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Abstract

Ecosystem-atmosphere fluxes of '>CO, and '*CO, are needed to better understand the impacts of climate and land use change
on ecosystem respiration (F'r), net ecosystem CO, exchange (Fy), and canopy-scale photosynthetic discrimination (A). We
combined micrometeorological and stable isotope techniques to quantify isotopic fluxes of 'CO, and '*CO, over a corn—
soybean rotation ecosystem in the Upper Midwest United States. Results are reported for a 192-day period during the corn (Cy4)
phase of the 2003 growing season. The isotopomer flux ratio, d'*CO,/d'CO,, was measured continuously using a tunable diode
laser (TDL) and gradient technique to quantify the isotope ratios of Fr (dg) and Fy (Sy). Prior to leaf emergence Sg was
approximately —26%o. It increased rapidly following leaf emergence and reached an average value of —12.5%o at full canopy. §g
decreased to pre-emergence values following senescence. §y also showed strong seasonal variation and during the main growing
period averaged —11.6%o. g and 8y values were used in a modified flux partitioning approach to estimate canopy-scale A and
the isotope ratio of photosynthetically assimilated CO, (8p) independent of calculating canopy conductance or assuming leaf-
scale discrimination factors. The results showed substantial day-to-day variation in A with an average value of 4.0%o. This flux-
based estimate of A was approximately 6%o lower than the Keeling mixing model estimate and in better agreement with leaf-
level observations. These data were used to help constrain and partition Fg into its autotrophic (Fr,) and heterotrophic (Frp)
components based on the numerical optimization of a mass balance model. On average Fg, accounted for 44% of growing
season Fp and reached a maximum of 59% during peak growth. The isotope ratio of Fgy (8grn), was —26%o prior to leaf
emergence, and became increasingly '>C enriched as the canopy developed indicating that recent photosynthate became the
dominant substrate for microbial activity. Sensitivity analyses substantiated that Fr, had a major influence on the seasonal
pattern of g, Sy and the isotopic disequilibrium of the ecosystem. These data and parameter estimates are critical for validating
and constraining the parameterization of land surface schemes and inverse models that aim to estimate regional carbon sinks and
sources and interpreting changes in the atmospheric signal of §°C0,.
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1. Introduction

It is well recognized that isotopic CO, flux
measurements between the ecosystem and atmosphere
are needed to better constrain regional estimates of net
ecosystem CO, exchange (Fy) (Lloyd and Farquhar,
1994; Fung et al., 1997; Buchmann et al., 1998;
Randerson et al., 2002; Lai et al., 2004) and the
partitioning of Fy into gross photosynthesis (Fp) and
ecosystem respiration (Fr) (Yakir and Wang, 1996;
Bowling et al., 2001). In particular, better estimates of
the isotope ratios of Fy (8n), Fr (6r), and canopy-
scale photosynthetic discrimination (A) against '*CO,
are needed to improve our current understanding of the
global carbon cycle and its sensitivity to climate
variation and land use change. The need for improved
isotope exchange studies at the ecosystem scale has
been highlighted by Fung et al. (1997) who demon-
strated that a 3%o overestimate of A in carbon cycle
inversion models could result in an underestimate of
0.7 Gt C y~ ! in the terrestrial carbon sink.

Canopy-scale photosynthetic discrimination is
often approximated from the mixing model,
Ay = 83C, — 8g, independent of direct flux measure-
ments (Flanagan et al., 1996; Bakwin et al., 1998). In
the above equation, 8'°C, is defined as the isotope ratio
of CO, in the surface layer and 8y is obtained from a
Keeling plot (Keeling, 1958). Using a similar
definition, Buchmann et al. (1998) defined the
parameter ecosystem discrimination, A, = (§'3C,—
8r)/(1 4 8g), with 8'°C, referenced with respect to
the free atmosphere, to infer changes in ecosystem
discrimination caused by photosynthesis. Ideally,
these estimates could be used as a suitable surrogate
for A (Yakir and Sternberg, 2000). However, if an
ecosystem is not in isotopic equilibrium (i.e. the
isotope ratio of photosynthesis (3p) # isotope ratio of
ecosystem respiration (8r)), this approach cannot be
expected to yield the true physiological A. For
instance, Buchmann and Ehleringer (1998) found that
A was 13.2%o for an alfalfa (Medicago sativa L.) C;
canopy and 13.8%o for a C4 corn (Zea mays L.) canopy.
Contrary to observations from leaf-level experiments,
weaker C4 discrimination (~4%o) was not observed
when using this mixing model approach—illustrating
the strong influence of land use history on dg and
the approximation of A. Consequently, the above
approaches may not provide the best parameterization

for regional carbon models because disequilibrium is
likely to be the norm as a result of seasonal climate
variation, changes in phenology, historical differences
in the isotopic composition of soil organic matter and
disturbance factors related to land use change. The
example above describes an extreme case, yet it
highlights the need for a more mechanistic approach,
especially when considering that managed agricultural
ecosystems represent 12% of the land surface—an
area approximately the size of South America (Leff
et al., 2004). Furthermore, agricultural ecosystems are
highly productive and can, therefore, have a sig-
nificant influence on ecosystem-atmosphere CO,
exchange.

Quantifying the isotope ratio of Fg (§g) has been the
subject of numerous studies (Keeling, 1958; Flanagan
et al., 1999; Pataki et al., 2003; Griffis et al., 2004a).
Flask-based measurements and the Keeling mixing
model have been used as an effective tool to estimate §g
for a broad range of ecosystems represented in carbon
cycle inversion models. Bowling et al. (2002) examined
the seasonal variation in §g among six coniferous
forests over a period of 3 years. Significant differences
in g were observed among the forest types, ranging
from —33.1 to —23.1%o. Pronounced seasonal variation
in 6g was observed at only the Douglas fir (Pseudotsuga
menziesii) stand, ranging from —33.0 to —24.5%o. This
strong variation was linked to changes in the isotope
ratio of assimilated CO, in response to changing
stomatal conductance caused by precipitation events
and variations in vapor pressure deficit. Ometto et al.
(2002) also examined seasonal variation in &g in forest
and pasture ecosystems in the Amazon Basin of Brazil.
Seasonal variation in g was minimal at their Manaus
forest site, but varied significantly (—29 to —26%o) at
the Santarém forest, which experienced strong varia-
tions in precipitation. In pastures that replaced clear cut
forests, g was enriched by 10%o and showed strong
variation following fire events. In agricultural ecosys-
tems, 8 values for corn (Z. mays) have been reported as
—21.6%0 (Buchmann and Ehleringer, 1998) and
—20.0%o (Yakir and Wang, 1996). These values reveal
the influence of Cj; crop production in previous years.
The differences in g among sites result from the
complex interaction of land use history and physiolo-
gical response to climatic variations. Studies have
begun examining the short-term variation in dg and its
coupling to recently assimilated CO, (McDowell et al.,
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2004; Knohl et al., 2005; Barbour et al., 2005). Higher
sampling frequency, using a flux-based approach, might
well reveal greater temporal variation in 8k and provide
a better opportunity to examine how autotrophic (Fg,)
and heterotrophic (Fgy,) respiration are coupled to
changes in Fp

