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[1] We determined §'*C values associated with canopy gross and net CO, fluxes from
four U.S. sites sampled between 2001 and 2002. Annual mean, flux-weighted §"°C values
of net ecosystem CO, exchange (NEE) were estimated for four contrasting ecosystems
(three forests and one grassland) by analyzing daytime flask measurements collected

at the top of canopies. Combining §'>C values associated with respiratory and net
(respiration minus photosynthesis) fluxes, we demonstrate a method for estimating
whole-canopy photosynthetic discrimination against '>C (A,) in terrestrial ecosystems
directly from field measurements. This experimental approach offers the possibility of
examining interannual variability in A, from ecosystem §'>C measurements. Our
estimated 8'C values associated with photosynthetic fluxes are in agreement with those
measured from foliar organic matter for C; forests, and are within the range bounded by
C; and C, grasses in a tallgrass prairie. The §'°C associated with NEE fluxes at our C;
forest sites ranges between —27.1 + 2.7 and —28.3 + 2.5%o, and is —22.6 = 4.0%o at
the prairie site. These estimates differ from a previous study, particularly for C3
ecosystems at comparable latitudes. Sensitivity analyses indicate that our estimates of
§'3C values of net CO, fluxes are robust with respect to measurement errors, but can vary
depending on the selection of background atmospheric values. Other factors (e.g.,
drought and sampling footprint) that might have influenced our §'3C measurements and
calculations of A, are also discussed. Our measurement-based analyses are particularly
useful when both latitudinal and longitudinal variations in A, are to be considered in
the global inversion modeling studies.  INDEX TERMS: 0315 Atmospheric Composition and
Structure: Biosphere/atmosphere interactions; 0322 Atmospheric Composition and Structure: Constituent
sources and sinks; 1040 Geochemistry: Isotopic composition/chemistry; 1615 Global Change:
Biogeochemical processes (4805); KEYWORDS: '*C discrimination, biosphere-atmosphere CO, exchange,
carbon isotopes, CO, mixing ratios, isotopic air sampling, isotopic disequilibrium
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1. Introduction

[2] Measurements of '3C/*2C in the atmosphere provide
useful information to study the overall balance of surface
CO; fluxes. At the global scale, 8!3C values are used to
partition terrestrial and oceanic sinks of atmospheric CO,
[Keeling et al., 1989, 1995, 1996, 2001; Tans et al., 1993;

Enting et al., 1995; Francey et al., 1995; Fung et al., 1997,
Ciais et al., 1999; Rayner et al., 1999; Battle et al., 2000].
At the ecosystem scale, these signatures can be used to
partition net CO, fluxes into photosynthetic and respiratory
compartments [Yakir and Wang, 1996; Bowling et al.,
2001a, 2003; Ogée et al., 2003; Lai et al., 2003]. Distinct
isotopic signatures between sources and sinks are necessary
in order to utilize §!3C values to partition net surface fluxes.
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For instance, oceans discriminate roughly 10 times less
against '°C than most terrestrial vegetation, which has
allowed the isotopic signal in atmospheric CO, to be a
powerful tracer for constraining carbon budget analyses.
[3] Plants discriminate against '*C during CO, uptake
[Farquhar et al., 1989], resulting in an enriched "°C signal
for the CO, remaining in the atmosphere. On the other
hand, respiration releases '*C-depleted CO, to the atmo-
sphere. These distinct 13C signatures are useful tracers to
characterize gross CO, fluxes at the canopy-atmosphere
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interface. During the day, the observed CO, mixing ratio
and *C composition of CO, (§'CO,) reflect the relative
strengths of photosynthesis and respiration, while at night,
measurements reflect an integrated estimate of all respired
components. If gross CO, fluxes are independently deter-
mined, it is possible to estimate '*C composition of gross
primary production fluxes (6'°C,). Quantifying §'3C, is
important for accurate inversions of CO, source and sink
distributions [Lloyd and Farquhar, 1994; Ciais et al., 1995;
Fung et al., 1997; Randerson et al., 2002; Scholze et al.,
2003]. '

[4] Current global inverse models assuming constant
terrestrial discrimination against >C (A,) may have over-
estimated the interannual variability of oceanic and terres-
trial fluxes required for global CO, budget closure
[Randerson et al., 2002; Scholze et al., 2003]. Difficulties
in direct measurement of §'>C, have led to alternatives for
examining the seasonality in §'°C, [Conte and Weber,
2002]. A common approach is to record *C signatures
during respiration to infer what happens during photosyn-
thesis. Recent studies suggest that respired CO, consists of
a large portion of recently fixed carbon substrates [Hogberg
et al., 2001; Ekblad and Hogberg, 2001; Bowling et al.,
2002}, indicating a rapid recycling of recent photosynthesis
into current respiration. Assuming constant background
CO, mixing ratio and §'>CO, [Miller et al., 2003], a two-
source mixing model can be used to describe the carbon
isotopic composition of respired CO, sources (§'>Cyg)
[Keeling, 1958],

613Cm = %E_ (élacbg _ SISCR) + 813CR, (1)
m

where C represents mixing ratios of CO,, and subscripts m
and bg represent measurements collected within the canopy
boundary layer and the background atmosphere, respec-
tively. For canopy air sampling, the assumption of constant
background mixing ratio and §'>C of atmospheric CO, is
satisfied on a daily basis, so that flasks collected over
one night can be used to estimate isotopic composition
of respired sources using a “Keeling-plot” approach
[Flanagan and Ehleringer, 1998].

