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a  b  s  t  r  a  c  t

Separation  of  the  photosynthetic  (FP) and  respiratory  (FR) fluxes  of  net  CO2 exchange  (FN)  remains  a  nec-
essary  step  toward  understanding  the  biological  and  physical  controls  on  carbon  cycling  between  the  soil,
biomass,  and  atmosphere.  Despite  recent  advancements  in  stable  carbon  isotope  partitioning  method-
ology,  several  potential  limitations  can  cause  uncertainty  in the  partitioned  results.  Here,  we  combined
an  automated  chamber  system  with  a tunable  diode  laser  (TDL)  to evaluate  carbon  isotope  partitioning
under  controlled  environmental  conditions.  Experiments  were  conducted  in  a climate  controlled  green-
house  utilizing  both  soybean  (C3 pathway)  and  corn  (C4 pathway)  treatments.  Under  these  conditions,  net
exchange  of 13CO2 and 12CO2 was  obtained  with  an  improved  signal  to noise  ratio.  Further,  the  chamber
system  was  used  to estimate  soil  evaporation  (E)  and  plant  transpiration  (T),  allowing  for  an  improved
estimate  of  the  total  conductance  to CO2 (gc). This  study  found  that  the incorporation  of  short-term  and
hotosynthetic discrimination
sotope composition of respiration

diel  variability  in the isotope  composition  of respiration  (ıR)  caused  FP to  nearly  double  in  the  corn  system
while  only  slightly  increasing  in  the  soybean  system.  Variability  in both  gc and  the  CO2 bundle  sheath
leakage  factor  for C4 plants  (�) also  had  a  significant  influence  on  FP. In  addition,  chamber  measurements
of  FN and  its isotope  composition  (ıN) indicated  that  post-illumination  processes  caused  a  decrease  in
plant  respiration  for  up to 3 h  following  light termination.  Finally,  this  study  found  systematic  differences
between  the  isotope  and  temperature-regression  partitioning  methods  on  the  diel  time  scale.
. Introduction

Measurement and analyses of carbon isotope fluxes have been
sed to partition ecosystem respiration (FR) into its heterotrophic
FRh) and autotrophic (FRa) components (Rochette et al., 1999;
usfalk et al., 2002; Griffis et al., 2005; Millard et al., 2008), identify
nd quantify anthropogenic release of carbon into the atmosphere
Pataki et al., 2003b; Bush et al., 2007), and in particular, parti-
ion the net ecosystem exchange of CO2 (FN) into its photosynthetic
FP) and respiratory (FR) components (Yakir and Wang, 1996; Ogée
t al., 2003; Bowling et al., 2003a; Zhang et al., 2006; Zobitz et al.,
007, 2008). Partitioning FN into FP and FR remains a necessary step
oward a deeper understanding of the biophysical controls on car-
on cycling, which will ultimately lead to better constraint on the
ross fluxes of FP and FR on the regional and global scales (see Table 1
or a summary of symbols).
Within the FLUXNET network (http://www.fluxnet.ornl.gov),  FN

s traditionally partitioned into its respiratory and photosynthetic
omponents by estimating either FR from nighttime temperature

∗ Corresponding author.
E-mail address: fass0019@umn.edu (J.J. Fassbinder).

168-1923/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.agrformet.2011.09.020
Published by Elsevier B.V.

regression models or FP from daytime light response curves
(Goulden et al., 1996; Rustad et al., 2000; Falge et al., 2002; Griffis
et al., 2003; Reichstein et al., 2005; Lasslop et al., 2010). Although
widely used, these methods have several fundamental limitations.
For nighttime temperature regression methods, limitations can
include influences from variability in soil moisture (Davidson
et al., 1998; Gaumont-Guay et al., 2006); transient response of soil
respiration to rain events (Lee et al., 2004); an inability to capture
short-term (diel) variability in FN when using long-term (seasonal)
temperature data (Reichstein et al., 2005); variation in the tem-
perature sensitivity of soil respiration to changes in the size and
turnover rate of labile carbon pools (Gu et al., 2004); and an inhibi-
tion of leaf respiration that occurs in the presence of light for several
species, including corn (Zea Mays) (Kirschbaum and Farquhar,
1987; Atkin et al., 1997; Hurry et al., 2005). Further, the location
of the soil temperature measurement has a significant influence
on the Q10 value used in temperature regression partitioning and
remains a major source of uncertainty (Mahecha et al., 2010).
Estimates of FP from light response models can be confounded by

humidity and the location of the temperature measurement (i.e.
above canopy, near surface, soil, etc.) which can alter temperature
sensitivity calculations (Reichstein et al., 2005; Lasslop et al.,
2010).

dx.doi.org/10.1016/j.agrformet.2011.09.020
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://www.fluxnet.ornl.gov
mailto:fass0019@umn.edu
dx.doi.org/10.1016/j.agrformet.2011.09.020
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The stable isotope technique provides an independent approach
o partitioning FN into FP and FR. Yakir and Wang (1996) applied
he mass balance principle to partition FN using the unique car-
on isotope signatures of the atmosphere, plants, and soil of an
gricultural ecosystem. Their approach, however, was most effec-
ive over longer time scales because the isotope ratios assigned to
he plants and soil were integrated values that did not account for
hort term variation in both the canopy-scale photosynthetic dis-
rimination (�canopy) and the carbon isotope composition of FR (ıR).
owling et al. (2001) advanced the methodology of Yakir and Wang
1996) by combining eddy CO2 flux measurements with ı13C flask

easurements (EC-flask isoflux partitioning method) to measure
he net CO2 isoflux (FNıN), over a deciduous forest. Further, their
pproach estimated �canopy and allowed for short-term analysis of
oth FN and FR. Although this method allowed for high resolution
easurement of FN, measurement of ıN was limited temporally due

o the reliance on flask sampling and mass spectrometry.
Ogée et al. (2003) applied the EC-flask isoflux method to par-

ition FN by measuring the isotope flux profile within and above a
oniferous forest. Further, a multilayer soil-vegetation-atmosphere
ransfer model (MuSICA) was utilized to estimate the total canopy
onductance to CO2 (gc). Their study found that the MuSICA model
as most effective during the daytime when isotope disequilib-

ium, defined as the difference between the isotope signatures of
R and photosynthesis (ıP), was strong. In addition, their study
mphasized the need for a reliable estimate of gc and a better under-
tanding of mesophyll conductance to CO2 (gm). Zobitz et al. (2008)
emonstrated that although gm directly influenced estimates of FP

nd FR using isotope partitioning, variability in gm did not produce
nrealistic partitioning results. Further, their study suggested that
or ecosystem-scale experiments, leaf-level estimates of gm need
o be scaled up to the canopy-level.