To this point there have been few flux-based isotopic
studies that constrain canopy-scale A via flux partition-
ing (Bowling et al., 2001; Ogée et al., 2003; Lai et al.,
2003) and there are insufficient data to permit in depth
time series analyses of the behavior of A or &y at the
ecosystem scale. Thus, seasonal and interannual
dynamics of these important biophysical parameters
remain poorly understood. Moreover, there is signifi-
cantly less known regarding the behavior of dy, because
it is extremely challenging to measure directly. The Sy
signal contains valuable information related to the flux
weighted sum of ecosystem discrimination factors
including: diffusion of CO, in free air and laminar
boundary layers; equilibrium discrimination of CO,
entering solution; enzymatic discrimination; discrimi-
nation factors related to autotrophic and heterotrophic
respiration processes. Bowling et al. (1999, 2001) used
relaxed eddy accumulation of CO, in flasks and a
Keeling transfer function approach (isoflux method) to
estimate the isotope ratio of F (the approximate '*CO,
flux). While this innovative approach is being deployed
at a number of research sites, to date there have been
only five published studies (Bowling et al., 1999, 2001,
2003a; Ogée et al., 2003; Lai et al., 2003) that quantify
the '>CO, isoflux. The majority of these studies have
been limited in duration to a few weeks or less. Direct
flux measurements of §y are needed to (1) partition
daytime Fy into its gross components (Fr, Fp FRra,
Frp); (2) provide important information related to land
use change and its impact on the composition of
atmospheric CO,; (3) derive flux-based estimates of A
and dg; (4) provide a top-down constraint on model
estimates of ecosystem-discrimination processes.

Recent advances in stable isotope techniques and
their combination with micrometeorological methods
have provided a means to obtain greater process
information and an ability to address some of the
problems introduced above. For example, recent
developments in tunable diode laser (TDL) technol-
ogy have provided a methodology suitable for
continuous long-term measurements of 'CO, and
3CO, isotopomer mixing ratios (Bowling et al.,

2003b). This provides an opportunity for long-term
continuous observations of isotopic CO, exchange at
the field-scale and provides a new tool to improve our
understanding of CO, cycling dynamics. Specifically,
it is now possible to measure the isotopic fluxes, '*CO,
and '>CO,, of Fy and Fy directly (Griffis et al.,
2004a). Therefore, §y and Sr can be obtained from the
ratio of the flux measurements, which should provide
better estimates of A for inversion modeling,
partitioning of F'y, understanding the impacts of land
use change on CO, cycling, and validation of
ecosystem models that explicitly account for isotopic
fluxes (Fung et al., 1997; Flanagan and Ehleringer,
1998; Yakir and Sternberg, 2000; Riley et al., 2002).

The objectives of this paper are, therefore, to (1)
quantify the seasonal changes in canopy-scale
photosynthetic discrimination (A) and the isotope
ratios of Fr (8r), Fn (8n) and Fp (8p) in a corn (Cy)—
soybean (C3) ecosystem in the Upper Midwest using a
flux-based approach; (2) partition Fgr into its
autotrophic (Fr,) and heterotrophic (Frp) contribu-
tions; (3) evaluate the sensitivity of §y to changes in
Fp, Fra, and Fgy to better understand how land use
change impacts ecosystem-atmosphere isotopic
exchange and the extent of isotopic disequilibrium
between Fp and Fg.

2. Methodology
2.1. Study site

Field research was conducted at the University of
Minnesota Rosemount Research and Outreach Center
(RROC), located approximately 20 km south of the St.
Paul campus (44°42'N 93°05'W). Micrometeorological
and stable isotope measurements were made in a large
homogeneous agricultural field. The soil is a Waukegan
silt loam (fine, mixed, mesic typic hapludoll), with a
surface layer of high organic carbon content (2.6%
average) and variable thickness (0.3-2.0 m) underlain
by coarse outwash sand and gravel. The field site has
been in agricultural production for at least 125 years.
The pre-settlement vegetation history for the region is
upland dry prairie with dominant plant species
consisting of big bluestem (Andropogon gerardii
Vitman) and Indian grass (Sorghastrum nutans)
(Marschner, 1974). According to census data records,
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our field site was in wheat (C; photosynthetic pathway)
production as early as 1879 (Minnesota State Agri-
cultural Census Data, Dakota County Historical
Society). Field production and management for the
last 6 years is summarized as follows: from 1998 to
2001 the field was in continuous corn (Z. mays L., Cy4
photosynthetic pathway) production; in 2002 the field
was planted with soybean (Glycine max, C;5 photo-
synthetic pathway); corn was planted into the field on 2
May 2003. The management scenario is typical of the
Upper Midwest with tillage consisting of combination
chisel plow/tandem disk and fertilization as dictated by
soil tests. A strong isotopic disequilibrium is anticipated
for each phase of the rotation given the expected
differences between photosynthetic discrimination and
the isotope ratio of ecosystem respiration.

Here, we report on simultaneous CO, stable
isotopomer and EC flux measurements for a 192-
day period, 14 May (DOY 134) to 21 November (DOY
325). A few short interruptions in the data resulted
from equipment failure and field management
activities. Continuous measurements are ongoing as
part of the AmeriFlux network.

2.2. Tunable diode laser system

The stable isotopomers, 12C02 and BCOZ, were
measured using a TDL (TGA100, Campbell Scien-
tific, Logan, UT, USA). A detailed discussion of the
methodology can be found in Bowling et al. (2003a,
b), Griffis et al. (2004a) and Lee et al. (2005). Briefly,
mixing ratios of 2C0, and '*CO, were measured
within and above the canopy. The height of the intakes
was adjusted through the season as the canopy
developed. Each sample inlet consisted of a Delrin
25 mm filter holder with Teflon filter membranes
(A-06623-32 and EW-02916-72, Cole Parmer, IL,
USA) followed by a brass critical flow orifice (Model:
D-7-BR, O’Keefe Controls Co. Monroe, CT, USA).
The canopy intake orifices were later replaced with
needle valves (SS-SS4-VH, Swagelok, OH, USA). In
each case the flow rate was set to 0.260 1 min~" to
maintain a TDL sample cell pressure of ~2.0 kPa.
Synflex tubing (Synflex Type 1300, formerly known as
Dekabon, Aurora, OH, USA) connected the inlets
located at a micrometeorological tower to an 8-valve
custom manifold and then to a Nafion Dryer (PD-
200T-24-SS, Perma Pure Inc., NJ, USA) located just

before the TDL. Synflex tubing conducted the air
streams back to the TDL instrument trailer located at
the edge of the field. Within the trailer, the four sample
lines and two calibration gas lines were each
connected through sample inlet valves mounted on
the manifold to the TDL sample inlet. A rotary vane
vacuum pump (RB0021, Busch Inc., Virginia Beach,
VA, USA) pulled the sample and calibration gases
through the TDL sample cell. The manifold sequen-
tially directed the flow from the selected intake to the
analyzer and the unselected intakes to the vacuum
pump to maintain a constant flow in each intake.