[5] Significant seasonal cycles in §'>Cy were observed at
tower-based experiments in North America (C.-T. Lai et al,,
Imbalance of !*CO, fluxes between photosynthesis and
respiration in North American temperate forest biomes,
submitted to Global Change Biology, 2004) (hereinafter
referred to as Lai et al., submitted manuscript, 2004) and
Europe (D. Hemming et al., unpublished data, 2004). Sea-
sonal variations in §'°Cj reflect temporal changes in §'*C,
and may induce large isotopic forcing, altering the atmo-
spheric 13C budget. On an annual timescale, however, it is
less clear how §°C,, §'3Cp, and gross fluxes would covary
and create a significant isotopic disequilibrium [Ciais et al.,
1995; Fung et al., 1997, Randerson et al., 2002].

[6] Interpreting atmospheric §'>CO, data is complicated
by differential fractionations associated with the two major
photosynthetic pathways. C, photosynthesis discriminates
less against '>C than C; photosynthesis, and its discrimina-
tion value approaches that of oceans. C,4 plants are concen-
trated in subtropical and tropical regions with ample
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precipitation and high light environment [Ehleringer et
al., 1997, Sage et al., 1999; Stll et al., 2003]. Global
modeling studies which incorporate mechanistic models
predict latitudinal gradients of mean terrestrial discrimina-
tion in the Northern Hemisphere associated with differential
C;-C, plant distributions [Lloyd and Farquhar, 1994; Fung
et al., 1997; Still et al., 2003] (also S. Suits et al,,
Simulation of carbon isotope discrimination of the terrestrial
biosphere, submitted to Global Biogeochemical Cycles,
2003) (hereinafter referred to as Suits et al., submitted
manuscript, 2003). Longitudinal variations in vegetation
types associated with changes in precipitation will also
influence ecosystem-scale §'>C values, especially when
compared with model calculations. Field observations are
important to characterize effects of temperature and water
availability on §'3Cy. Direct measurements can also define
the bounds of modeled §'°C, for regions of a dominant
vegetation type within a latitudinal band.

[7] In this study, we use nearly 2 years of CO, mixing
ratio and §'>CO, measurements collected in four terrestrial
ecosystems in the United States, and link these data with
large-scale atmospheric patterns to investigate §'°C signa-
tures associated with biospheric fluxes. We investigate '>C
values in a deciduous and two coniferous forests as well as
in a C4-dominated grassland. No previous study has pro-
vided both daytime and nighttime §'°C measurements at
timescales as fine as the current study or in such diversified
ecosystems. Values of §'>Cy were measured weekly during
the growing season for all four sites; using weekly data,
§'3C values associated with net CO, fluxes were estimated
on an annual basis. In combination with eddy covariance
flux measurements, we demonstrate a method for estimating
a whole-canopy photosynthetic discrimination against B¢
from direct measurements. Errors associated with our ex-
perimental approach are estimated, and factors that might
influence our interpretation of canopy 6'C measurements
are also addressed. Frequent, long-term stable isotope
measurements in terrestrial ecosystems should improve the
accuracy of global inversion analyses for separating oceanic
and terrestrial uptakes of anthropogenic CO, inputs.

2. Methods

[8] CO, mixing ratios and 8'°CO, over a terrestrial
canopy are mainly affected by CO, contributions from
biological activities (Cpio) and fossil fuel combustion (Cg),
added to some background value of CO, mixing ratio (Cyg)
with an associated 6'°C content (§'°Cpg). Mass balance
equations can be written for the observed mixing ratio
and 8'C of CO, over plant canopies as

Cp= Cbg + Cbio +Cx (2)

883 CnCr = 8'3 CogCrg + 8 CioChio +8°CCrr,  (3)
where 83C;o and 8'3Cy represent carbon isotope ratios
associated with biological activities and fossil fuel combus-
tion, respectively. As with CO,, each 8'°C value in
equation (3) represents a ﬂux~weiéhted quantity of
respective processes. For instance, § Gy, characterizes
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the carbon isotope composition of net CO, fluxes ex-
changed between the atmosphere and a plant canopy, and
represents the isotopic balance between photosynthesis and
respiration. Notice that in equation (3), CO, exchange
between the atmosphere and oceans is relatively small at
continental sites and can be ignored [Bakwin et al., 1998;
Miller et al., 2003]. )

[9] Bakwin et al. [1998] and Potosnak et al. [1999]
showed during the growing season that biological activities
dominate CO, mixing ratio and §'>CO, measurements in
terrestrial ecosystems, such that Cy <« Cpio. Rearranging
equations (2) and (3), we arrive at the following equation
which effectively describes what happens during the grow-
ing season:

(8 CnCn — 8" CogCog) = 8" Ciio (C — Cig)- )

Equation (4) is derived from the same mass balance
equations of '*CO, and >CO, that are used to derive the
Keeling relation (equation (1)). However, this form,
originally derived by P. Tans, has an advantage when
analyzing a time series of air samples collected over multiple
seasons or years, where the assumption of constant back-
ground CO, mixing ratio and §'3CO, is violated [Miller et
al., 2003; Miller and Tans, 2003]. Through a linear
regression analysis with X = C,, — Cpg and Y =
§8CuCrn — §2CigCig, We obtain §'°Cyy, as the slope of
the regression. Because measurement errors occur in both
~ dependent and independent variables, a geometric mean
regression (Model II) is required for this analysis [Pataki et
al., 2003a]. Notice that equation (4) has an intercept of zero.
Since geometric mean regression should not be forced
through the origin, we can justify the appropriateness of this
model to the observed data by testing statistical significance
of the intercept. If an intercept is statistically different from
zero, it suggests that equation (4) may not be an appropriate
model to explain the variance observed in the data. Therefore
the assumption Cgr < Cyj might have been violated.

