicates that only one measurement was taken

Sampling date Leaf-level D13
4 (SE) Leaf-level D13

3 (SE)

July 1999 5.3 (1.4) 18.9*
May 2000 3.4 (0.4) 21.1 (1.9)
June 2000 4.4 (1.1) 17.8*
July 2000 3.9 (0.9) 13.5 (3.8)

Table 6 Net ecosystem and gross canopy photosynthetic discrim-
ination (D13

eco and D13
can) values (SE) and inferred C4 percentages for

the 1999 (June and September) and 2000 (May, June, and July)
sampling campaigns. Daytime discrimination measurements were
not conducted in October 1998 or July and April 1999. The canopy
photosynthetic discrimination values are corrected for the effects of
ecosystem respiration on the measurement. The inferred C4per-
centage is based on the canopy photosynthetic discrimination
values and uses either leaf biomass d13C values or leaf-level, online
discrimination values as end members in Eq. <equationcite>1</

equationcite>. 95% confidence limits are given for the C4
percentage calculation that uses biomass end members, but not
for on-line end members because the standard errors of these latter
measurements are large (Table 5). The final column gives the
number of flask pairs in each gradient measurement. Below Keeling
plot intercept of daytime samples collected at all four tower heights
during the afternoon 6 June 2000. The C4 percentage (95% C.I.) is
also given. Flasks were collected at three separate sampling periods
(four flasks per sampling) between 1:30 and 3:30 pm, and the data
pooled together

Sampling period D13
eco (SE) D13

can (SE) C4 percentage biomass (95% CI) C4 percentage online Number of flask pairs

21 June 1999 9.6‰ (1.8) 11.0‰ (1.8) 59.6 (€148.4) 58.0 3
17 Sept 1999 5.9‰ (1.8) 6.8‰ (1.6) 84.9 (€32.5) 88.8 5
7 May 2000 5.9‰ (2.2) 7.3‰ (2.1) 82.1 (€41.3) 78.1 5
9 May 2000 6.5‰ (2.6) 7.6‰ (2.5) 80.0 (€49.3) 76.0 5
4 June 2000 4.8‰ (1.2) 5.8‰ (1.3) 90.8 (€26.9) 89.3 5
6 June 2000 4.2‰ (1.3) 5.7‰ (1.2) 91.4 (€19.3) 89.9 9

21 July 2000 6.2‰ (1.5) 7.0‰ (1.6) 84.0 (€29.1) 68.0 6

Sampling period CO2 range of measurement d13C of net uptake (SE) r2 C4 percentage (95% C. I.) Number of flasks

6 June 2000
1:30–3:30 pm

16 ppm �15.4 (1.3) 0.70 80.1 (€19.5) 12
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canopies planted on soils with rotation histories that
alternated between both photosynthetic types. Thus, the
SOC at these sites included inputs from the aboveground
vegetation at the time of the study, as well as vegetation
inputs (of varying photosynthetic pathways) from past
crop rotations. In addition to vegetation biomass, they
also measured the isotopic composition of SOC and soil
respiration at both sites. The d13C of soil respired-CO2
was the same at both sites, even though the d13C of SOC
was different by up to 8‰. The d13C values of ecosystem-
respired CO2 were also statistically indistinguishable,
reflecting the dominant contribution of soil respiration to
the overall signature. As a result, these crop sites were not
in isotope equilibrium due to their rotation histories.

Finally, in the Yakir and Wang (1996) partitioning
study they had to assume a difference in the isotopic
composition of photosynthetic and respiratory fluxes over
a corn (C4) field and a wheat (C3) field. They were able to
measure the d13C of net uptake directly with a Keeling
plot approach, but they used the d13C of leaf biomass as a
proxy for their respiration flux.

Our only opportunity to compare daytime Keeling plot
intercepts with nighttime Keeling plot intercepts was in
June 2000. Table 6 presents the intercept of a daytime
Keeling plot collected on the afternoon of 6 June 2000.
The intercept is ~1‰ heavier than the average of
nighttime intercepts sampled the previous night, suggest-
ing an isotopic imbalance between canopy photosynthesis
and ecosystem respiration, but not at the 95% confidence
level. Additionally, the isotope signature of soil respira-
tion was more depleted than that of nighttime ecosystem
respiration by ~1‰ in July 2000, implying that canopy
respiration was isotopically more enriched than soil
respiration. However, the large spatial heterogeneity in
d13C of soil respiration (Table 3) makes it difficult to
compare the two approaches. This heterogeneity is also
reflected in the d13C of clipped biomass taken from
several locations in the pasture (data not shown).