The TDL software controlled the sampling system.
Parameters were set to cycle through the four sample
inlets and two calibration standards every two minutes
as follows: (1) calibration using ~350 pmol mol !
CO, with known isotope ratio; (2) calibration using
~600 pwmol mol ! CO, with known isotope ratio; (3)
measurement of CO, mixing ratio above the canopy at
a height z4; (4) measurement of CO, mixing ratio
above the canopy at height z3; (5) measurement of CO,
mixing ratio within the canopy at z,; (6) measurement
of CO, mixing ratio within the canopy at z;. The
above-canopy sample inlets (z3 and z4) were separated
by a vertical distance of 0.65 m and their heights
were adjusted in relation to the developing canopy on
DOY 189 (7 July, z3=1.7m), DOY 199 (18 July,
73 = 2.66 m), DOY 209 (28 July, z3 = 3.0 m) and DOY
225 (13 August, zz = 3.2 m). Sample inlets within the
canopy were positioned at a height of 1 m. Inlet z, was
used for performing zero gradient tests and was
frequently repositioned. Within each 2-min cycle each
sample and calibration inlet was sampled for 20 s. An
omit time, the time interval following valve switching
when data is not recorded, of 7 s was used to allow
pressure equilibration and to prevent bias related to
sample cell pressure differences and residual sample
air from the previous valve selection (Zhang et al.,
2005). Following initial plumbing and leak testing,
a zero gradient test was performed by moving the
inlets to a common height, to ensure there were no
systematic differences in the measured mixing ratios
of the sample lines.

Primary calibration standards were obtained from
the National Oceanic and Atmospheric Administration-
Climate Monitoring and Diagnostics Laboratory
(NOAA-CMDL). 5]3C02 values are reported relative
to the Vienna Peedee belemnite (VPDB) scale.
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Secondary standards were propagated using the TDL
system (Griffis et al., 2004a).

2.3. Micrometeorological and ancillary
measurements

Half-hourly block averaged water vapor and
CO, flux measurements were obtained using a
three-dimensional sonic anemometer—thermometer
(CSAT3, Campbell Scientific Inc.) and an open path
infrared gas analyzer (LI-7500, LI-COR, Lincoln, NE,
USA). The height of the CSAT3 and LI-7500 were
adjusted in relation to the changing canopy height and
positioned near the mid-point of the TDL sample
inlets located above the canopy. Half-hourly mean
covariances of vertical wind speed with sonic
temperature, vapor density, and CO, density fluctua-
tions were corrected via simultaneous solution of the
equations incorporating the Webb et al. (1980) density
corrections and the joint influence of temperature and
humidity on sonic-derived temperature (Schotanus
et al., 1983). Fluxes associated with weak turbulence
(friction velocity, us < 0.1 m s~ ') and high humidity
(relative humidity >98%) were filtered from the time
series. As a result, approximately 46% of the half-
hourly eddy covariance flux data was discarded prior
to analysis. Other details regarding the eddy covar-
iance measurements, data processing, and data quality
can be found in Baker and Griffis (2005). Supporting
measurements included: photosynthetically active
radiation (P35, Apogee Instruments Inc., Logan,
UT, USA); air temperature (HMP35, Vaisala Inc.,
MA, USA), and leaf area index (LAI) measured with
an AccuPAR hand-held sensor (AccuPAR, Mode
PAR-80, Decagon Devices Inc., Pullman, WA, USA).

2.4. Isotopic composition of soil and plant
organic matter

8'3C of soil organic matter was measured biweekly
at depths of 1, 5, 10, 15, 20, 25, 30 and 35 cm. During
November 2003 one set of soil samples was taken
down to a depth of 1.90 m. Soil samples were dried at
70 °C until the mass of each sample became stable.
Samples were sieved at 2 mm and then ground with a
ball mill (5300 Mixer/Mill, Spex Industries, Edison,
NJ, USA) to a fine powder. §'°C canopy profiles of leaf
organic matter were also obtained. Upper-canopy (full

sun) and lower-canopy (shade) leaves were sampled
and dried at 70 °C for 48 h and ground with the ball
mill to a fine powder for stable isotope analysis. Sub-
samples of approximately 2 and 18 mg for plant and
soil matter, respectively, were weighed into foil
capsules and processed in duplicate on an elemental
analyzer (NA 1500 CHN Analyzer, Carlo Erba, Milan,
Italy) interfaced with a continuous flow stable isotope
ratio mass spectrometer (Optima, Waters Corporation,
Milford, MA). §"*C of soil and plant organic matter
are expressed relative to

Rppp = 0.0112372) standard ratio.

RppB_Chicago ~ (1-€.

2.5. Isotopic composition of ecosystem respiration
and net ecosystem CO, exchange

In this investigation we used the isotopomer flux
ratio (Griffis et al., 2004a) method to quantify the
seasonal variation in §g. Briefly, dg is obtained from
the ratio of the isotopomer fluxes, which is expressed
via K-theory as

F{ _ —Kcpa/MydPCO,/dz
Fll\lz N —Kcﬁa/Ma dIZ@Z/dz

(D

where Fﬁf and F 1112 are the '*CO, and '*CO, fluxes, K¢
the eddy diffusivity of CO,, p, the average density of
dry air, M, the molecular weight of dry air, and
d!3C0O,/dz,d"?CO,/dz are the time-averaged mixing
ratio gradients of 13C02 and 12C02 measured simul-
taneously at the same heights. Assuming similarity in
the eddy diffusivity for '*CO, and '>CO,, the flux ratio
reduces to d'*C0O,/d">CO, and is determined from a
geometric linear fit (type II regression) to reduce the
influence of outliers. The slope of the regression
represents the absolute isotope ratio of Fy. In the
absence of photosynthetic activity (nighttime or non-
growing season conditions) the regression slope repre-
sents the isotope ratio of Fr and is converted to
familiar delta notation using:

dco,/d"*co
SR = <#— 1) x 10°. 2)
RyppB

The slope (d3C0,/d">CO,) was obtained from the
fit of the 2-min cycle TDL observations for each
nighttime (2200-0400 h local time) period (the n value
for each fit was approximately 200). Similarly, 5y was
obtained from the flux ratio method for growing
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season daytime (0800-1800 h local time) conditions.
Og and &y values were rejected from the analysis when
the coefficient of determination (+°) of the geometric
linear fit was less than 0.995. One advantage of the
flux ratio method is that it ensures that g and &y are
consistent with the flux footprint of Fy and it is less
susceptible to problems related to advection and
extended concentration footprints that occur under
stable atmospheric conditions. Lai et al. (2003)
demonstrated that some of the seasonal variation in
dr observed with flask measurements at their tall grass
prairie site, near Manhattan Kansas, could be
attributed to changes in wind direction and advection
from adjacent ecosystems.

dr was extrapolated to the daytime based on the
assumption that it does not vary significantly on short
timescales (<1 day). There has been considerable
debate in the recent literature regarding this assump-
tion and it has major implications for isotopic
partitioning of Fy and Fg. Lin and Ehleringer
(1997) demonstrated that there was no significant
discrimination associated with leaf mesophyll respira-
tion while Duranceau et al. (1999) and Ghashghaie
et al. (2001) reported significant isotope differences
(13 C enrichment) of leaf-respired CO, compared to
leaf substrates in a variety of C; plants. Klumpp et al.
(2005) recently substantiated the work of Duranceau
and Ghashghaie by studying discrimination in
respiration at the shoot level. Their work also
identified a significant compensating effect ('*C
depletion) related to discrimination in root respiration.
They concluded that the discrimination related to total
plant (autotrophic) respiration was very small—
resulting in a net '>C enrichment of respiration by
0.7%o. Discrimination related to microbial respiration
has also been the subject of similar debate. Henn and
Chapela (2000) provide an interesting example
showing that fungi (C. volvatus, M. androsaceus
and S. granulatus) caused enrichment (0.67—4.91%o)
in respired CO, relative to a Cs-derived sucrose
substrate. When the experiment was repeated with a
Cy4-derived sucrose substrate there was no significant
evidence of discrimination. Consequently, fungal
discrimination appears to be species and substrate
dependent. It is clear from the above studies that
discrimination related to respiration is potentially
important, but likely to be less significant than
photosynthesis at the ecosystem scale. dg will vary

depending on the isotope ratio of the substrates
consumed during respiration and this does produce
short-term fluctuations. For example, Zhang et al.
(2005) used the flux ratio method and observed
nighttime half-hourly variations in dg, which were
typically less than 2% at the RROC site. Unfortu-
nately, this short-term variation between day and night
is likely to cause some instances when our metho-
dological approach results in daytime isotopic mass
balances that are not conserved. However, when
isotopic disequilibrium is relatively large, flux ratio
measurements during the day and night should provide
a useful constraint on isotopic flux partitioning and
discrimination processes.