[10] When Cg becomes significant relative to the other
terms, all terms in equations (2) and (3) need to be consid-
ered in order to estimate §'3Ciio. The fraction of observed
CO; derived from fossil fuel combustion can be estimated
by concurrent measurements of carbon monoxide (CO)
[Potosnak et al., 1999; Bakwin et al., 1998), §'*C [Meijer
et al., 1997; Takahashi et al., 2001], or §'%0 [Florkowski et
al., 1998; Pataki et al., 2003b]. Bakwin et al. [1998] and
Miller et al. [2003] found no significant contribution of fossil
fuel combustion to the overall CO, concentration during
summer months at many continental sites. In this study, we
will assume Cyx < Cpjo and use the simplified model to
estimate §'>C;o, but examine the regressed intercept to
justify our assumption C < Cp;, at each station.

[11] To use equation (4) for estimating §'>Cy;, Cyg and
8'*Cyg need to be quantified independently. Regional values
of background air required to estimate fluxes of trace gases
emitted from land or ocean surfaces are ill-defined and
difficult to quantify. From a mass balance perspective,
background air represents the starting point of a mixing
process that includes physical transport, biological produc-
tion, and chemical reaction of trace gases of interest. For
passive scalars like CO, at a local station, the background
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CO; mixing ratio and §'*CO, incorporate CO, exchange
with the land biosphere, oceans, and fossil fuel inputs at
some timescale of atmospheric transport. While the concept
of background air is intuitive, it is not very clear how to
quantify this imaginary starting point given the dynamics of
atmospheric boundary layer phenomena. Airborne experi-
ments can be used to collect air samples in the free
atmosphere, but are expensive and are still subject to
weather conditions. Alternatively, measurements in the
marine boundary layer can be used as a proxy for back-
ground air. Potosnak et al. [1999] demonstrated good
correlations between air measurements collected at a marine
station and background air defined by local CO and CO,
measurements at the Harvard Forest. In this study, we use
the Globalview reference marine boundary layer (MBL)
matrix from the NOAA/CMDL network to extract MBL
values of CO, mixing ratio and §'*CO, at the same latitude
as each of our four local stations for specific values of Cyg
and 6'3Cbg. Procedures for deriving Cyg and 613C|,g are
described in section 2.2.

2.1. Study Sites
[12] The atmospheric sampling measurements occurred in

_four contrasting terrestrial biomes: a western coniferous

forest (Wind River Canopy Crane Research Facility
(WRCCRF), WA, 45°49'N, 121°58'W), a C,-dominated
tallgrass prairie (Rannell Flint Hills Prairie, KS, 39°07'N,
94°21'W), a temperate deciduous forest (Harvard Forest,
MA, 42°32'N, 72°11'W), and an eastern coniferous forest
(Howland Forest, ME, 45°15'N, 68°45'W). These four sites
comprise major vegetation types in the United States and
are sites within the AmeriFlux network. Coincidentally,
these four sites are also located in the latitudinal band with
the largest latitudinal gradient in BC discrimination pre-
dicted by an earlier global carbon cycle modeling study
[Fung et al., 1997].

2.2. Defining Cyg and §Cpg

[13] Defining background values for trace gases ex-
changed between the atmosphere and the biosphere is not
trivial. Ideally, regional background CO, mixing ratio and
8'3C0O, should be measured from the local free atmosphere.
Dynamics of the convective boundary layer make it difficult
to measure Cy,g and 6]3Cbg. Different approaches have been
used to characterize background CO, mixing ratio and
§13CO, [Bakwin et al., 1998; Potosnak et al., 1999; Miller
et al., 2003; J. Styles et al., personal communication, 2003;
B. Helliker et al., personal communication, 2003], depend-
ing on the purpose of each study. For the current analysis,
we consider background values that are representative of
latitudes where measurement stations are located. Second,
background values must represent the mixed global tropo-
sphere with minimal local terrestrial effects, such that
differences between our local canopy measurements and
background air characterize signals of local and regional
terrestrial biological activities.

[14] To satisfy these conditions, we use the Globalview
reference MBL matrix from NOAA/CMDL’s network. The
Globalview reference matrix is constructed in weekly inter-
vals with spatial increment of 0.05 sine of latitude from
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Figure 1. Zonal-mean CO, mixing ratio and §“C
abundance in marine boundary layer (MBL) at latitudes
corresponding to our four study sites. Values shown were
extracted from Globalview reference MBL matrices within
the NOAA/CMDL network.

90°S to 90°N using observations from sampling sites
located in the marine boundary layer [Conway et al.,
1994; Francey et al., 1995; Trolier et al., 1996], isolated
from biospheric carbon sources and sinks [Globalview-
CO02, 2003; Masarie and Tans, 1995]. The Globalview
reference matrix allows us to extract a reference MBL time
series for any latitude. Methodologies and procedures for
constructing the Globalview reference MBL-CO, matrix are
described by Globalview-CO2 [2003] and Masarie and
Tans [1995] and available on the internet via anonymous
FTP to fip:/fip.cmdl.noaa.gov/ccg/co2/GLOBALVIEW/.
However, the Globalview reference MBL-6'3C matrix was
specifically constructed, using the same methodologies for
the MBL-CO, matrix, for the current study and is not
available to the general public.

[15] On the basis of the Globalview reference MBL-CO,
and MBL-6'C matrices, we used linear interpolation to
extract MBL values of CO, mixing ratio and §'*CO,
for latitudes where our measurement stations are located
[Globalview-CO2, 2003; Masarie and Tans, 1995]. Figure 1
shows these extracted MBL values of CO, mixing ratio and
8'3CO,, which were used to represent Cpg and 613 Cog,
respectively, for each of our local stations.

2.3. Sample Collection and Data Conditioning

[16] The sampling protocol was frequent (weekly) auto-
mated collections of C,, and §'3C,, above and inside plant
canopies during both daytime and nighttime. This involved
an automated air sampling system that collected 15 flasks at
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weekly intervals during the growing season and at monthly
intervals when the vegetation was dormant [Schauer et al.,
2003]. Air samples were dried with magnesium perchlorate
during collection and stored in 100-mL glass flasks with
Teflon stopcocks (Kontes Glass Co., Vineland, N. J.).