Zhang et al. (2006) used carbon isotope flux partitioning over an
gricultural ecosystem under C3/C4 crop rotation utilizing the flux-
radient method. Their study incorporated the added complexity
f a C4 ecosystem, which requires a slightly more complicated
canopy calculation due to an additional step (PEP carboxylation)

hat occurs during C4 photosynthesis (Farquhar, 1983). In addition,
heir study calculated the isotope signature of FN using the flux-
atio approach rather than the traditional Keeling method (Keeling,
958; Pataki et al., 2003a)  and improved the temporal resolution
f the flux-gradient measurement with the use of a tunable diode
aser (TDL) absorption spectrometer. The flux-gradient method,
owever, generally showed high variability in ıN and tended to
ive underestimated and sometimes unrealistic FP values due to
ncertainty associated with gradient measurement in a well-mixed
urface layer (Griffis et al., 2005).

High resolution measurements of 13CO2 and 12CO2 were com-
ined with a Bayesian optimization approach by Zobitz et al. (2007)
o estimate the flux components of FN in a subalpine forest. Their
tudy determined that several limitations of the isotope method
xist, including difficulty in obtaining an accurate estimation of the
soflux, which could not be directly measured at the time of the
tudy. Also, their study determined that a small isotope disequi-
ibrium limited the effectiveness of the carbon isotope partitioning

ethod on the diel time scale.
Billmark and Griffis (2009) expanded on these previous works

y combining eddy covariance and tunable diode laser (TDL) tech-
iques to partition the component fluxes of FN above a C3 (soybean)
cosystem. The EC-TDL method allowed for the isoflux to be mea-
ured directly, eliminating the need for gradient measurement and
llowing for a much higher resolution analysis of the net isotope

xchange of carbon between the land and atmosphere. Their study
oncluded that within the C3 ecosystem on the seasonal time scale,
R was strongly linked to the isotope discrimination associated with
he photosynthetic pathway of the vegetation. This coupling was
st Meteorology 153 (2012) 154– 164 155

found to impact isotope flux partitioning of FN after peak growth
when the isotope disequilibrium was  small. Further, their study
confirmed that uncertainty associated with the gc calculation is a
major challenge when partitioning the component fluxes of FN on
the ecosystem scale (Bowling et al., 2001).

Traditionally, gc is calculated by inverting the
Penman–Monteith equation (Bowling et al., 2001; Ogée et al.,
2003; Zhang et al., 2006). This method, however, requires several
independent environmental measures including temperature,
vapor pressure deficit (VPD), and latent and sensible heat.
Each additional measurement carries its own  level of uncer-
tainty and noise. When these variables are incorporated into
the Penman–Monteith equation, the propagation of error can
be significant, leading to uncertainty as high as 30% (Bowling
et al., 2001; Zhang et al., 2006). Further, the Penman–Monteith
equation includes the unknown contributions of surface and
soil evaporation, which can lead to further uncertainty in the
partitioned results. Knohl and Buchmann (2005) found that under
wet  conditions, canopy conductance was  overestimated using the
Penman–Monteith equation which produced erroneous �canopy

and FP values.
One of the major assumptions in carbon isotope partitioning

theory is that the isotope composition of respiration is constant
over time. Several studies have suggested that ıR can vary both on
the seasonal and diel time scales. Griffis et al. (2005) showed that
ıR can vary by as much as 15‰ over the course of an agricultural
growing season. Drewitt et al. (2009) observed a gradual decrease
of 4‰ in the isotope composition of soil respiration (ıRs) from an
agricultural field after corn harvest due to the gradual decrease of
microbial decomposition of fresh corn residue. Fassbinder et al.
(2012) observed a 4‰ increase in ıRs from early to peak growth
during a corn growing season due to the increased contribution
of both corn root respiration and microbial consumption of root
exudates. Another factor influencing the variability in ıR is post-
photosynthetic isotope fractionation, which has been shown to
occur during the accumulation and re-mobilization of assimilates
throughout the plant (Gessler et al., 2008; Kodama et al., 2008;
Barbour et al., 2011) and during dark respiration (Ghashghaie et al.,
2001; Klumpp et al., 2005). These processes can cause the isotope
signatures of above and below ground respiration to differ from the
isotope signature of newly assimilated CO2, leading to uncertainty
in the isotope signature of autotrophic respiration (ıRa). Significant
variation in ıR, caused by either changes in phenology, microbial
carbon sources, or post-photosynthetic fractionation, can affect the
isotope disequilibrium between ıR and ıP and can confound carbon
isotope partitioning techniques (Bowling et al., 2008; Billmark and
Griffis, 2009).

In C4 ecosystems, application of the carbon isotope partitioning
method requires the estimation the of the bundle sheath leakage
factor, �. During C4 photosynthesis, a fraction of CO2 produced in
the bundle sheath cells leaks into the mesophyll cells where it is
refixed by rubisco (Evans et al., 1986; Farquhar et al., 1989). Values
of � generally range between 0.2 and 0.5 (Sun et al., 2010). Zhang
et al. (2006) used an optimized � value of 0.3 for a corn canopy,
although they acknowledged that � was  unlikely to remain con-
stant throughout the growing season and concluded that further
investigation is needed on the factors causing variation in �.