2.6. Canopy-scale photosynthetic discrimination

Canopy-scale photosynthetic discrimination, A
(expressed as a positive value), was approximated
using a modified flux partitioning approach based on the
conservation of 13C02 (Yakir and Wang, 1996; Bowling
et al., 2001; Lai et al., 2003; Zhang et al., 2005). To
obtain daytime average values of A, independent of
canopy conductance (g.) and independent of leaf-level
assumptions related to enzymatic and diffusional
discrimination factors, we solved A from

SnFn = (81°C, — A)Fp + 5 Fx. 3)

Eq. (3) was solved using daily values. We make the
assumption that Fp and Fr can be obtained from the
traditional micrometeorological approach (Black
et al., 1996; Goulden et al., 1997; Barr et al.,
2002), using nighttime observations (i.e. nighttime
Fy = Fy) for well mixed conditions (i« > 0.1 ms™")
and estimating daytime gross ecosystem photosynth-
esis (i.e. F'p = Fy — Fr) so that A and the isotope ratio
of Fp (i.e. 8, = 8"°C, — A) can be obtained. Lai et al.
(2004) have taken a similar approach, but estimated
from a mixing model. Nevertheless, this method
avoids the uncertainties associated with estimating
canopy conductance, which is not a trivial matter
(Raupach and Finnigan, 1998; Wang and Leuning,
1998; Price and Black, 1990) and avoids the need to
scale discrimination factors (i.e. physical diffusion,
enzymatic discrimination caused by RuP, carboxyla-
tion and PEP carboxylase) from the leaf to canopy
scale. Leaf-level properties are often scaled to the
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canopy based on total LAI or a proportional change in
photosynthetically active radiation through the
canopy, which can be related to the canopy leaf
nitrogen distribution (Field and Mooney, 1986;
Farquhar et al., 1989; Dang et al., 1997). In most
studies, the leaf-level discrimination parameters are
simply applied to the entire canopy (Bowling et al.,
2001). The method proposed here can be used to
constrain these physiologically based methods, which
directly incorporate assumptions related to big-leaf
canopy conductance and discrimination factors
(Bowling et al., 2001; Ogée et al., 2003; Zhang
et al., 2005).
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Fig. 1. Climate and phenology at the Rosemount Research and
Outreach Center (RROC) field site during the 2003 growing season.
Air temperature (7, top panel) was measured above the canopy at
the height of the sonic anemometer. Cumulative precipitation (3P,
middle panel) was measured with a tipping bucket rain gauge and
leaf area index (LAI, bottom panel) was measured using a leaf area
meter and from destructive sampling.

3. Results and discussion

3.1. Climate, phenology and net ecosystem CO,
exchange

Climatic conditions at the research site were
significantly drier (—181 mm) and slightly warmer
(+0.3 °C) than the 30-year climate normal (1971-2000
at RROC) from DOY 152 (1 June) through DOY 273
(30 September). Timely precipitation events prevented
severe drought and reductions in yield. Total carbon
removed during harvest was approximately
470 g C m~? (Baker and Griffis, 2005). Leaf emer-
gence occurred on approximately DOY 163 (12 June).
Canopy height reached a maximum of 2.8 m on DOY
210 (29 July). Leaf area index (LAI) attained a
maximum value of 4.5m’>m 2 on DOY 219 (7
August). Leaf senescence showed considerable spatial
heterogeneity, likely related to variation in soil depth
and soil water content. The majority of the canopy had
senesced by DOY 281 (Fig. 1).

Positive Fy, or net loss of CO, to the atmosphere,
was observed prior to DOY 166. A consistent daytime
net CO, gain occurred after DOY 166, when LAI had
reached 0.25 m? m 2 (Fig. 2). Nighttime Fy attained a
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Fig. 2. Seasonal variation of the total daytime net ecosystem CO,
exchange (Fy, open squares) and total nighttime ecosystem respira-
tion (Fg, closed circles). Gross ecosystem photosynthesis (Fp, closed
triangles) was approximated directly by subtracting Fr from day-
time Fy. Fn was measured with the eddy covariance technique.
Values are shown for u- > 0.1 ms~' with a minimum number of
acceptable half-hourly values, n > 10 for each case. Details related
to the eddy covariance measurements and flux quality control can be
found in Baker and Griffis (2005).
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maximum of about 6.5 g C m > d~" from DOY 210 to
238. However, large day-to-day fluctuations were
observed. Daytime net CO, gain reached a maximum
of 20 g Cm 2 d ™' from DOY 200 to 210. Fp reached
a maximum of 24 g Cm 2d "' on DOY 210. Strong
reductions in nighttime F'r, daytime Fy, and F'p were
correlated, and occurred during exceptionally dry
periods. Two pronounced periods are evident near
DOY 213 and 216. Cumulative Fy for the corn phase
of the rotation was ~—390 gCm >y ' (Baker and
Griffis, 2005).

3.2. Isotopic composition of soil and plant
organic matter

8"3C of the soil organic matter indicated that the

upper 35cm was relatively well mixed with no
statistically significant trend in 8'°C (Table 1). At a

Table 1

depth below 45 cm the soil organic matter became
relatively more enriched. The increased enrichment is
likely related to the soil carbon that had accumulated
prior to the conversion to agriculture when the area was
dominated by C, prairie vegetation. Furthermore,
deeper soil carbon is expected to be enriched because
of the relatively higher lignin content of older soil
organic matter (Ehleringer et al., 2000). Canopy §'°C
profiles demonstrated that the top (sunlit) leaves were
consistently more enriched compared to the lower
(shaded) leaves through the growing season. Both the
sunlit and shaded leaves indicated increased relative
13CO, depletion as the growing season progressed.
These observations are likely the result of the
cumulative effects of recycling/re-fixation of relatively
depleted '*CO, air from soil respiration. Compared to
the soil samples, the isotope ratios of the leaves were
relatively enriched in '>CO, by approximately 6%o.