[17] As part of the atmospheric sampling scheme, two
flasks were collected in the mid-afternoon (usually between
1430 and 1530 local time) from the top of the canopy. From
this pair of flasks we calculated an average for the mixing
ratio and §"3C of CO, to estimate daytime values at the top
of the canopy. Because our measurements were collected
within the canopy roughness boundary layer and the two
flask members of each pair were collected 15 min apart,
they could have been subjected to different local source
effects. Measurements were first filtered to remove values
where the difference between the two members of a flask
pair differed by more than 5 times the isotope analysis
precision (0.12%o for §'°C VPDB). A flawed flask pair was
identified whenever the CO, mixing ratio of the two
flask members differed by more than 2% of expected value
(~ 7 ppm) based on in situ measurements (S. P. Urbanski et
al., unpublished data, 2004). Spurious measurements may
have been caused by any of a number of local or analytical
effects and were removed from our analyses. Ten percent of
the flask samples were excluded on this basis.

[18] Nighttime sampling began an hour after sunset to
ensure no effect of photosynthesis on our estimates of
8!3Cp. A set of 12 flasks was collected evenly at two
heights (0.5 m above ground and mid-canopy) inside the
canopy. A data logger governed sampling with a pre-
specified range of CO, mixing ratio (=>75 ppm) to obtain
statistical confidence for constructing weekly Keeling plots
during summer months [Pataki et al., 2003a; Miller and
Tans, 2003]. This expected CO, gradient was computed
based on measurements of CO, mixing ratio in the previous
year for the site. Flask collection continues over the course
of a night until the specified CO, gradient is met. If respired
CO,, does not build up sufficiently (e.g., on a windy night),

the system resets itself and repeats the same protocol next

day. A minimum CO, gradient of 20 ppm was preset in the
data logger for winter months when biological activities
were much reduced, yielding lower expected CO, gradients.
The geometric mean regression was used for each Keeling
plot to account for measurement errors in both dependent
and independent variables [Sokal and Rohlf, 1995]. Values
of the Keeling intercept (6!°Cg) were rejected if standard
errors of the intercept were greater than 3%o; this most often
occurred during winter when the CO, gradient was small.
About 5% of the measured §'>Cy values were excluded on
this basis. Flasks were analyzed for §'3CO, at the Stable
Isotope Ratio Facility for Environmental Research at the
University of Utah using a continuous-flow isotope ratio
mass spectrometer system (Precon attached to a Finnigan
MAT 252 or Delta S, San Jose, Calif.), and CO, mixing
ratios were measured with high precision (£0.2 ppm) using
a bellows/IRGA system [Bowling et al., 2001b].

2.4. Smooth Curve Fitting

[19] Smooth curves were fitted using the method
described by Thoning and Tans [1989], where the curve
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Figure 2. Seasonal variations in the difference between locally measured CO, mixing ratio and §'°COo,
at the top of canopies for all four sites and background values extracted from Globalview reference MBL

matrices in the years of 2001 and 2002.

fit function consists of a combination of polynomial and
annual harmonics. To alleviate the end-point effect on curve
fitting, five projected values were used at each end to guide
the curve. Smooth curve fitting to a long record of
atmospheric observation requires special attention to de-
trending [Thoning and Tans, 1989]. However, our records
of CO, mixing ratio and §'*CO, were a little longer than 1
year, short enough so that the long-term mean trend was not
apparent and had little effect on our smooth curves.

3. Results ‘
3.1. Background CO, Mixing Ratio and 5"*CO,

{20] Figure 1 shows the background values of CO,
mixing ratio and §'>CO, for the four study sites, repre-
sented by the zonal-mean MBL values at the same
latitudes from the Globalview reference matrices. Seasonal
patterns resulting from biospheric effects were preserved in
the marine boundary layer signals, with greater amplitudes
in both CO, and §CO, at higher latitudes. However,
these differences were small for the range of latitude
associated with our study sites (39°N—45°N). The differ-
ence in zonal-mean MBL values does not exceed 2.5 ppm

for CO, mixing ratio and 0.1%. for §"°CO, among our
stations.

3.2. Daytime CO, Mixing Ratio and §'°CO,

[21] Figure 2 shows the difference between locally mea-
sured CO, mixing ratio and §">CO, at the top of the canopy
for all four sites and background MBL values. The strong
seasonal pattern shown at the three forest sites clearly
demonstrated the biospheric impact on the atmosphere.
Between June and September, §'3C values of canopy air
were more enriched while CO, mixing ratios were lower
than those of background air, suggesting substantial photo-
synthetic drawdown of CO, at these forest sites during these
months. During the winter months, locally observed CO,
values increased and §'°CO, decreased at continental sites
because of increased impact of fossil fuel inputs, limited
photosynthetic CO, uptake, and weak convective turbulent
mixing. As opposed to the forest sites during summer,
observed atmospheric CO, mixing ratio and §"°CO, in the
tallgrass prairie were somewhat confounding, as local
8'*CO, measurements did not show enriched pattern as
the forest sites. In the summer of 2002, Rannells Prairie
experienced one of the most severe droughts in decades. In
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Figure 3. Relationship between deviations of local CO, mixing ratio and deviations of the product of
CO, mixing ratio and §'3CO, from background values for all four sites, as described by equation (4).

fact, the drought was so severe that NEE fluxes were
positive in most of the afternoon hours for a significant
period of time [Lai et al, 2003]. Photosynthetic CO,
uptakes in this grassland were suppressed due to stomatal
closures from the combined effects of low soil water content
and high vapor pressure deficits. Soil respiration was also
reduced, but to a lesser degree, because of the low soil
moisture content [Lai et al., 2003]. These combined effects
resulted in a net source of CO, in this grassland, creating
confounding patterns of mid-afternoon atmospheric CO,
and §'3CO, signals as shown in Figure 2. Also notable in
Figure 2 was that at the site closest to the Pacific Ocean
(i.e., WRCCRF) the observed mixing ratio and §'C of CO,
were closer to the background air values. As air moved
eastward, deviations in local CO, and §'CO, from
background values became greater, suggestive of an
integrating continental effect.