Another possible explanation for an isotopic imbalance
between daytime and nighttime carbon fluxes is different
sampling footprints between day and night. Although we
have not calculated footprints for this site, to explain the
isotope disequilibrium between photosynthesis and respi-
ration due to a footprint effect there would have to be
sharp gradients in the photosynthetic composition of the
vegetation surrounding the tower (for ‘point-in-time’
daytime sampling). The daytime horizontal footprint that
the 4.5 m level “samples” is ~450 m, or about the same
distance that pasture extends from the tower in any
direction before a road is encountered. This footprint can
be much smaller if sensible and latent heat fluxes are
large and there are strong vertical movements of air.
Within this pasture, the vegetation is fairly heterogeneous.
In addition, the area within several kilometers of the
tower is largely pasturelands. It seems unlikely, therefore,
that the disequilibrium can be explained entirely by a
footprint effect. In general, differences can arise when
comparing ’point-in-time’ measurements to ‘point-in-
space’ measurements (e.g., sampling temporal concentra-

tion gradients during the night and spatial gradients
during the day).

It is useful to conduct daytime gradient measurements
in combination with nighttime respiration collections to
examine possible disequilibria between daytime photo-
synthesis and nighttime respiration. If this imbalance in
isotope fluxes is widespread, it would be notable for two
reasons. First, although isotopic disequilibria are incor-
porated into global inversions that make use of 13CO2
data, they are entirely model-based. There are very few
studies that have attempted to measure terrestrial isotopic
disequilibria of any sort, and none has demonstrated
definitively a carbon isotope disequilibrium between
photosynthetic and respiratory fluxes at a site. Second,
the modeled terrestrial disequilibrium is based on the
observed atmospheric trend in d13C over the last 150
years, which has been driven by fossil fuel and defor-
estation fluxes (the Suess effect). Because these fluxes are
originally derived from C3 vegetation, they are isotopi-
cally lighter than the background atmospheric CO2 and
have decreased its d13C by ~1.4‰ over this period. When
combined with large mean residence times in terrestrial
ecosystems that induce a lag between the age of carbon
fixed and released by ecosystems in a given year, this
trend in d13C produces an isotope disequilibrium flux
(Ciais et al. 1995).

The Suess effect disequilibrium is unlikely to vary
much on a seasonal or interannual basis. The mean
residence time of soil carbon in grassland ecosystems is
relatively short (Raich and Schlesinger 1992), and thus
any disequilibrium driven by the depletion of atmospheric
d13C resulting from fossil fuel fluxes is likely to be small.
Isotopic disequilibria in this tallgrass ecosystem, howev-
er, would be driven by seasonal and possibly interannual
variations in photosynthetic composition and thus dis-
crimination superimposed on a Suess effect disequilibri-
um. Such photosynthetic variations will inevitably
produce disequilibria fluxes that are independent from
disequilibria driven by the trend in atmospheric d13C. This
discrimination disequilibria will be a function of the
interplay between recalcitrant and labile pools of carbon
and the aboveground photosynthetic mixture. Not only
will photosynthetic mixture variations impact the magni-
tude of the total terrestrial isotope disequilibrium, it is
possible they are responsible for some of the interannual
variability in d13C measured at remote monitoring stations
as alternating C3:C4 mixtures will produce disequilibria
that enrich or deplete the atmosphere in 13C (an interan-
nual trend from more C3 to more C4 will deplete the
atmosphere, whereas the reverse will enrich it).