Isotopic composition of soil and plant leaf organic matter measured during the 2003 field season at the Rosemount Research and Outreach Center

of the University of Minnesota

(a) 8"C analysis of soil organic matter”

Soil depth (cm) 26 June 29 July 1 October 10 November Average
1 —17.7 (£0.05) —17.8 (£0.55) —19.2 (+0.98) b —18.2
5 —18.1 (£0.52) —17.4 (£0.16) —18.5 (£0.83) b —18.0
10 —17.5 (£0.49) —17.3 (£0.26) —17.9 (+0.96) o —17.6
15 —16.5 (£1.82) —17.4 (£0.26) —18.1 (£0.68) b —-17.3
20 —17.6 (£1.19) —17.6 (£0.73) —18.0 (+0.80) b —17.7
25 —17.4 (£1.00) —17.2 (£0.20) —17.7 (£0.42) b —-17.4
30 —18.1 (£0.52) —17.5 (£0.21) —16.9¢ b —-17.5
35 —19.0 (£2.31) —17.2 (£0.56) —17.8° b —18.0
45 b b b —15.4°
75 ° > b —15.3 (+1.98)
90 b b b —15.1 (£1.87)
105 ° b b —13.2 (+1.83)
Average —-17.7 —-17.4 —18.0 —14.8 —-17.7
(b) 8"3C analysis of leaf organic matter®
Leaf position June July August September Average
Top of canopy —11.3 (£0.47) —11.5 (£0.38) —11.6 (£0.63) —12.7 (£0.19) —11.8
Bottom of canopy —12.0 (£0.22) —12.1 (£0.52) —12.3 (£0.41) b —12.2
Average —11.7 —11.8 —12.0 —-12.0

All isotope ratio values are expressed in dimensionless delta notation (%o, per mil) and are reported relative to Peedee belemnite (Rppg.

Chicago = 0.0112372).

? Terms in parentheses indicate the standard deviation of three samples taken from different soil cores.

b Samples not available.
¢ Only one sample avail

able.

4 Terms in parentheses indicate the standard deviation of 16 samples taken from different plants.
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Fig. 3. Seasonal variation of the isotope ratio of CO, (5'°CO,)
measured above the developing corn canopy during the 2003
growing season. Half-hourly values are based on the average of
15 2-min TDL measurement cycles.

3.3. Variations of 8'°CO, in the surface layer

Half-hourly variations of §'*CO, showed a distinct
diurnal and seasonal pattern (Fig. 3). Throughout the
year during stable nighttime conditions the accumula-
tion of CO, in the surface layer resulted in large

negative 813C02 values, often less than —12%.. From
DOY 140 to 160 (late May to early June) the surface
layer was relatively depleted in '*CO, due to the
accumulation of respired CO,. During the early spring
and late fall the §'CO, of the well-mixed
(u«>0.1ms"") surface layer was approximately
—8.5%0. Following leaf emergence, daytime Fp
caused the surface layer to become relatively enriched
in '*CO,. When atmospheric mixing was strong,
8'3CO, was higher than —8.0%o, reaching a maximum
value of —6.3%o during early August (DOY 225). The
enrichment was caused by Fp and the entrainment of
relatively clean air from above the surface layer. The
onset of senescence is evident after DOY 250 as the
daytime 8'°CO, decreased back to values similar to
early spring due to a diminution in the preferential
removal of 'CO, by Fp Two periods during the
growing season provide anecdotal evidence that the
dry summertime conditions reduced Fp as the daytime
8]3C02 values became less enriched in ]3C02. Most
evident is the period DOY 213-220 (1-8 August).
Rain on DOY 218 enhanced Fp and caused a
significant enrichment in the §'*CO, to about —6.9%o.

Fig. 4 shows the diurnal pattern of 813C02 and Fy
during three periods including: pre-leaf to early leaf
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Fig. 4. Typical diurnal patterns of net ecosystem CO, exchange and the isotope ratio, 53C0O,, measured above the developing corn canopy
during three different growing periods in 2003 including: pre-leaf emergence (DOY 135-168; 15 May—17 June, left-hand panels), peak canopy
growth (DOY 195-207; 14 July—-26 July, middle panels) and onset of canopy senescence (DOY 240-257; 28 August—14 September, right-hand
panels). A 8'3CO, value of —8%o is shown by the solid horizontal line in the upper panels for reference.
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emergence (DOY 135-168; 15 May—17 June); peak
canopy growth (DOY 195-207; 14-26 July) and onset
of senescence (DOY 240-257; 28 August—14 Sep-
tember). Each plot illustrates the influence of the
stable nocturnal boundary layer and the transition to a
daytime well-mixed unstable surface layer. Nocturnal
8'3CO, values were typically less than —9%o. The
upper left-hand panel of Fig. 4 shows the diurnal
amplitude of 8'*CO, during a period when daytime Fy
and nighttime Fr were approximately equal (lower
left panel) and indicates that boundary layer dynamics
alone account for a diurnal amplitude variation of at
least 1.5%o. During the peak growing season (upper
middle panel), daytime enrichment of atmospheric
8]3C02 reached a maximum at 1800 h local time,
which lagged the maximum observed Fy (lower
middle panel) by about 6 h. This maximum for §'*CO,
was related to the expansion of the planetary boundary
layer and the cumulative effects of biological
discrimination. The diurnal §'°CO, amplitude
increased to about 3.0%o during this period as a result
of increased biological '*CO, discrimination. The
right-hand panels of Fig. 4 indicate that the boundary
layer enrichment of '*CO, and the diurnal amplitude
of 8'CO, decreased substantially at the onset of
senescence.

Fig. 5 shows the variation in surface layer §'*CO,
as a function of Fy. From early morning to early
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Fig. 5. The relation of surface layer §'>CO, to net ecosystem CO,
exchange. Ensemble data are shown for the peak growing period
(DOY 195-207). Arrows indicate the hysteresis loop and the
progression of time beginning at 0600 h. Solid symbols represent
1800-0600 h. Open symbols represent 0700-1700 h.

afternoon, increasing Fp and expansion of the
boundary layer resulted in rapid enrichment of the
surface layer. The transition from afternoon to early
evening showed a strong reduction in net CO, gain
with little change in §'°CO,. At night, Fx was
relatively constant over a period of about 11 h, while
8'3CO, rapidly became more depleted as the
nocturnal boundary layer developed. The hysteresis
loop reveals the effects of cumulative Fy and, more
importantly, the strong dependence of surface layer
8'3C0O, onboundary layer dynamics, which have been
shown to impart a substantial influence on the
estimates of dg and A. when using the Keeling
approach (Pataki et al., 2003; Lloyd et al., 1996). One
important advantage of the flux ratio method is that it
eliminates the influence of these boundary layer
effects (Griffis et al., 2004a).