3.3. Estimates of §'3Cp,

[22] Flask measurements at continental sites are influ-
enced by both biogenic activities and fossil fuel combustion.
Fossil fuel usage increases in winter and the natural gas used
in household furnaces has a much depleted >C composition

[Bakwin et al., 1995, 1998; Pataki et al., 2003b]. On the
other hand, biogenic activities dominate observed CO, in
the summer. To satisfy the assumption Cg < Chpio, WE
applied daytime measurements collected only during the
growing season (May to early October) with equation (4) to
estimate 8'°Cy;,. Figure 3 shows the relationship between
deviations of local C,, and §“C,C, from background
values for all four sites with the Model II regression
statistics reported in Table 1. By definition, geometric mean
regression is calculated by forcing the line to pass through

Table 1. Results From Model II Regression for a Linear
Relationship Y = B + 31X, Where X = C,, — Cpe, Y =
613 CpCrm — 83 CigCog and By = §"°Cyyio (see equation (4))

Site B, SEq P Bo SEz P R? df
WRCCRF ~27.1 27 <0001 —372 16.6 >0.02 078 24
Rannells Prairie —22.6 4.0 <0.001 —74.7 287 >0.02 0.59 15
Harvard Forest .

May-October —31.3 3.5 <0.001 —125.2 23.9 <0.001" 0.77 20
May-July  —283 25 <0.001 — 594 21.8 >0.02 093 9
Howland Forest —27.8 2.4 <0.001 —36.5 15.7 >0.02 _ 0.86 20

®The asterisk indicates intercepts that are significantly different from
zero at 98% confidence interval. P-values were computed by student- test.
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the bivariate mean X and ¥ [Sokal and Rohlf, 1995]; hence
an intercept should always exist. Before applying the
simplified model (equation (4)) to explain the variance in
Cn and 8'°C,, and for estimating §3Cy;,, we tested the
significance of the intercept (Table 1). At all but the
Harvard Forest site there were insignificant zero intercepts.
This meant that equation (4) was appropriate for interpret-
ing the observed variances in CO, mixing ratio and §'*CO,
at WRCCREF, Rannells Prairie, and Howland Forest during
the growing season. The slope of this regression gave an
estimate of an annual mean, flux-weighted carbon isotopic
composition of net CO, fluxes (5'>Cy;o).

[23] The conflict between the simplified model and ob-
served data at the Harvard Forest suggested the assumption
(Ci < Gyio) that leads to the derivation of equation (4) be
not valid. The sign of the non-zero intercept is actually
consistent with a more depleted “constant” contribution,
suggesting fossil fuels. The significant influence of fossil
fuel combustion on observed CO, mixing ratio has been
previously reported at the Harvard Forest site using
concurrent measurements of CO, and CO [Potosnak et
al., 1999]. Although the largest anthropogenic impact
occurred during winter [Potosnak et al., 1999], there might
be sporadic fossil CO, inputs in summer depending on wind
directions. To alleviate such a potential concern, we
examined flasks collected only between May and July
when CO,/CO ratio was lowest (minimal fossil CO, impact)
[Potosnak et al., 1999)]. We reiterate that our goal was to use
the simplified model (equation (4)) to estimate §'>Cy;, from
the observed CO, mixing ratio and §CO,. With such a
constraint, we reduced the possibility of violating the
assumption Cyy < Cyio. The intercept became insignificant
(P > 0.02) if we only use data collected between May and
July. The estimated §'3Cy;, increased by 3% from ~
—31.3%o to —28.3%. (see Table 1).

3.4. Nighttime CO, Mixing Ratio and §*CO,

[24] Measurements of nighttime flasks were analyzed with
the “Keeling plot™ approach to examine temporal variations
in respired isotopic signatures. As shown by Lai et al.
(submitted manuscript, 2004), pronounced seasonal changes
of §'3Cy appeared in these C, forest ecosystems. That
seasonal trend of increasing 6'°Cg correlated with soil
moisture availability, reflecting stomatal closure under
water stress conditions. We occasionally detected very low
8'2Cg values (—33 to —46%o) at the Harvard Forest during
winter. These 8'°Cy values were far too negative to have
been derived from this C; forest ecosystem and were likely
derived from off-site anthropogenic sources. The observed
§"3Cy in the C, prairie increased with the progression of the
growing season, reflecting the emerging photosynthetic
dominance of C, species [Lai et al, 2003]. However,
isotopic air sampling in heterogeneous ecosystems with
more than one photosynthetic pathway requires special
attention to sampling footprint [Still et al., 2003; Lai
et al., 2003]. This issue will be further discussed later.

