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[1] Canopy and soil CO, concentration and isotopic measurements were conducted in a slash
pine forest during a progressive drought in the southeastern United States (1) to determine and
compare variations in & °C of foliage (6Cf), soil (6Cs), and ecosystem-respired CO, (8Cr) and
(2) to evaluate the usefulness of a two end-member oxygen isotope ratio (6’30 of CO,)
approach to partition nighttime ecosystem respiration into soil and plant components at different
heights within the canopy. The 6Cfwas enriched by 2.2 + 0.3 (standard error) %o during the extreme
drought in May relative to September when precipitation was above normal. The enrichment in §Cf
exceeded changes in §Cr and 6Cs for the same time period (1.6 + 0.5 and 1.0 + 0.4%o, respectively).
Lower variations in the '3C of soil-respired CO, relative to the variations of the autotrophic
component can buffer changes in §Cr, which integrates the '>C signature of canopy and soil
respired CO,. Application of a two end-member model to canopy 6'*0-CO, indicated that soil
CO; contribution to nighttime CQ, buildup within the canopy decreased from 100% at the soil
surface to 0% within the canopy in September. In May, during the extreme drought period, soil
respiration rate was 2.7 times lower than the rate in September despite similar soil temperatures
(23° in May versus 19°C in September). Soil and aboveground respiration equally contributed to
the nocturnal CO, buildup within the canopy in May. Our model was limited in that it produced
an upper limit value for soil respiration and neglected respiration by woody tissue. INDEX
TERMS: 0315 Atmospheric Composition and Structure: Biosphere/atmosphere interactions; 0322
Atmospheric Composition and Structure: Constituent sources and sinks; 1615 Global Change:

Biogeochemical processes (4805); 3322 Meteorology and Atmospheric Dynamics: Land/
atmosphere interactions; KEYWORDS: isotopes, CO2, ecosystem respiration, discrimination,

aboveground and belowground respiration, partitioning

1. Introduction

[2] The atmospheric CO, concentration has been increasing
since the industrial age [Etheridge et al., 1996] and is expected
to lead to global climatic changes [Dickinson and Cicerone, 1986).
Roughly half of the CO, emissions resulting from fossil fuel
consumption are stored in the atmosphere, while the rest is
absorbed by the oceans and the temrestrial biosphere [Schimel et
al., 1996]. The terrestrial ecosystem contains nearly 3 times the
amount of carbon present in the atmosphere [Schlesinger, 1997]
and plays a major role in the global carbon cycle [Schimel, 1995].
Annually, ~20% of the atmospheric CO, is exchanged with the
terrestrial biota through photosynthesis and respiration [Peylin et
al., 1999]. Because terrestrial ecosystems are more susceptible to
anthropogenic perturbations than the oceans are, understanding the
factors that influence photosynthesis and respiration has global
implications for future increases in atmospheric CO, [Ciais et al.,
1995a; Valentini et al., 2000].

[3] Through national and international programs, net ecosystem
CO, exchange (NEE) is now being measured in various ecosys-
tems as part of a global network (FLUXNET [Running et al.,
1999]). However, to be able to predict the impact of global change
on terrestrial ecosystems, it is important to measure the responses
of the two large opposing fluxes associated with photosynthesis
and respiration. For example, in the European forests, there is a
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decrease in NEE with increasing latitude [Valentini et al., 2000)].
This decrease results from an increase in ecosystem respiration
with increasing latitude while gross primary production remains
relatively constant. The difference in respiration rates across
latitude is postulated to result from two factors. Droughts at lower
latitudes limit soil respiration, and warmer temperatures relative to
past conditions at higher latitudes enhance respiration relative to
the rates in the south [Valentini et al., 2000]. Net carbon exchange
between the terrestrial biosphere and atmosphere in these forests is
therefore in a delicate equilibrium between photosynthesis and
respiration, making it vulnerable to climatic disturbances [Valentini
et al., 2000].