3.4. Isotopic composition of flux components

Previous flux ratio measurements and Keeling plot
analyses at this site showed considerable day-to-
day variation in the isotope ratio of non-growing
season respiration (§g) with values characteristic
(8r = —27.9%o0) of C5 substrates (Griffis et al., 2004a).
These initial measurements were conducted over a 26-
day period in November 2002 following harvest of
soybean when conditions were cold and fluxes
relatively small. g values were very similar using
both techniques, but errors were considerably larger
for the flux ratio approach, presumably due to the
difficulty of resolving small isotopomer gradients. In
this comparison §gr was estimated from the flux ratio
(Fig. 6 upper right panel) and Keeling method (Fig. 6
upper left panel) using sample inlets located both
within and above the canopy. Each method and
estimate, shown in Fig. 6, illustrates strong seasonal
variation related to the phenology of the developing
corn canopy. The degree of correlation between the
flux ratio measured within and above the canopy was
moderate (r=0.74). Correlation among the two
Keeling estimates measured above the canopy was
very strong (r=0.95) and was weaker (r = 0.85) for
the measurement inside the canopy relative to the
lowest inlet above the canopy. The lower correlation
among Jg values for within versus above canopy
estimates is likely related to the difference in source
footprint. Correlation between the flux ratio and the
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Fig. 6. Seasonal variation in the isotope ratio of ecosystem respiration (8g) estimated using the flux ratio (upper left-hand panel) and the Keeling
mixing model (upper right-hand panel) approach. The flux ratio was estimated from the d'*CO,/d'*CO, gradient measured above the canopy
(closed circles) and within the canopy (open squares). Each data point represents a nighttime value determined from approximately 200
observations. The Keeling estimate was measured within the canopy (z;, open squares) and above the canopy at two different heights (highest
height (z4, open triangles) above the canopy and lowest height (z3, closed circles) above the canopy). Each data point represents a nighttime value
determined from approximately 200 observations. The lower panels illustrate the sensitivity of the error estimate for each method. The flux ratio
error estimate (lower left-hand panel) was large when the '>CO, gradient was less than 0.035 wmol mol m ™. The Keeling error estimate (lower
right-hand panel) increased significantly when the nighttime range in CO, mixing ratio was less than 80 wmol mol ™.

Keeling §g values (measured above the canopy) was
good (r=0.70), but weaker than the within-method
comparison. For the active growing period, the
uncertainty in the estimate of g was greater for the
flux ratio (S.E.==£0.83%0 above canopy;
S.E.=+£0.62%0 within canopy) than the Keeling
method (S.E.=40.65%0). Fig. 6 (lower panels)
illustrates the sensitivity of the flux ratio and Keeling
methods to the '>CO, gradient and range in total CO,
mixing ratio, respectively. The standard error of oy
decreased substantially when the nighttime '*CO,
mixing ratio gradient exceeded 0.035 wmol mol™'
m~'. Similarly, the Keeling plot estimate of 8y
improved when the range of CO, mixing ratio exceeded
80 wmol mol~'. The latter result is in excellent
agreement with the findings of Pataki et al. (2003).
For ideal conditions (large '>CO, gradient or large
range in CO, mixing ratio) both methods result in
similar error estimates, however, we observed a
significant difference between the flux ratio and

Keeling ér values that tended to increase to a mid-
season maximum of about 5%o and correlated with peak
canopy development and photosynthesis. This bias was
not observed for non-growing season conditions in
2002 (Griffis et al., 2004a) and was not pronounced
during early spring and late fall during 2003. We
hypothesize that this growing-season difference was
related to the larger footprint of the concentration
measurements and the susceptibility of the Keeling
method to contamination from combustion plumes. The
research site is bordered by other C; crops and forests
and is also located at the urban/rural interface and,
therefore, subject to elevated CO, resulting from point
source combustion. In this case, advection and
contamination problems would be most evident over
a C4 canopy due to the large difference in isotopic end
members. Recent oxygen isotope measurements of CO,
using the TDL method showed Keeling plot intercepts
that were characteristic of a combustion signal (Griffis
etal., 2005). Given these potential factors, we focus our
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analysis on &g values obtained from the flux ratio above
the canopy.

dg fluctuated from about —26 to —18%o from DOY
140 to 170 (20 May-19 June) and rapidly increased
(enriched in '*CO,) as the corn canopy developed and
Fpincreased. During full canopy g varied from about
—15 to —11%o. Night-to-night variation in 8g was
approximately £4%o and was typically larger than the
relative error of the estimate. Further, the night-to-
night variation was similar to the within-night
variability (6.4%o) observed for an irrigated agricul-
tural crop that had no influence of C, vegetation within
the last 20 years (Bowling et al., 2003b). g rapidly
became more negative as the corn canopy senesced.
Large variations were observed during early spring
and late fall when CO, fluxes were small. The isotope
ratio of the soil organic matter (Table 1) illustrates that
Fr was in general, relatively enriched in 13C02,
compared to the soil organic carbon (even after
accounting for the 4.4%o fractionation related to soil
gas diffusion) during the mid growing period. It is well
known that the isotope ratio of bulk soil organic matter
is a poor predictor of §g (Ehleringer et al., 2000).
Average (£S.D.) spring (DOY 135-180), mid-
summer (DOY 200-230), and fall (DOY 250-280)
values of Sg were —22.0%0 (£3.5%0), —12.5%0
(£1.7%0) and —19.9%o (£5.5%0), respectively. Varia-
tions in dg were large during spring and fall, the
transition seasons when fluxes are small and temporal
changes in soil heat content and temperature
distribution with depth are greatest. Unfortunately, a
cryocooler failure on the TDL prevented us from
examining these variations thoroughly through the
winter period. We hypothesize that these large
fluctuations were related to changes in respiration
associated with shallow soil carbon (recent C;
soybean origin) versus deep soil (prairie C4 origin)
decomposition and reflect the complexity of a system
that has been managed for more than 125 years.

dn values varied from —33 to —4%o (Fig. 7, top
panel) over the course of the measurement period and
showed a similar seasonal pattern as dg, which was
related to canopy phenology. The daily fluctuations in
dn and &g, however, were poorly correlated (r = 0.24).
Spring and fall §y values showed large day-to-day
variation ranging from —33 to —15%o. During the
main growing period (DOY 175-240) &y varied from
—22 to —4%o (average of —11.6%o). A robust linear

regression technique that minimizes differences in the
absolute residuals instead of the squared differences
by using a reweighted least squares algorithm
(DuMouchel and O’Brien (1989), Matlab V7, The
Mathworks Inc., USA) was used to quantify the trend
in 8y for the growing period. The regression analysis
indicates that &y decreased (i.e. greater relative
depletion in '*CO,) as the growing season progressed
(8x = —0.021DOY — 7.11, r* = 0.62) from DOY 175
to 240. We note, however, that the slope of the
regression is not significantly different from zero at the
0.05 significance level.

Daily estimates of A were computed from Eq. (3)
using g values obtained from the flux ratio and the
Keeling methods (Fig. 7, middle panel). The maximum
probable error of A was estimated by examining the
partial derivatives of A with respect to each dependent
variable following the error propagation method of
Bevington (1969). The error terms included the mean
standard error estimates of §g and Sy, a relative error of
25% for the eddy covariance flux measurements
(Morgenstern et al., 2004), and an uncertainty of
0.07%o for §'"°C, (Griffis et al., 2004a). The estimated
maximum probable error for A averaged +1.8%o. The
largest source of uncertainty was related to the estimate
of 8y (~1.5%0) followed by g (~0.21%0) and Fg
(~0.09%0). Based on the error analysis, the flux ratio
estimate of A was not significantly different from that
computed using the Keeling-derived ég values. A recent
error propagation study by Ogée et al. (2004) has shown
that isotopic flux partitioning and estimates of A are
subject to large errors when the ecosystem isotopic
disequilibrium (8. = §g — &p) is small (<4%o). In this
study, §. was often less than 2%o during the mid to late
growing period.