3.5. Comparisons of 8Cg, §"3Cy, and §'3C,

[25] We have shown estimates of §'3Cy;, and §3Cp
separately using flasks collected during daytime and
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Table 2. Comparisons of Carbon Isotopic Composition Observed
by Three Independent Methods in Four Terrestrial Ecosystems in
the United States®

Site §53Cg (+S.E.), %o 6" Cpig (&S.E.), %o 8"Cory (+S.E.), %o
WRCCRF —26.2 (20.9) —27.1 (£2.7)  —25.7 (¥0.3)
Rannells Prairie  —15.3 (+0.8) ~226 (£40) Cj: —27.9 (x0.5)

Cq: —12.0 (20.3)
Harvard Forest  —26.9 (20.9) —283 (£2.5) —274 (x04)
Howland Forest —26.5 (0.9) —27.8 (22.4)  —27.3 (0.5)

*Values of 813C R are averages for the growing season adopted from Lai
et al. (submitted manuscript, 2004), §'>Cy;, are regression slopes from
equation (4), and §'*C, represents annual averages of leaf organic matter
from sunlit foliage.

nighttime. It is important to note that §13Chi0 and 83Cp
represent ecosystem '>C signatures associated with different
fluxes. The §'*Cy;, characterizes the >C signal with respect
to the balance between two large gross fluxes: photosynth-
esis and respiration. The §'3Cg, on the other hand,
represents only ecosystem respiration. To put things into a
broader perspective, we can calculate a mean § 3C for
the growing season (§°Cy) at each site to compare with
8'Cpio. This comparison is shown in Table 2, where 8'3C
values of leaf organic matter (813C,,,g) are also shown. The

differences among 8'>Cyio, 6°Cz and §'°Coyy were no
greater than 2%o for each of the C; forests. This narrow
range implied that the '>C composition of gross primary
production fluxes (8'3C,) was close to that of §"Cy
or §'*Cp, which was also in agreement with long-term
integrated 13C values represented by 6’3C0,g (Table 2). This
agreement was not expected given the observed seasonal
variation in §"3Cx.

[26] We predict that values of 8"*C, would have been
very close to §'*Cg or §'°Cy;o between 2001 and 2002 for
these C; forests. We can use Harvard Forest as an example
to carry out a calculation for estimating an annual-mean,
canopy-scale A,. From Table 2 we know that B¢y =
—26.9 and §"3Cpio = —28.3%0. According to Barford et al.
[2001], the mean GPP, ecosystem respiration (R), and net
ecosystem exchange (NEE) fluxes in the 1990s for the
Harvard Forest were —13, 11, and —2 Mg C ha™! yr},
respectively. We can calculate 5'3C, as

8 Cyio - NEE = §'*C, - GPP + 8"°Cy - R, (5)

which yields §'3C; = —27.1%. Using values of §"*Cyg
shown in Figure 1, we calculate mean values of 8'3Ct,g =
—8%o for the growing season (May-October), with
indistinguishable difference among sites. We then calculate
photosynthetic discrimination against BC as Ay = (-8 —
§13C)/(1+ §'3C,4/1000) = 19.6%o for this temperate
deciduous forest, which is in good agreement with Ap
values inferred by leaf organic matter (Table 2).

[27] Calculations carried out here only serve to demon-
strate an experimental approach for estimating A,. More
precise estimates of A, for these four ecosystems require
fluxes measured in the same period consistent with our
isotope measurements, which is under investigation in a
following study (Lai et al., submitted manuscript, 2004). It
is useful to quantify errors associated with the experimental
approach introduced here. We consider errors for every
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measured quantity in equation (5) and propagate errors
through calculations of A,. Errors associated with §'°Cg
and 813 Cy;, are given in Table 2. If we assume that each flux
component can be measured within 5% and propagate errors
as the root mean square, values of canopy-scale A, can be
estimated within ~7% (or £1.9%.) for the example shown
above.

[28] Lai et al. [2003] showed that during the growing
season in 2002, measurements of 613CR at Rannells Prairie
were occasionally affected by the presence of adjacent C;
forests and cropland, depending on wind speed and wind
direction. Likewise, the estimated §'3C;, in this prairie
indicated a very Cs-like signal during daytime periods
(Table 2). Perhaps our daytime observations were compro-
mised by adjacent C; cropland, as shown by Lai et al.
[2003]. This prairie site is located in the center of the Great
North American Plains with consistent, high wind speeds.
Therefore it is also possible that our daytime flasks
represent a regional-scale mixing of C,/C4 photosynthesis.
Lai et al. [2003] showed that summer drought substantially
reduced photosynthetic uptake for this tallgrass prairie in
2002. Whether the estimated 8'3Cyio value is an anomaly
resulting from the severe drought remains a question to be
resolved.

[20] It is important to note that the atmospheric §°C
budget is very sensitive to small changes in global-scale
§"°C,4 or §*Cy. Randerson et al. [2002] showed that the
magnitude of modeled terrestrial carbon sinks decreased by
0.5 GtCyr if global-scale §'>C,, was allowed to vary by only
+0.2%o. Year-to-year variability in §'°C is very likely due
to vegetation responses to regional drought and climatic
events (e.g., El Nifio). Measurement-based canopy-scale
estimates of A,, like the one derived here, provide
opportunities to investigate mechanisms controlling A,,
and contribute to constraining modeled results. It is crucial
to incorporate knowledge of ecosystem processes into
regional-scale models for improving our ability of assessing
global distributions of CO, sources and sinks.

3.6. Sensitivity Analyses

[30] In calculating an annual-mean, canopy-scale Ap
using equation (5), 8'3Cg, and §'°Cy;, need to be known
along with gross and net CO, fluxes. The Keeling plot
approach has been widely adopted, providing reliable
estimates of 813CR [Flanagan et al., 1996; Buchmann et
al., 1997; Bowling et al., 2002; Fessenden and Ehleringer,
2003]. The largest uncertainty regarding the isotopic fluxes
appears to be in the estimate of §'3Cy;, because of the
potential ambiguity in quantifying G, and 813Cbg. To test
the robustness of our estimated §'°Cy;,, we performed
sensitivity analyses with regard to two potential uncertain-
ties: (1) instrument errors and (2) inappropriate description

Table 3a. Sensitivity Analyses for the Estimates of 8”C|,i,,(# B1)s
Test A, Considering Measurement Errors From Our Instruments