f4] Stable isotopes of CO, can provide information on carbon
exchange between the biosphere and the atmosphere [Francey et al.,
1995; Keeling et al., 1995] and insight into the role of photosyn-
thesis and respiration in the global carbon cycle [Yakir and Stern-
berg, 2000]. For example, because carbon isotopic discrimination
during photosynthetic CO, uptake differs from that during ocean-
atmosphere CO, exchange [Francey et al., 1995, variations in §'>C-
CO, and CO, concentrations can be used to determine CO,
partitioning between the terrestrial ecosystem and the ocean [Far-
quhar et al., 1989; Ciais et al., 1995a; Francey et al., 1995; Keeling
et al., 1995). On local stands, measurements of §'>°C-CO, and CO,
concentrations have been used to reveal the impact of environmental
factors on ecosystem carbon isotopic discrimination [Buchmann et
al., 1996; Ehleringer and Cook, 1998].

[5] The oxygen isotopic ratio of CO, can provide information
on the role of the oceans and individual terrestrial biomes on net
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Table 1. The §'>C of Various Pools and Fluxes Within the Forest®
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Month 8Cf 8Cr 8Cs 8Cs-ch A Ae
September 1999 —28.5+0.2 -27.1+£0.5 —27.0+0.3 —24.3+0.2 20.0 19.8
December 1999 —27.240.2 —25.842.6 —26.3204 — 18.3 17.9
May 2000 —26.3+0.2 —25.5+¢0.3 —26.020.3 —25.440.5 17.6 17.7
Mean —27.320.1 —26.1+2.6 —26.4+0.2 —24.94+0.2 18.6 18.5

#Values are in per mil relative to PDB. Carbon isotope ration of pine needle (5Cf) was collected at nighttime concurrent with nighttime air sampling.
Ecosystem-respired §'>C (8Cr) was determined from canopy Keeling plots. Isotopic composition of soil CO, flux (§Cs) was detemined by subtracting the
4.4%o diffusional fractionation [Cerling et al., 1991] from the intercept of soil CO, Keeling plots gFigure 6). In September and May, Keeling plots were

applied to chamber CO, concentration and isotopic ratios to determine §"*C of soil-respired CO, (8

3Cs-ch). The errors corresponds to the analytical error

for 8Cf and the standard error of the intercept of the regression lines for 8Cr, 6Cs, 8Cs-ch. The errors have been propagated in the calculation of the mean.
Carbon isotopic discrimination were detemined from equation (6) of Farquhar et al., [1989] for A and from equation (13.1) of Buchmann et al., [1998] for

Ae; see text.

CO, uptake [Farquhar et al., 1993]. The §'%0 of atmospheric CO,
is strongly influenced by isotopic exchange reactions that occur
between oxygen in CO, and oxygen in ocean water (H,O), soil
H,O0, and plant chloroplast H,O [Farquhar et al., 1993]. The 8'%0
ratio of ocean H,O is relatively constant throughout the globe,
varying only slightly with salinity [Hoefs, 1997]. In contrast, the
§'%0 of the fresh H,O pools (precipitation, soil, and foliage H,0)
differ significantly [Farquhar et al., 1993]. Isotopic exchange
between CO, and the H,O pools with distinct oxygen isotopic
ratios is the framework for tracing the impact of biospheric
activities on atmospheric §'%0-CO, [Francey and Tans, 1987;
Farquhar et al., 1993; Ciais et al., 1997b; Peylin et al., 1999].
The results from these models indicate that soil and plant isotopic
fluxes each contribute roughly 5 times more to the observed
temporal variability in the atmospheric §'%0-CO, than do oceanic
or fossil fuel burning components [Miller et al., 1999].

[6] The isotopic composition of CO, respired by the terrestrial
ecosystem is affected by soil and plant respiration. The seasonal
cycles of these two components, however, can be out of phase
[Baldocchi et al., 1997], and they can respond differently to
climatic variations [Goulden et al., 1996)]. Therefore, to be able
to predict changes in nighttime ecosystem CO, fluxes, it is
necessary to partition nighttime respiration into soil and plant
respiration and to determine the responses of these two compo-
nents to environmental factors. Soil CO, flux, for example, is the
largest terrestrial carbon flux to the atmosphere [Schiesinger and
Andrews, 2000], and variations as little as 0.2%o in soil-respired
8'3C can cause a 0.6 x 10" g C yr™! uncertainty in estimates of
carbon uptake by the terrestrial ecosystem gCiais et al, 1999].
Reducing the uncertainties associated with 8'3C of CO, flux from
the terrestrial biosphere will lead to better constraints on atmos-
phere/terrestrial ecosystem models [Buchmann et al., 1998].