A varied from about 1-15%o. Significant scatter
and unexpected values (>8%o) occurred at the time of
leaf emergence and during leaf senescence. During the
main growing period A varied from 1 to 6%o. The
average A was 4.0 and 5.2%o, based on the flux ratio
and Keeling-derived & values, respectively. Fessen-
den and Ehleringer (2003) examined monthly changes
in leaf-level discrimination and isotope ratios of leaf
organic matter in an old growth forest of the Pacific
Northwest under a variety of climatic conditions from
1998 to 2000 and did not observe significant seasonal
variation in A. Baldocchi and Bowling (2003),
however, modeled strong diurnal variation in A for
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Fig. 7. Seasonal variation in the isotope ratios of net ecosystem CO, exchange (Sy, top panel), canopy-scale discrimination (A, middle panel)
and photosynthetically assimilated CO, (Sp, bottom panel). Canopy-scale discrimination and the isotope ratios of photosynthetically assimilated
CO, were estimated from the flux-based approach (Eq. (3)) using dr obtained from the flux ratio method (open triangles) and Keeling approach
(open circles). Also shown are the isotope ratios of leaf organic matter (closed squares) measured during the growing season. dy was measured
directly from the daytime flux gradient d'*CO,/d'*CO, using the 2-min TDL data. The 8y error bars represent the standard error of the estimate.
The error bars shown for A and §p represent the maximum probable error obtained by examining the partial derivatives of Eq. (3) with respect to

each independent variable.

a deciduous Tennessee forest with values ranging from
18 to 27%o. Our average growing season A values
(4.0 £ 1.9%0) were in good agreement with leaf-level
discrimination measurements obtained by Vogel
(1980) for corn leaves (3.3%0) and modeled values
for C,4 plants (3.6%o) estimated by Lloyd and Farquhar
(1994). Although the relative error estimates of A are
large, this experiment represents a rigorous test
because the isotopic disequilibrium was relatively

small during the mid to late growing period and C4
discrimination is relatively weak. Our methodology
for constraining A may have a significant advantage
for complex canopies such as prairies (C; and Cy
plants), wetlands (vascular and non-vascular plants),
or forests (complex overstory and understory) where it
can be difficult to define and scale up leaf-level
parameter values. We acknowledge that over rougher
surfaces, such as forests, we will need to combine the
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TDL and eddy covariance method directly to obtain
the isotopic fluxes. This has not yet been attempted
and remains an important and challenging problem.
The isotope ratio of the assimilated CO, (i.e.
8p=83C, — A) is shown in Fig. 7 (lower panel). dp
was calculated using both the flux ratio and Keeling-
derived estimates of A. Error bars represent the
maximum probable error estimated using the proce-
dure described above. During the main growing period
dp varied from —19 to —9%o. The average Sp values
were —12.7 and —14.0%o0 computed from the flux ratio
and Keeling-derived 6y values, respectively. Based on
the error analysis these values are not significantly
different. There was a weak decreasing trend
(8p=—0.022DOY — 7.0, *=0.25) in 8p for the
period DOY 175-240 with slope and intercept nearly
identical to those for §y (not statistically significant at
the 0.05 significance level). Also shown in Fig. 7 are the
isotope ratios of the leaf organic matter, which show
excellent agreement with Jp in both magnitude
(—12.0%0) and growing season trend/slope. We
hypothesize that the decrease in dp and Sy through
the main growing season resulted from the recycling/re-
fixation of recently respired CO, (Lloyd et al., 1996).
We note that values of §y were not always bounded by
op and Sg. These instances were likely related to
measurement errors or resulted from differences
between nighttime Sz and daytime i causing an
isotopic mass balance that was not conserved.

3.5. Flux partitioning, land use change, and
isotopic disequilibrium

The rapid increase in §g (13C enrichment) as the
corn canopy developed indicates that recent CO,
assimilation by corn was the major substrate for Fg.
The shift in a source characteristic of C5 residue to that
of a C4 corn canopy is driven by autotrophic
respiration and the microbial decomposition of fresh
residue and exudates. Hogberg et al. (2001) have
shown that reduced photosynthate supply to roots can
reduce soil respiration by about 54%. Rochette et al.
(1999) used a mixing model experiment to partition
soil respiration into heterotrophic (C3) and autotrophic
(Z. mays L., C,) respiration by planting Z. mays into a
C; soil. They found that 45% of the total soil
respiration during the growing season could be
attributed to autotrophic respiration. Given the

complex land use history at our research site it is
very difficult to use a two-end member mixing model
to partition Fg into its autotrophic and heterotrophic
components. Further, there is substantive evidence
that the isotope ratio of soil organic matter is a poor
predictor of the isotopic composition of Fy (Ehler-
inger et al., 2000), making it difficult to combine mass
and flux-based methodologies. Here, we partitioned
FR into autotrophic (Fr,) and heterotrophic (Frp)
respiration from the conservation of '>CO, fluxes:

ONFN = ORaFRa + OrnFRrn + SpFp (4a)

where dg, and 8gry, are the isotope ratios of the auto-
trophic and heterotrophic contributions, respectively.
Eq. (4a) was rearranged to retrieve the isotopic sig-
nature of Fr,, FRrp, and the fraction of autotrophic
respiration (A) from

SNFN = SraFRA + SrnFR(1 — A) + SpFp. (4b)

Daily values of n, Fn, Fr, p and Fp were used to
optimize Eq. (4b). The parameters, A, dgy, and dg, were
determined at 12-day intervals using the Nelder—Mead
simplex (direct search) optimization routine (Matlab
V7, The Mathworks Inc., USA). Initial parameters
were specified for A, dry and g, as 0.45, —20 and
—10%o, respectively without specifying upper or lower
bounds on gy, or Sg,.

Fig. 8 (upper left panel) illustrates the quality
(* =0.54) of the optimization procedure. Data are
shown for approximately 5000 simulations, which
involved the random removal of measured input data
prior to optimization. Outliers indicate instances when
the isotopic mass balance was not conserved, probably
because of measurement error or differences in g
between daytime and nighttime related to discrimina-
tion or substrate availability. The upper right panel of
Fig. 8 shows the relationship between predicted and
measured dg for each time interval and indicates that the
Fr flux partitioning and its isotopic composition is in
excellent agreement (r2 = 0.95) with observations. The
relative contribution of growing season Fg, (Fig. 8§,
lower left panel) averaged 44% and ranged from about
27% during the early growing season to a maximum of
59% by DOY 195 (14 July). Fr, decreased to about 9%
during senescence. The optimized isotopic composi-
tions of F'r, and Fry, are shown in the lower right panel
of Fig. 8. 8r, averaged —10.5%o, showed little variation
over the growing period, and was enriched by
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Fig. 8. Constraining autotrophic (Fgr,) and heterotrophic (Fgy) respiration and their isotopic composition using a numerical optimization
technique. 8y (upper left-hand panel) was optimized via Eq. (4b) using a Nelder—-Mead simplex routine at 12-day intervals. The uncertainty in the
optimization procedure was evaluated by randomly removing measured 8y values from the time series and repeating the optimization routine.
This entire procedure was repeated 5000 times to obtain the error bars (S.D.) shown in the lower panels. Measured §r was compared to the
optimized g as an independent check on the quality of the optimization procedure (upper right-hand panel). The relative contribution of Fg, is
shown in the lower left-hand panel. Isotopic compositions of Fr, (open squares) and Fr;, (open circles) are shown in the lower right-hand panel.