Site 8, SEgs Bo  SEp P R?
WRCCRF -270 27 29 165  >005 077
Rannells Prairie 225 40  —137 289 >005 0.8
Harvard Forest ~ —282 2.5 04 222 >005 093
Howland Forest  —27.6 2.4 235 159 >005 0386
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Table 3b. Sensitivity Analyses for the Estimates of &§'>Cyo(= B1),
Test B, Using Localized Smooth Curves as Background Values®

Site B SEg, Bo SEgo lis R’
WRCCRF -24.0 32 1.8 13.0 >0.05 0.61
Rannells Prairie -20.6 3.1 -9.1 224 >0.05 0.68
Harvard Forest -249 1.6 -29 111 >0.05 0.96
Howland Forest -27.5 2.5 11.6 11.5 >0.05 0.85

See text.

of background air. We caution that a third line of potential
errors lies in the possible calibration differences between
laboratories for atmospheric CO, and §">C measurements.
On the basis of results of sensitivity tests shown below, we
suspect errors associated with calibration differences are
small. This issue, however, needs to be investigated upon
inter-calibration established in the future.

lgax] We carried out two sensitivity tests for the estimate of
J Cbio:

[32] 1. We considered instrument errors: What are the
impacts of instrument errors on the estimate of §*Cy;o? As
shown by Schauer et al. [2003], our automated sampler
imzposed a subtle effect on measured CO, mixing ratio and
§'CO,. The general trend was to artificially increase the
CO, mixing ratio by as much as 1.5 ppm and decrease the
8'CO, value by as much as 0.17%o over a 5-day period. For
this first test, we reduced our observed CO, mixing ratios
by 1.5 ppm and added 0.17%s to §'3CO, to “adjust” for the
maximum-expected instrument artifacts and repeated the
analyses for estimating §'3Chio- Table 3a shows that our
estimates of 8'*Cp;o did not significantly differ (P > 0.05) at
all sites with respect to the maximum potential instrument-
induced artifacts.

[33] 2. We used localized smooth curves for G and
8°Cyg: In this second test we considered a different
approach to estimate Cpg and 813Ct,g, then re-evaluated its
impact on the estimate of §'3Cyio. Bakwin et al. [1998] and
Miller et al. [2003] suggested using smooth curves fitted to
local measurements to represent regionally averaged back-
ground values, then adopting deviations of individual
observations from smooth curves as “signals” of surface
CO, exchange. For this sensitivity test, we used smooth
curves fitted to our daytime flask measurements collected
above canopies to represent C,; and §'3 Cpg, and re-
calculated §'>Cy;,. Table 3b shows that when C,g and
8'3Cbg were quantified by this approach, the estimated
8'3Cy; increased by 2—3%s for all sites but Howland Forest.
Interestingly, the more positive values of §!Cy;, yielded by
this approach were in better agreement with those reported
by Bakwin et al. [1998] and Miller et al. [2003]. We
reiterate that the only difference in our calculation for this
test was to replace Cpg and 8'>Cyg extracted from Global-
view MBL matrices by values of smooth curves fitted to
local flask measurements.

4. Discussion

[34] By collecting both daytime and nighttime flasks, we
were able to characterize isotopic signals associated with net
CO, exchange and respiratory fluxes. Combining these data
with direct eddy flux measurements, we estimated an
annual-mean, canopy-scale photosynthetic discrimination

8 of 11




GB1041

against 13C0O,. Nonetheless, as we have shown in the
sensitivity analyses, calculations of 8§13 Cy;o depend on the
quantification of G,g and 8‘3Cbg. The appropriate choice of
background air values remains uncertain (here as well as in
other studies). Ideally, values of CO, mixing ratio and
§3CO, from the free atmosphere over regions under
investigation are desired. Measurements at a marine station
integrate large-scale atmospheric mixing of global CO,
transport without significant direct impacts from terrestrial
ecosystems. The disadvantage of using measurements at a
marine station to represent Cpg and §'°C,q for a continental
site may involve some lag time that needs to be estimated
between the selected station and the investigated site. On
the other hand, using smooth curves fitted to local
measurements at continental sites to represent Cpg and
613Cbg restricts analyses to processes occurring relatively
close to the observing tower [Miller and Tans, 2003], and
may be more sensitive to uncertainties associated with
sampling footprint. The calculated difference in §'Cpio
between the approach used in the current study and that of
Miller et al. [2003] perhaps indicates a discrepancy in
regional footprints of the two approaches.

[35] We can further examine the effect of different §'>Cpio
values on the estimated A, for these C; forests by once
again using Harvard Forest as an example. With §!°Cy;, =
—24.9%o as estimated by the approach of Bakwin_et al.
[1998] and Miller et al. [2003] (Table 3b) and §°Cy =
—26.9%0 (Table 2), we calculated §'3C, = —26.6%o. This
corresponded to Ap = 19.1%o, which was “only” 0.5%o
different from our previous approach. Given that errors
associated with our experimental approach can be much
greater (~ 2%o as demonstrated in our example), precise
determination of §'>Cy;, does not guarantee an accurate
estimate of A,. Careful flux measurements are also equally
important when evaluating A,. It is encouraging that
estimates of A, are not hypersensitive to the selection of
background air. This +0.5%0 change would have induced a
negative atmospheric forcing 0f 0.5 x —13 = —-6.5 Mg C %o
ha=! yr~!. Calculations here reiterated the importance of
quantifying temporal and spatial variations in A,. Slight
changes in A, can result in large influences on the
atmosphere after flux-weighting by one-way gross fluxes,
as indicated by the 3.4%o difference of §'>Cy;, between the
two different approaches for quantifying Cyg and 613Cbg.