In this study, a simplified approach was  taken to carbon isotope
partitioning methodology by combining an automated chamber
system with tunable diode laser (TDL) spectroscopy in a climate
controlled greenhouse utilizing chamber plots with mixed C3/C4
soil and either soybean (C3 pathway) or corn (C4 pathway) plants.

This chamber-TDL method is capable of continuous, direct mea-
surement of both evapotranspiration (ET) and ıN, eliminating the
use of both the Penman–Monteith equation and the measure-
ment of FN utilizing eddy covariance or gradient techniques. Three



156 J.J. Fassbinder et al. / Agricultural and Forest Meteorology 153 (2012) 154– 164

Table 1
Symbols used in the text.

a Kinetic isotope fractionation associated with diffusion through
the stomata, ‰

b3 Enzymatic isotope fractionation associated with rubisco
carboxylation, ‰

b4 Enzymatic isotope fractionation associated with PEP
carboxylase, ‰

Ca Atmospheric CO2 mole mixing ratio, �mol  mol−1

Cc CO2 mole mixing ratio at the site of carboxylation, �mol  mol−1

CO2 Total carbon dioxide mole mixing ratio including all
isotopologues, �mol  mol−1.

12CO2 Carbon dioxide isotopologue (mass 44) mole mixing ratio,
�mol  mol−1.

13CO2 Carbon dioxide isotopologue (mass 45) mole mixing ratio,
�mol  mol−1.

ıa Carbon isotope ratio of ambient air, ‰.
ıN Carbon isotope ratio of net CO2 exchange, ‰.
ıP Carbon isotope ratio of photosynthesis, ‰.
ıR Carbon isotope ratio of ecosystem respiration, ‰.
ıRa Carbon isotope ratio of autotrophic respiration, ‰.
ıRs Carbon isotope ratio of soil respiration, ‰.
ıSOM Carbon isotope ratio of soil organic matter, ‰.
�canopy Canopy-weighted photosynthetic discrimination, ‰
E  Soil evaporation, mmol  m−2 s−1

ET Evapotranspiration, mmol  m−2 s−1

FN Net ecosystem CO2 exchange, �mol  m−2 s−1

FP Net ecosystem photosynthesis, �mol  m−2 s−1

FR Nonfoliar ecosystem respiration, �mol  m−2 s−1

FRa Autotrophic respiration, �mol  m−2 s−1

FRh Heterotrophic respiration, �mol  m−2 s−1

FTER Total ecosystem respiration, �mol  m−2 s−1

FL Foliar ecosystem respiration, �mol  m−2 s−1

FNıN Net CO2 isoflux, �mol  m−2 s−1 ‰
ga Aerodynamic conductance to CO2, mol  m−2 s−1

gb Boundary layer conductance to CO2, mol  m−2 s−1

gc Canopy conductance to CO2, mol  m−2 s−1

gm Mesophyll conductance to CO2, mol  m−2 s−1

gs Stomatal conductance to CO2, mol  m−2 s−1

gw Stomatal conductance to water vapor, mol  m−2 s−1

� CO2 leakage factor in the bundle sheath, dimensionless
T  Transpiration, mmol  m−2 s−1

TDL Tunable diode laser
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W

wa Mole mixing ratio of water vapor inside the chamber headspace,
mmol  mol−1

wi Mole mixing ratio of water vapor inside of the leaf, mmol  mol−1

undamental questions pertaining to isotope partitioning theory
ere explored. First, can partitioning results with low uncertainty

e obtained if the signal to noise ratios of gc and the isoflux are
mproved? Second, how do both short-term and long-term vari-
bility in ıR affect partitioned results? Third, are there systematic
ifferences between the isotope and temperature-regression parti-
ioning methods? To answer these questions, this study (1) utilized
he carbon isotope partitioning method to estimate FR and FP from
orn and soybean chambers in a climate controlled greenhouse, (2)
artitioned FN from the corn and soybean chambers using night-
ime temperature response techniques and compared results with
he isotope method, and (3) evaluated C3 and C4 isotope partition-
ng theory and identified potential challenges and problems.

. Materials and methods

.1. Plant growth facility

Laboratory measurements were conducted at the University of
innesota Plant Growth Facilities, located on the St. Paul campus. A

ombination of electric heaters, overhead vents, and exhaust fans
ontrolled the greenhouse temperature within a range of 2 ◦C of

he set point. Lighting was supplied by forty 800 W sodium halide
ulbs evenly spaced throughout the greenhouse and controlled by
n Argus Control System (Argus Controls, Controller Model 100,
hite Rock, British Columbia, Canada).
Fig. 1. Schematic of the automated chamber system and TDL for isotope analysis.

2.2. Chamber and tunable diode laser system

A closed, non-steady state chamber system was  used for a 25
day period to measure carbon isotope fluxes and evapotranspira-
tion. The chamber system used for this study was  designed by the
Biometeorology and Soil Physics Group at the University of British
Columbia and consisted of fully automated, flow through chambers
capable of measuring fluxes of water vapor and CO2 (Gaumont-
Guay et al., 2006). Each chamber lid was made of clear acrylic and
had a headspace volume of 0.06 m3.

Chamber lids were closed using compressed air supplied by
an electric air compressor (Powermate, Model VPP0301104, Long
Grove, IL). Closure of the chamber lids was controlled by a 12 Vdc
solenoid valve mounted to the back of each chamber. Upon closure,
a small fan inside the chamber headspace was activated to ensure
air was well mixed during sampling. A portable data acquisition
module (Iotech PDQ56, Cleveland, OH, USA) and a personal com-
puter were used to record all chamber signals including CO2 and
water vapor concentrations as well as thermocouples. All calcula-
tions and data processing were performed using custom software
developed in Matlab (The Mathworks Inc., Natick, MA,  USA).