approximately 2.2%o relative to p g, is expected to
differ slightly from dp because of secondary metabolic
processes involved in the biosynthesis of sucrose,
starch, cellulose and hemicellulose (13C enriched
products) and lipids and lignins ('*C depleted products)
(Ehleringer et al., 2000). As expected, dg, showed
strong seasonal variation ranging from —26.2%o during
the early growing period to —11.7%o during rapid
canopy growth. As the canopy senesced, dg;, decreased
to —32.2%o. This analysis highlights that the seasonal
variation of 8y is driven by both the large contribution of
Fr, and a shift in microbial activity from the C;
(soybean residue from the previous year’s rotation) to
C, substrates (fresh root exudates). This also explains
the rapid change in dg following senescence and
provides further evidence that the isotopic analysis of
bulk soil organic matter is not a good predictor of 6 for
this particular site. Constraining dg from the isotopic
analysis of soil organic matter must be limited to the
biologically relevant carbon substrates (i.e. water
soluble fraction/light-fraction organic matter) that

dominate ecosystem respiration. The ability to separate
Frinto Fg, and Fgy, from the inversion of atmospheric
isotopic flux measurements is a potentially powerful
tool that could be used to further constrain other
approaches based on chamber methodologies (Griffis
et al., 2004b).

Sensitivity analysis of the flux partitioning equation
(Eq. (4a)) was used to better understand the impact of
land use change (i.e. C5/C4 crop rotation) on isotopic
CO, exchange with the atmosphere and to examine the
extent of isotopic disequilibrium between Fp and Fg.
The conversion from a Cs to a C4 ecosystem imposes a
step change in A and results in a progressive change in
Sr related to the recent assimilation of carbon substrates
(fast carbon pool) and the accumulation of soil organic
matter (slow carbon pool). Insight into the rate of
atmospheric enrichment/depletion (change in éy) due to
the recently established C, canopy was obtained from
the partial derivatives of Eq. (4a) with respect to Fp
(38x/0Fp = 8p/FN), Fra (08x/0FRa = 8ra/Fn) and
Frn (38n/0Frn = 8rn/Fn). Initial conditions were
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based on early growing season (DOY 165-185) typical
values of 8p, Sr,, and Sgp of —11.6, —10.7 and —20.4%o,
respectively. Using the data shown in Fig. 2 we
calculated sensitivity factors of 2.5, 2.3 and 4.4%o for
Fp, Fr, and Fgy, respectively. The greater sensitivity of
S to Fr, emphasizes the importance of carbon released
by plant roots, i.e. the most influential cause of seasonal
variations of §y and 8y in this system is the preference of
soil microbes for fresh root exudates over older soil
carbon.

The isotopic disequilibrium (3.) between Fp and
Fr was greatest at leaf emergence and diminished
toward equilibrium as the growing season progressed.
Evaluation of the above derivatives during the peak
growing season (DOY 205-225) showed similarity
and reduced sensitivity, 0.8, 0.7 and 1.0%., with
respect to F'p, Fr, and Fgy, respectively. On DOY 228
isotopic disequilibrium reached a minimum of 0.5%o
and Ay, was in excellent agreement with the flux-based
estimate of A (Fig. 9). Unlike methods that
approximate A from the Keeling mixing model, the
flux-based approach does not require the underlying
ecosystem to be in isotopic equilibrium in order to
provide physiologically meaningful estimates. In our
case, agreement between the two methods improved
after full canopy development, when near-equilibrium
can be expected, but they diverged over much of the
growing season, when heterotrophic respiration of Cj
substrates had a larger effect on dg and therefore Ay,
During the main growing period average values of A
and A, were 4.0 and 10.1%o, respectively.

NOAA-CMDL measurements from the WLEF
tower in Wisconsin, USA showed that regional §g and
Ay, were approximately —24.7 and 16.8%o, respec-
tively (Bakwin et al., 1998). The tower is located in a
region dominated by deciduous forest with relatively
little direct urban influence. For a similar ecosystem,
Bowling et al. (2001) obtained canopy-scale A from
leaf-level assumptions in combination with the isotope
flux partitioning methodology. They obtained g and
A values of —24.9 and 17%o for a deciduous forest in
eastern Tennessee. For ecosystems that do not
experience major disturbances, the approximations,
A. or A, may provide an adequate solution.
Additional comparisons are needed for natural and
undisturbed ecosystems in order to better quantify the
seasonal variation and extent of isotopic disequili-
brium and its impact on the difference between A and
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Fig. 9. Seasonal variation of ecosystem discrimination (Ay) com-
pared to the flux-based estimate of canopy-scale photosynthetic
discrimination (A). A, (open circles) was calculated as

:813Ca — 8r, where 813C.d is the average isotope ratio of
CO, measured above the canopy and &g is the isotope ratio of
ecosystem respiration estimated from the Keeling mixing model
approach. The error bars represent the standard error of the Keeling
plot intercept. A (closed symbols) was approximated from the
modified flux partitioning approach via the inversion of Eq. (3).
The error bars represent the maximum probable error obtained by
examining the partial derivatives of Eq. (3) with respect to each
independent variable.

Ayp. The difference in these estimates could become of
increasing importance due to climate and land use
change.

4. Conclusions

1. The flux ratio method was used to quantify the
seasonal variation in the isotope ratio of ecosystem
respiration (6g) and net ecosystem CO, exchange
(8n) in a C3/C4 managed agricultural ecosystem for
a 192-day period during 2003. Development of the
C,4 (corn) canopy resulted in dramatic changes in 6g
and Sy. Og changed rapidly from approximately
—26%o to about —18%o following leaf emergence.
At full canopy ég varied between —15 and —11%o
and decreased rapidly at the onset of senescence. oy
also showed a strong seasonal pattern with values
ranging from —33 to —4%o. The seasonal variation
of 8g and 8y was caused primarily by changes in
phenology.
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2. Canopy-scale photosynthetic discrimination (A)
was estimated using a modified flux partitioning
approach independent of calculating canopy con-
ductance or making leaf-level assumptions about
discrimination factors. At full canopy, A varied
from 1 to 6%o and averaged 4.0%o. The estimated
isotope ratio of assimilated CO, (p) averaged
—12.7%0 and was in excellent agreement with the
isotopic composition of leaf organic matter.

3. Ecosystem respiration (Fg) was partitioned into its
autotrophic (Fr,) and heterotrophic (Fry,) compo-
nents based on the conservation and numerical
optimization of a mass balance model. On average
Fr, accounted for 44% of growing season Fr and
reached a maximum of 59% during peak growth.
The isotope ratio of Fr, (0r.) and Fry (6rn) Was
also retrieved from the optimization routine. &g,
was relatively enriched compared to 8p and
averaged —10.5%o. Srp, varied from —26%o at leaf
emergence and progressively became '*C enriched
as the canopy developed indicating that recent
photosynthate became the dominant substrate for
microbial activity. A sensitivity analysis indicated
that Fg, had a major influence on the seasonal
variation of dg, dn and isotopic disequilibrium.

4. Isotopic disequilibrium, the difference between 4,
and SR, diminished to 0.5%o during the mid to late
growing season. During this period, the mixing
model estimate of discrimination, A, = §'*C, — 8g,
was in better agreement with the flux-based estimate
of A. However, Ay, over-estimated A by about 6%o
for much of the growing season when the isotopic
disequilibrium was large.
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