[36] To put our observed 8'*Cy;, in the context of global
carbon cycles, Figure 4 shows the latitudinal difference in
the estimated §'*Cy;, from this study and that of Miller et al.
[2003]. For references, modeled §"*C, from global carbon
models of Fung et al. [1997), Lloyd and Farquhar [1994],
Still et al. [2003], and Suits et al. (submitted manuscript,
2003) were also shown. Estimates of §!°Cy;, at our C; forest
sites were nowhere close to those at similar latitudes
reported by Miller et al. [2003]. Such discrepancies may be
consequences of different footprints represented by the two
analyses. The error bars in our estimates were greater
because our sample size was much smaller. Although our
data only represented the year between 2001 and 2002
while Miller et al. used data from multiple years, it was the
selection of background air that causes the difference
between the two studies. We noted that modeled §'3C,
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Figure 4. Latitudinal distribution of the annual mean,
flux-weighted 8'C of net ecosystem exchange CO; fluxes
(8'3 Chio)- The dash line, dotted line, solid line, and broken
line represent modeled §'>C, from Still et al. [2003], Fung
et al. [1997], Lloyd and Farquhar [1994], and Suits et al.
(submitted manuscript, 2003), respectively.

shown in Figure 4 were different from observed 813 Chio
Modeled §C, represent zonal-mean, flux-weighted values
based on relative GPP fluxes of C; and C, photosynthetic
pathways within each latitudinal band. Estimates of §3Chio
are carbon isotopic compositions of regionally net CO,
fluxes, representing the balance between GPP and ecosys-
tem respiration. Estimates of 8'3Cyio incorporate footprints
on the order of several kilometers. We can at best use
§'3Cy;o as bounds to constrain modeled §'3C,. For instance,
our estimates of §'>Cy;, at the C; forest sites were more
negative than all models, because our isotopic signals were
sampled over areas of C; vegetation and therefore had no C,
effect. Modeled §!3C, were more positive because GPP of
C4 plants were considered within each latitudinal band.
Differences in the modeled latitudinal gradient of terrestrial
discrimination were strongly affected by distributions of C4
photosynthesis. These discrepancies can be reduced with a
more recent estimate of the global distribution of C4
photosynthesis [Still ef al., 2003]. One of the unexamined
features for the modeling studies shown in Figure 4 is how
ecosystem discrimination varies by longitude. As three-
dimensional global inversion analyses of CO, and §3C
become available, longitudinal variations of terrestrial *C
discrimination need to be considered as well. Our estimates
of §'3Cy;, and 8'3Cy, at the four ecosystems across the North
American continent should also contribute to this develop-
ing research area.

[37] Ecosystem '*C signatures (both §13Cx and 86Cy)
vary substantially over a growing season and should change
from year to year in response to climatic forcing [Scholze et
al., 2003]. As the data set grows longer, we can dissect data
into seasons to investigate the seasonality of A or to
examine the interannual variability in A,. Long-term and
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frequent isotopic air sampling at low latitude, where the
contribution of C4 photosynthesis is relatively high, should
be established to validate the modeled gradient in zonal-
mean Ay [Lioyd and Farquhar, 1994; Fung et al., 1997
Still et al., 2003; Suits et al., submitted reference, 2003].
This is particularly important because changes in the
proportion of C5/C, distribution would strongly modulate
the atmospheric '>C budget. Last, airborne measurements
can complement tower-based studies for estimates of Cpg
and 8" Cy,g, but are not practical on a routine or continuous
basis. For future experimental designs, linking airborne and
ground-based experiments would facilitate our understand-
ing of CO; exchange between the atmosphere and terrestrial
ecosystems.

5. Conclusions

[38] We have shown annual mean *C signatures associ-
ated with canopy gross and net CO, fluxes from four sites
sampled in the United States. An annual mean, flux-weighted
§3C of net ecosystem CO, fluxes was inferred for C;
forests and a C, prairie. Combining *C signatures associated
with respiratory and net CO, fluxes, we demonstrated a
measurement-based approach to estimate an annual-mean,
canopy-scale photosynthetic discrimination against °C. The
estimated 6"°C ratio associated with photosynthetic fluxes is
in agreement with that measured from foliar organic matter.
Although the accuracy of our experiment-based analyses is
and will continue to be restricted by measurement errors,
canopy-scale CO, and §'°C measurements are critical for
assessing the validity of modeling studies.

Appendix A: Symbols Used in the Text

CcO
CO,
Cog
Cbio

carbon monoxide;

carbon dioxide;

CO, mixing ratio of background air (ppm);

CO, mixing ratio associated with biological
activities in terrestrial ecosystems (ppm);

CO, mixing ratio associated with fossil fuel
combustion (ppm);

CO, mixing ratio within the canopy boundary
layer (ppm);

stable carbon isotopic composition (%e);
radioactive carbon isotopic composition (%o);
oxygen isotopic composition (%o);

carbon isotopic composition in CO, (%o);

carbon isotopic composition associated with gross
primary production CO, fluxes (%o);

carbon isotopic composition in background CO,
(%);

carbon isotopic composition associated with
biological activities in terrestrial ecosystems (%);
carbon isotopic composition associated with fossil
fuel combustion (%o);

carbon isotopic composition associated with
ecosystem respiratory CO, fluxes (%o);

averaged carbon isotopic composition associated
with ecosystem respiratory CO, fluxes during the
growing season (%o);

Cff

Cn
8'3C
14

618

§'3Co,
613CA

§C,,
8" Chio
§°Cy
§Cy

613CR
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§13C,, carbon isotopic composition in CO, within the
canopy boundary layer (%o);

carbon isotopic composition in leaf organic matter
(%)

whole-canopy photosynthetic discrimination
against '*C (%);

gross primary production CO, fluxes (Mg C ha™!

§ 13 Corg
TAVN
GPP

marine boundary layer;

net lecosystem exchange CO, fluxes (Mg C ha™!
yro)

R ecggstem respiratory CO, fluxes (Mg C ha™’
yr);

bivariate mean of independent variable in the
geometric mean regression;

bivariate mean of dependent variable in the
geometric mean regression.

NEE

o

~i
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