However, this is likely to be true only if the C3:C4
mixtures of tropical savannas change inter-annually, as
mixed grasslands like tallgrass prairie are mostly confined
to regions of the Great Plains and small parts of Asia and
Africa, whereas savannas cover some 17 million km2.
Given the large climate variability, direct human distur-
bance, and high fire frequency that savannas experience,
interannual variations in photosynthetic mixtures are
likely. Since the net primary production of mixed C3:C4
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ecosystems (savannas and grasslands) is ~25 Pg C year�1

(Still et al. 2003), an annual average isotopic imbalance in
these systems of 0.2‰ (or –0.2‰ in the case of a C3�C4
trend) would correspond to an isotope forcing of 5 Pg C
‰ year�1 (�5 Pg C ‰ year�1). This forcing is important in
the context of the global 13C budget, as the total land
disequilibrium from the Suess effect is estimated to be
20–25 Pg C ‰ year�1. Introducing a C3:C4 disequilibrium
of 5 Pg C ‰ year�1 into the standard 13C budget equation
with a global terrestrial discrimination of 18‰ would
increase the inferred annual ocean sink by 0.3 Pg C (at the
expense of the land sink). Thus, these new disequilibria
should be investigated to determine their contribution to
interannual variations in the land versus ocean partition-
ing inferred from 13C-based global inversions.

Conclusions

The C3:C4 composition of this ecosystem clearly exhibits
seasonal variations in response to climate. As expected,
the C4 percentage increases as the temperature increases
and the precipitation decreases. The isotopic composition
of respiration (Fig. 4, solid circles) provides the best
proxy for this transition between photosynthetic types,
given its April–September coverage and smaller associ-
ated uncertainties (relative to the photosynthesis ap-
proach). At our site, the C3:C4 balance is also partly
determined by spring fires. A high fire frequency will
tend to increase the cover of C4 vegetation, as has been
demonstrated at the Konza Prairie LTER site (Collins et
al. 1998). This study demonstrates the use of isotopic
tracers to provide a strong constraint on seasonal and
interannual dynamics in photosynthetic composition,
although care must be taken in interpreting daytime
measurements due to the potential for isotopic disequi-
libria between photosynthesis and respiration.

Our measurements are also useful in the context of
global carbon cycle research. Although the global cover-
age of mixed C3:C4 grasslands and savannas are signif-
icant, there are very few isotopic measurements in these
regions. Because carbon isotopes in atmospheric CO2 are
used to constrain the land versus ocean partitioning of the
carbon sink (Ciais et al. 1995; Francey et al. 1995;
Keeling et al. 1995; Battle et al. 2000) and infer
discrimination and thus plant physiology at large scales
(Randerson et al. 2002b), basic information on the
isotopic composition of carbon fluxes in mixed C3:C4
ecosystems is very useful.
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Appendix

Derivation of discrimination equations

We present a derivation of Eq. 2 for calculating net
ecosystem discrimination given average CO2 concentra-
tions and d13C at 4.5 m (hi) and 0.5 m (lo) above the
surface. First, define the isotopic composition of net
ecosystem uptake:

d13Ceco ¼
d13ChiCO2hi � d13CloCO2lo

CO2hi � CO2lo
ð6Þ

Now, define ecosystem discrimination,

D13
eco ¼

d13Catm � d13Ceco

1þ d13Ceco
�
1; 000

ð7Þ

and set d13Catm=d13Clo.
Substitute and rearrange terms to get Eq. 8:

D13
eco ¼

�CO2hiðd13Chi � d13CloÞ1; 000

1; 000ðCO2hi � CO2loÞ þ d13ChiCO2hi � d13CloCO2lo
ð8Þ

A derivation of Eq. 4 for correcting net ecosystem
discrimination to canopy photosynthetic discrimination
follows. First, define the isotopic composition of net
ecosystem uptake (with terms defined in the text):

d13Ceco ¼
Ad13CA � Rd13CR

A� R
ð9Þ

Next, substitute Eq. 9 into Eq. 7 to get this equation:

D13
eco ¼

Aðd13Catm � d13CAÞ � Rðd13Catm � d13CRÞ
� �

1; 000

1; 000ðA� RÞ þ Ad13CA � Rd13CR

ð10Þ
Now, define canopy photosynthetic discrimination:

D13
can ¼

d13Catm � d13CA

1þ d13CA
�
1; 000

ð11Þ

Finally, substitute Eq. 11 into Eq. 10 and solve for
canopy photosynthetic discrimination:

D13
can ¼ D13

eco 1; 000ðA� RÞ þ Ad13CA � Rd13CR
� �

þRðd13Catm � d13CRÞ1; 000

Að1; 000þ d13CAÞ
ð12Þ
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