Synflex tubing (Synflex Type 1300, Aurora, OH, USA) carried air
from the sample inlet to a custom made manifold that controlled
sampling to a Li-Cor 840 IRGA (Li-Cor Inc., Lincoln, NE, USA). After
air from the sample line was analyzed by the IRGA, a diaphragm
pump (Model NMP850KNDCB, KNF Neuberger Inc., Trenton, NJ,
USA) returned the air back to the chamber headspace in a sepa-
rate Synflex tube (return line) (Fig. 1). The base flow rate through
the chamber system was set at 4 L min−1 with a subsample flow
through the IRGA set at 1 L min−1. Sampling frequency and length
of individual sampling events were set to 15 min  and 210 s, respec-
tively. The individual sampling time was  optimized to accurately
measure the rate of isotope mixing ratio change inside the chamber
while minimizing chamber artifacts that can adversely impact the
flux (Wagner et al., 1997).

Each chamber was  fitted to a 200 L PVC soil column (53 cm diam-
eter, 91 cm height) that was  sealed at the bottom. Approximately
260 kg of soil from the Rosemount Research and Outreach Cen-
ter (RROC) was  added to each column. The soil is a Waukegan silt
loam with a relatively high organic carbon content (2.6%) (Baker
and Griffis, 2005). The average isotope composition of the soil
organic matter (ıSOM) is −18‰ in the 0–40 cm soil layer with val-

ues between −15 and −13‰ observed in deeper layers (Griffis et al.,
2005). The soil was extracted from the agricultural field site where
previous work was conducted by Baker and Griffis (2005), Zhang
et al. (2006), Griffis et al. (2008), Billmark and Griffis (2009).  The
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oil profile at RROC was replicated inside each column in order
o maintain continuity between the field and greenhouse. How-
ver, we acknowledge that some disturbance of the soil matrix
as unavoidable and likely caused changes in the bulk density, soil
ater content, and tortuosity values of the soil column that may

mpact the processes being studied.
The experiment utilized three automated soil chambers. Two of

he chambers contained either corn or soybean plants while the
hird chamber was left as a bare soil control. Each treatment cham-
er had 60 evenly spaced seeds sown at a depth of 2–5 cm.  Due to
he limited space available in the chamber headspace, vegetation
as not allowed to reach a mature stage. This restriction limited

he focus of the experiment to partitioning FN into FP and FR during
arly plant growth. Continuous sampling of FN, ıN, soil and air tem-
erature, and soil water content was performed for a 25 day period

n the greenhouse. The diel greenhouse temperature was set to a
aytime high of 28 ◦C and a nighttime low of 17 ◦C. Greenhouse

ighting was turned on from 0600 to 2000 h daily. Watering was
erformed every three to four days and averaged about 9.5 mm  of
ater per watering event per chamber.

Soil temperature was measured at depths of 5, 10, and 30 cm
s well as at 10 cm above the surface using chromel-constantan
hermocouples. Half hourly volumetric soil water content was  also

easured for two of the chambers using Em50 ECH2O sensors
Decagon Devices, Inc., Pullman, WA,  USA) at depths of 10 and
0 cm.

.3. Carbon isotope partitioning: theory and measurement

Based on the mass balance principle, FN, FP, and FR, as well as
heir carbon isotope signatures, can be written after Bowling et al.
2001) as

N = FR + FP (1)

NFN = ıRFR + (ıa − �canopy)FP (2)

here ıa is the carbon isotope ratio of ambient air, �canopy is the
hole canopy photosynthetic discrimination, and ıN is the iso-

ope ratio of FN. Nonfoliar ecosystem respiration (FR) is defined
s FR = FTER − FL, where FTER is total ecosystem respiration and FL is
oliar respiration (Farquhar and Sharkey, 1982; Zobitz et al., 2007;
riffis et al., 2008). Sign convention for this study defines a posi-

ive flux leaving the surface and a negative flux directed toward the
urface. The ıR term, equal to the isotope composition of nighttime
R, is assumed to have no diel variation (Zhang et al., 2006; Zobitz
t al., 2007). For this study, ıR was set at −17 and −23‰ for the corn
nd soybean chambers, respectively. These values are equal to the
verage nightly ıR measurement observed during the last 15 days
f the experiment.

Assuming that leaf-level and chamber-level photosynthesis are
nalogous (chamber-level considered a “big leaf”), FP is estimated
sing (Farquhar et al., 1989; Bowling et al., 2001)

FP = gc(Cc − Ca) (3)

here gc is the total conductance to CO2 (mol m−2 s−1), Cc is the CO2
ole mixing ratio at the site of carboxylation (�mol  mol−1), and Ca

s the atmospheric CO2 mole mixing ratio. Here, Ca was measured
irectly and Cc was solved for.

Values of gc were derived from

1
gc

= 1
gs

+ 1
gm

(4)
here gs and gm are the stomatal and mesophyll conductances to
O2, respectively. Previous partitioning studies have also included
he terms for the aerodynamic (ga) and boundary layer (gb) con-
uctances to CO2 (Ogée et al., 2003; Zhang et al., 2006; Zobitz
st Meteorology 153 (2012) 154– 164 157

et al., 2007; Billmark and Griffis, 2009). However, in this study we
used the chamber water vapor fluxes to estimate gs based on mass
balance (Kim and Lee, 2011). Therefore, ga and gb were not mea-
sured directly. We  have assumed that in a well-ventilated growth
chamber 1/ga and 1/gb are very small relative to 1/gs, so that total
conductance to CO2 is reasonably constrained (see calculations
below). Values of gm were set at 0.87 and 0.40 mol  m−2 s−1 for
the corn and soybean chambers, respectively, based on literature
values (Billmark and Griffis, 2009).

Soil evaporation (E) and evapotranspiration (ET) were measured
using

F = P · V · dwa/dt

A · Ta · R
(5)

where F represents either E or ET, dwa/dt is the change in water
vapor mixing ratio over time (mmol  mol−1 s−1), P is atmospheric
pressure (98 500 Pa), V is the volume of the chamber, A is the surface
area of the chamber (0.216 m2), Tair is the chamber air tempera-
ture (K), and F is the gas constant (8.3144 m3 Pa K−1 mol−1). Due to
the rapidly changing environmental conditions inside the chamber
after closure, dH2O/dt was  calculated using linear regression and
only included data from the first 15 s of the sampling event after an
initial omit time of 15 s following chamber closure. Linear regres-
sions with an r2 coefficient less than 0.95 were excluded from the
analysis.

Transpiration (T) was  separated from ET using

T = ET − E (6)

where E is the water vapor flux from a bare soil control chamber.
Total conductance to H2O (gw) was  calculated using

T = gw(wi − wa) (7)

with wi and wa the mole mixing ratios (mmol  mol−1) of water
vapor inside of the leaf and in the chamber headspace, respectively
(Cowan and Farquhar, 1977). The mole mixing ratio wi was taken
to be the saturated mixing ratio at the leaf temperature. The water
vapor mixing ratio in the chamber headspace (wa) was  defined as
the mixing ratio at the time of chamber closure. The bulk stomatal
conductance to CO2 (gs) was  then calculated by applying the ratio
of the diffusivities of H2O to CO2 in the air (≈1.6) to gw (Farquhar
and Sharkey, 1982). There are three sources of uncertainty asso-
ciated with the gs calculation. First, the ga and gb terms were not
explicitly accounted for in the gw calculation (Kim and Lee, 2011),
causing a slight overestimation of gs. Second, the rapidly changing
environmental conditions inside of the chamber shortly after clo-
sure may  have caused an underestimate of E and ET. Third, due to a
lack of plant shade, values of E from the control chamber may  have
been slightly higher than E in the planted chambers and caused a
slight underestimate of T.

For a C3 ecosystem, �canopy can be calculated using Farquhar et
al. (1989)

�canopy = a + (b3 − a)
Cc

Ca
(8)

where a represents the kinetic isotope fractionation associated
with diffusion through the stomata (4.4‰)  and b3 represents the
enzymatic isotope fractionation associated with ribulose 1,5 bis-
phosphate carboxylase/oxygenase (rubisco) carboxylation (29‰)
during the Calvin Cycle.

Isotope partitioning in a C4 ecosystem is more complex due to
the carboxylation of phosphoenolpyruvate (PEP) in the mesophyll
cells. This process forms a C4 acid such as malate or aspartate which

is transported to the bundle sheath cells where it is decarboxylated.
CO2 that is generated in the bundle sheath cells during decarboxyla-
tion is then reduced to carbohydrates via the Calvin cycle (Taiz and
Zeiger, 2002). The �canopy value for a C4 ecosystem must account for
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he fraction of CO2 produced in the bundle sheath cells that leaks
nto the mesophyll cells (�) (Farquhar, 1983),

canopy = a + (b4 + b3� − a)
Cc

Ca
(9)

here b4 is the isotope fractionation associated with PEP car-
oxylase (−5.7‰)  (Farquhar et al., 1989; Zhang et al., 2006). The
alue of �, usually between 0.2 and 0.5, has a direct influence on
canopy. In our study, � was optimized by initially being set at 0.2

nd increased/decreased incrementally by 0.02 until nighttime FP

djusted to zero. Using this criterion, � was estimated as 0.46. By
ombining Eqs. (2) and (3) with either Eq. (4) or (5) (depending
n the photosynthetic pathway), FP can be can be obtained from
he analytical solution of this non-linear set of equations (Bowling
t al., 2001; Zobitz et al., 2008; Billmark and Griffis, 2009).

.3.1. Net CO2 exchange and its carbon isotope ratio
Measurement of FN within each chamber was calculated using

x
N = P  · V · dxCO2/dt

A · Tair · R
(10)

here the superscript x indicates either the isotopologue 12CO2
r 13CO2. A best fit linear regression was used to determine dc/dt
or each sampling event. Linear regressions with an r2 coefficient
ess than 0.95 were excluded from the analysis. For each cham-
er measurement the first 15 s were omitted from each sampling
vent to eliminate potential perturbation from lid closure, leaving
he remaining 195 s of the chamber sample to calculate the slope.
he isotope composition of FN was determined from the flux ratio,
13/F12, and was expressed in delta notation using

N =
(

F13/F12

RVPBD
− 1

)
× 1000 (11)

.3.2. Tunable diode laser system
The stable isotopologues 12CO2 and 13CO2 were measured using

unable diode laser (TDL) spectroscopy (TGA100, Campbell Scien-
ific, Logan, UT, USA) (Bowling et al., 2003b; Griffis et al., 2004,
005). Air flow from the chamber system to the TDL was  set at

.44 × 10−4 mol  s−1 (1 L min−1). The TDL used to measure the iso-
ope composition of (ıN) was housed in an adjacent greenhouse
ay with a constant temperature of approximately 18 ◦C to help
aintain a stable operating temperature. Chamber air analyzed by
 (green symbols) chambers, and (c) half-hourly measurements of soil temperature
figure legend, the reader is referred to the web  version of the article.)

the TDL was not returned to the chamber. To compensate, N2 gas
flowing at 7.44 × 10−4 mol  s−1 was  added to the chamber return
line. Replacement of air sampled by the TDL with N2 gas caused a
dilution of the chamber CO2 concentration, resulting in an under-
estimate of the true flux. A correction factor was obtained from the
product of the N2 flow rate into the chamber and the mean chamber
concentration of either 12CO2 or 13CO2 (Griffis et al., 2011). Using
this method, the theoretical dilution flux was  calculated at −1.17
and −0.0138 �mol  m−2 s−1 for F12 and F13, respectively. Applying
this correction caused ıN to increase by 0.4‰.  Also, the addition of
N2 gas likely diminished the amount of O2 available for leaf res-
piration. However, due to the short sample time (210 s) and large
chamber volume (60 L), the decrease in oxygen was small (from
20.95% to 19.90% at the end of sampling) and likely had a minimal
influence on leaf respiration.

3. Results and discussion

3.1. Phenology of chamber vegetation

Prior to planting, soil respiration showed strong diel variability
in all chambers, with a daytime high of about 6 �mol m−2 s−1 and
a nighttime low of about 3 �mol  m−2 s−1. After planting, the corn
and soybean plants showed rapid phenological changes, with leaf
emergence occurring 4 days after planting and within 15 days the
corn and soybean plants had reached 25 cm, exceeding the height
of the chamber lid. Before the corn and soybean plants interfered
with chamber closure, daytime FN reached −7 �mol m−2 s−1 in
the soybean chamber and −10 �mol  m−2 s−1 in the corn chamber
(Fig. 2a and b). Every morning, photosynthetic CO2 uptake was
activated much more abruptly in the greenhouse than what is
typically observed under field conditions due to the artificial
light source. Light activation caused FN to drop sharply at 0600 h
from 6 to −3 �mol  m−2 s−1 in the corn chamber and from 5 to
−1 �mol  m−2 s−1 in the soybean chamber. Net CO2 exchange
reached −7 and −5 �mol  m−2 s−1 in the corn and soybean cham-
bers, respectively, at 1000 h and gradually became less negative
in both planted chambers throughout the afternoon. From 2300 to

0600 h, nighttime FR gradually decreased in both planted chambers
from about 6 to 4 �mol  m−2 s−1, with FR from the corn chamber
consistently 0.25 to 0.50 �mol  m−2 s−1 higher than FR from the soy-
bean chamber. In the bare soil control chamber, FR showed a strong
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iel pattern reaching a daytime maximum of 4.7 �mol  m−2 s−1 at
700 h and a nighttime minimum of 3.0 �mol  m−2 s−1 at 0600 h

ust prior to light activation.

.2. Carbon isotope composition of FN and FR

The strong diel pattern observed in ıN suggests that there were
hree distinct phases related to FN, including (1) late night/early

orning mix  of heterotrophic (FRh) and autotrophic (FRa) respi-
ation, (2) daytime photosynthetic uptake, and (3) early evening
nhibition of FRa shortly after light deactivation (Fig. 3a and b). In
he corn chamber, daytime ıN showed a strong C4 signal at −11‰
ue to photosynthetic discrimination. Soybean ıN showed a C3 sig-
al at 1000 h at −29‰ but increased during the afternoon, reaching
19‰ at 2000 h. Values of ıN were highly variable from 1800 to
000 h when FN was near zero. Nighttime values of ıR (from 0000
o 0600 h) in the corn chamber averaged −16‰,  which is slightly
nriched relative to ıSOM and suggests that corn FRa contributed
ignificantly to total FR during this period. Nighttime values of ıR

veraged −22‰ in the soybean chamber, indicating a strong con-
ribution from soybean FRa. In the bare soil control chamber, the
sotope composition of soil respiration (ıRs) showed a diel pattern
onsisting of daytime enrichment followed by a gradual depletion
fter light termination. Total diel variation in ıR was about 3‰,
eaching −17‰ during the afternoon and −20‰ during the night-
ime. The diel ıR pattern observed in the control chamber may  have
een due to a soil temperature gradient, which caused varying con-
ributions from deeper, isotopically heavier soil layers (Fassbinder
t al., 2012).

Immediately after the lights were turned off at 2000 h (when
N = FR), ıR sharply decreased in the corn chamber from −16‰ to
19‰ (Phase 3, Fig. 3a and b). The ıR signal remained at this value
ntil 0100 h, at which time it increased to −16‰ and remained
ear this value until the lighting was reactivated at 0600 h. In the
oybean chamber, ıR sharply increased from −23 to −19‰ imme-
iately after light termination and remained at this value until
000 h. At this time, ıR in the soybean chamber decreased to −22‰
nd remained near this value until the lighting was  reactivated at

600 h. Chamber-TDL data show that values of FR and ıR from the
lanted chambers were similar to values in the bare soil control
hamber, suggesting that autotrophic respiration (FRa) was  dimin-
shed during this 3 h period (2100 to 0000 h). Respiration rates were
s a and b correspond to distinct physiological shifts in FN and ıN that were observed
 this figure legend, the reader is referred to the web version of the article.)

2–3 �mol  m−2 s−1 lower during this 3 h period than nighttime FR

values when autotrophic respiration was  a strong contributor. It
should also be noted that the termination of greenhouse light-
ing (2000 h) occurred about 2 h after the average time of sunset
(1800 h), meaning that FN was not influenced by natural light during
this 3 h period.

The diminished FRa values in this 3 h period suggest an inhibition
of autotrophic respiration shortly after light termination. Barbour
et al. (2007) found that the respiration rate in bean leaves decreased
rapidly within the first 20 min  after light termination and either
continued to slowly decrease with time or stabilize. Barbour et al.
(2011) also found that the ıR value of light-adapted leaves was
enriched during the first minutes of dark respiration. These find-
ings could help explain the changes in FR observed in the soybean
chamber. To our knowledge, there have been no studies concerning
post-illumination changes in the carbon isotope ratio of respiration
from C4 plants. Several studies (Kirschbaum and Farquhar, 1987;
Atkin et al., 1997; Shapiro et al., 2004; Hurry et al., 2005) have found
that leaf respiration is inhibited in the presence of light, which our
findings appear to contradict. However, leaf respiration was not
directly measured in our study, meaning that inhibition may  have
occurred but was  masked by diel variability in belowground plant
and microbial respiration. Diminished FR may  have been influenced
by the sudden termination of greenhouse lighting, indicating that
this phenomenon was  a product of greenhouse and growth cham-
ber conditions and may  not be observed in a field setting. These
findings emphasize the need for further examination of above and
below ground plant respiration and its isotope composition under
natural field conditions.

3.3. Total conductance to CO2

Although water loss was nearly equal for the planted and bare
soil chambers shortly after watering, ET consistently remained
higher in the planted chambers 24–72 h after each watering event
(Fig. 4a). Values of ET exhibited a diel pattern in all chambers, reach-
ing a maximum at 1200 h and a minimum at 0600 h (Fig. 4d). With
E included in the calculation, the gc signal exhibited rapid increases

after watering events followed by gradual decreases until the next
watering event (Fig. 4b). When E was  excluded (Eq. 10), the gc sig-
nal increased steadily due to the development of the vegetation
(Fig. 4c). On Day 7 of the experiment, diel variation in gc was minor,
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eaching 0.05 mol  m−2 s−1 at 1200 h and falling to 0.02 mol  m−2 s−1

uring the nighttime. By Day 20, midday gc was 0.10 mol  m−2 s−1

n both planted chambers with nighttime values near zero.

.4. Evaluation of stable carbon isotope partitioning

Using stable carbon isotope techniques, FN was  partitioned into
P and FR for both the corn and soybean chambers (Fig. 5a and b).
iel ensembling was necessary to dampen noise in the measure-
ent, specifically for gc shortly after watering events and ıN during

he mid-morning and mid-evening transition periods when FN was
ear zero. The estimated net photosynthetic flux increased sharply
fter greenhouse lighting was activated and reached −14.5 and
10.7 �mol  m−2 s−1 at 1200 h in the corn and soybean chambers,
espectively, before decreasing in the late afternoon and evening.
aytime respiration reached a maximum of 7.6 �mol  m−2 s−1 at
200 h in the soybean chamber before gradually decreasing in
he late afternoon and evening. In the corn chamber, daytime
R reached 8.6 �mol  m−2 s−1 at about 1200 h before decreasing
harply from 1400 to 1800 h.
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3.4.1. Influence of variability in gc

As expected, the diel pattern of FP was very similar to the
diel pattern of gc in both the corn and soybean chambers. Use
of the bare soil control chamber effectively removed the soil
evaporation signal from the planted chambers and allowed for
a transpiration measurement with an improved signal to noise
ratio and, as a result, a gc measurement that better repre-
sented the true leaf conductance to CO2. A sensitivity analysis
showed that estimates of FP increased an average of 1.0 and
1.6 �mol  m−2 s−1 when gc was increased by 10% in the soybean
and corn chambers, respectively. When E was included in gc,
estimates of FP were nearly doubled in both chambers and exhib-
ited an unrealistic diel pattern, including strong nighttime uptake
(not shown).

3.4.2. Variation in the bundle sheath leakage parameter �
Variation in the CO2 leakage factor � also had a significant influ-

ence on calculated FP values for C4 partitioning. For this study,

� was  optimized at 0.46, similar to the value of 0.42 assigned
by Sun et al. (2010) but less than the 0.3 value assigned by
Zhang et al. (2006).  A sensitivity analysis showed that midday FP

increased by about 1.5 �mol  m−2 s−1 when � was increased by
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en circles) from the corn and soybean chambers. Ensemble averages were created
igned a value of 0.46. Nighttime values of FP were forced to zero when FN = FR . Error

 Bevington and Robinson (2003) and Zhang et al. (2006).  (For interpretation of the
rticle.)
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ig. 6. One to one plots comparing modeled and measured values of the net CO2 is

.05. Despite the importance of � in the C4 partitioning method,
ew studies have examined the main factors controlling its vari-
bility (O’Leary, 1981; Sun et al., 2010). Given the sensitivity
f the partitioning result to �, further research is warranted in
rder to understand the processes controlling the CO2 leakage
actor.

Optimization of � was tested by calculating both ıN and the
soflux (FNıN) using the mass balance equation of FNıN = FPıP + FRıR.
he ıP term was assigned a value of −12‰,  equal to the aver-
ge isotope composition of C4 photosynthesis. The ıR term was
ssigned a value of −17‰,  equal to the average nighttime mea-
urement of ıR observed during the experiment. For FP, the values
hown in Fig. 5b were used when � was set at 0.46. The calcu-
ated ıN and isoflux values were then compared to the measured
alues. Overall, the calculated isoflux agreed with the measured
soflux when � was assigned a value of 0.46 (r2 = 0.99, n = 24, Fig. 6c)

hile calculated ıN showed a weaker correlation with the mea-
ured values (r2 = 0.45, n = 24, Fig. 6d). Average daytime values of
N were consistently 2–3‰ higher than the measured values. More
nriched average values of ıN in the corn chamber could be due
o an overestimation of FP, which would have caused the sum of
he respiratory and photosynthetic isofluxes to become less neg-
tive and lead to more enriched values of average ıN. Also, more
nriched average ıN values could have been caused by either an
verage ıP value that was too low or an average ıR values that was
oo high.

A similar test was performed on the C3 partitioning results,
ith ıP equal to the average isotope composition of C3 photo-

ynthesis (−27‰)  and ıR equal to the average observed nighttime
easurement of ıR (−23‰).  Testing of the C3 partitioning results

evealed that the modeled isoflux showed strong agreement with
he measured values (r2 = 0.98, n = 24, Fig. 6a). Measured values
f ıN, however, were consistently 3–5‰ more enriched than the
verage ıN values (Fig. 6b). More depleted average ıN values in

he soybean chamber could have been due to an overestimation
f FP, which would have caused the sum of the photosynthetic
nd respiratory isofluxes to become more negative and, as a
esult, yielded more negative average ıN values. For both planted
N

FNıN), and ıN for the corn (Panels a and b) and soybean (Panels d and e) chambers.

chambers, the potential overestimation of FP may  have been due to
an overestimation of gc (Eq. (4)).

3.4.3. Variability in ıR

In the corn chamber, estimated values of FP increased by an aver-
age of 5.8 �mol  m−2 s−1 when ıR was  increased by 2‰ (with no
diel variability) and decreased by 3.3 �mol  m−2 s−1 when ıR was
decreased by 2‰. A similar influence was  observed in the soybean
chamber, with FP increasing about 1.2 �mol  m−2 s−1 when ıR was
increased by 2‰ and decreasing by about 1.1 �mol m−2 s−1 when
ıR was decreased by 2‰.

The incorporation of diel variability in ıR also had a signifi-
cant influence on FN partitioning. A diel ıR signal was  simulated
in the planted chambers by adding the variability about the mean
observed in the bare soil control chamber (Fig. 3b) to average
ıR values of −17 and −23‰ for the corn and soybean chambers,
respectively. Also, to account for diel variability in ıR, nighttime FP

was  re-adjusted to zero by re-optimizing � to 0.48. Incorporation
of the diel ıR signal increased estimates of FP by 6.5 �mol  m−2 s−1

in the corn chamber, reaching −21.0 �mol  m−2 s−1 at 1200 h. In
the soybean chamber, estimates of FP were less affected by the
incorporation of diel variability in ıR, increasing by an average of
2.1 �mol  m−2 s−1. In the corn chamber, a sensitivity analysis on ıR

with diel variability included showed an 8.1 �mol m−2 s−1 increase
in estimated FP when the diel ıR signal was  increased by 2‰ and a
5.5 �mol  m−2 s−1 decrease when the diel ıR signal was  decreased
by 2‰. In the soybean chamber, estimates of FP were less sensi-
tive to changes in ıR with diel variability included, increasing or
decreasing by about 1.2 �mol  m−2 s−1 when ıR was  increased or
decreased by 2‰, respectively. The strong influence of temporal
variability in ıR on C3 and, in particular, C4 partitioning empha-
sizes the importance of an accurate ıR measurement and indicates

the need for further research on the main factors controlling diel
and seasonal variability in the isotope composition of autotrophic
and heterotrophic respiration (Billmark and Griffis, 2009; Riveros-
Iregui et al., 2011).
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.4.4. Isotope disequilibrium
For this study, the isotope disequilibrium, defined as the differ-

nce between ıP and ıR, was about 8‰ at the start of the greenhouse
xperiment for both planted chambers before gradually decreasing
o about 4‰ at the end of the experiment. At the ecosystem-scale,
riffis et al. (2005) and Zhang et al. (2006) observed early growth
isequilibrium values that were similar to those observed at the
tart of our greenhouse experiment but decreased to near zero dur-
ng and shortly after peak growth. Several studies (Bowling et al.,
003b; Ogée et al., 2003; Zhang et al., 2006; Zobitz et al., 2007) have
ound that when the isotope disequilibrium approaches the reso-
ution of the equipment, the isotope flux partitioning methodology
s not reliable. In this study, the uncertainty in ıN was approxi-

ately 0.5‰ which is significantly improved over previous studies
sing flux-gradient (Zhang et al., 2006), EC-flask (Bowling et al.,
001; Ogée et al., 2003), and EC-TDL (Billmark and Griffis, 2009)
pproaches. The relatively low noise on ıN relative to the large iso-
ope disequilibrium provided a more favorable partitioning result.

.5. Partitioning with a traditional nighttime temperature

egression model

Estimates of FR were derived using the Q10 relationship of FR =
10 Q (T−10)/10

10 . The relationship was then used to estimate daytime
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respiration (Fig. 7). For our study, like all partitioning studies that
utilize temperature-regression techniques, FP was forced to zero
when PAR was  near zero. Estimates of FP using the 5 cm tem-
perature were about 2 �mol  m−2 s−1 lower than estimates of FP

using the stable isotope partitioning method for both chambers
(Fig. 8). The relatively low estimates of FP were due to low Q10
values. Calculated Q10 values were 1.54 (r2 = 0.92, n = 10) and 1.38
(r2 = 0.80, n = 10) for the soybean and corn chambers, respectively,
and similar to the values reported by Mahecha et al. (2010).  For
comparison, the Q10 value of FR in the bare soil control chamber
was  2.17 (r2 = 0.88, n = 10). When air temperature was substituted
for 5 cm soil temperature, Q10 values decreased to about 1.10 for
both planted chambers with FR exhibiting poor correlations to tem-
perature (r2 < 0.1). The weak correlations were due to an apparent
lack of temperature sensitivity for nighttime values of FR, which
steadily decreased from 0000 to 0600 h while air temperature
inside of the greenhouse was held constant during the same time
period. Another period when FR lacked temperature sensitivity was
shortly after light termination when post-illumination processes
appear to have inhibited autotrophic respiration. Our observations
indicate a systematic difference in the daytime partitioned fluxes

based on the isotope and temperature-regression methods. Esti-
mates of FP were symmetric with the diel FN pattern when using the
temperature-regression method. The isotope partitioning method,
however, produced estimates of FP that were symmetric with the
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. Conclusions

In this study we utilized an automated chamber system and a
unable diode laser under controlled environmental conditions to
solate potential limitations in the stable carbon isotope partition-
ng method. Results from this study indicate that:

Partitioning of net CO2 exchange into its photosynthetic and res-
piratory components is improved when the variability in the
isotope composition of respiration is accounted for and when
the influence of soil evaporation is removed prior to calculating
stomatal conductance.

 Diurnal and short-term variation in the isotope composition of
respiration had the greatest influence on partitioning results,
causing photosynthetic uptake to nearly double. Surprisingly,
variability in the isotope composition of respiration had a small
influence on calculated photosynthesis values for soybean. Use
of soil chambers may  help estimate seasonal and diel variabil-
ity in the isotope composition of respiration from below ground
sources and may  diminish uncertainty in the partitioned results.

 Variation in the bundle sheath leakage factor caused significant
changes to estimates of photosynthetic uptake in the corn cham-
ber. While the optimization method used in this study appeared
to be successful, the physiological explanation for why this opti-
mized value was successful is unknown.

 The carbon isotope and temperature-regression methods yielded
very different diel patterns of FP and FR. This difference is
partially attributed to the apparent lack of temperature sen-
sitivity of processes that control autotrophic respiration. This
was evident shortly after light termination when FR decreased
for reasons other than temperature. The diel FP pattern was
symmetric with the diel FN pattern when using the temperature-
regression method and symmetric with diel gc pattern when
using the isotope partitioning method. Also, daytime estimates of
FR were higher using the isotope method than the temperature-
regression method.
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