[7] Our objectives in this study were twofold. First, we wished
to examine the effect of a progressive drought on the carbon
isotopic composition of the foliage (8Cf) and the §'3C of soil-
(8Cs) and ecosystem-respired CO, (8Cr) in a southeastern U.S.
pine forest. In dry weather conditions, stomata tend to restrict gas
exchange and reduce photosynthetic discrimination [Schuilze, 1986,
1994], and therefore 8'°C newly fixed carbon becomes enriched
[Ehleringer et al., 1993; Lloyd and Farquhar, 1994; Ehleringer
and Cook, 1998; Duranceau et al., 1999]. Belowground soil CO,
flux results from root respiration, microbial respiration of root
exudates, and microbial respiration of soil organic matter (SOM).
Autotrophic respiration will result in CO, with a variable '*C
through time because newly synthesized metabolites will have
different carbon isotopic signatures depending on the environ-
mental conditions [Duranceau et al., 1999; Ghashghaie et al.,
2001]. In contrast, the 1>C of heterotrophic respiration of SOM,
with turnover times of decades to centuries ITrumbore, 1993], will
result in CO, with a relatively constant 3C and can therefore
buffer changes in 6Cr.

[8] Second, we wished to examine if a two end-member model
using the oxygen isotope of CO, can be useful for partitioning
nighttime ecosystem respiration into canopy and belowground
components. Plants and soil have contrasting effects on canopy
§'%0-C0,. Foliage H,0 becomes 180 enriched relative to soil H,O
during the day as a result of the preferential evaporation of §:°0-
H,0 [Craig and Gordon, 1965]. The enrichment in foliage §'80-
H,O can persist at nighttime [Flanagan and Ehleringer, 1991;
Flanagan et al., 1993; this study]. CO, diffusing from the leaves
will equilibrate with foliage enriched H,0 in "0 and will therefore
enrich the atmosphere in 180.C0,. In contrast, soil CO, isotopi-
cally equilibrates with soil H,O, which is depleted relative to leaf
H,0. CO, diffusing from the soil will therefore have §'30 ratios
depleted relative to the CO, diffusing from the leaf. This difference
in isotope effects associated with plants and soil has been used to
determine their respective influences on atmospheric CO, at the
global scale [Francey and Tans, 1987; Farquhar et al., 1993; Ciais
et al., 1997a; Peylin et al., 1999], and to partition NEE into its
photosynthetic and respiratory components at local scales [Yakir
and Wang, 1996]. Local-scale investigations will provide con-
straints for larger-scale models of the impact of the terrestrial
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Figure 1. Long-term mean (16 years) and monthly precipitation

for Gainesville, Florida. Asterisks indicate the months when
samplings were conducted. Notice that for September 1999,
rainfall exceeded the long-term mean, with all other months
exhibiting a deficit.
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largest atmospheric terrestrial carbon sinks [Clark et al., 1999;
Lai et al., 2002].

2.2. Tower Profiles

[11] The canopy height at this 10 year old plantation is <12 m,
which simplified our measurements. On single occasions in Sep-
tember 1999, December 1999, and May 2000 we collected night-
time (~0300 LT) and daytime (~1200 LT) canopy air at several
heights for CO, isotopic and concentration measurements. Air
samples were collected within the canopy at 0.01,2, 5,9, and 12 m
above the ground and above the canopy at 15 m above the ground,
with the entire collection time lasting <0.5 hours. Our near-dawn
nighttime sampling effectively integrated the respiration, which
occurred over the entire night. If there was variability in nighttime
8'80 of leaf H,0 and canopy-respired CO, over this time period,
we effectively summed this variability. Samples were collected
with a bellows pump, passed through a magnesium perchlorate trap
to remove H,O vapor, and pressurized into preevacuated Summa
canisters (Biospheric Research Corporation®). Ecosystem-respired
813C-CO, and 8'®0-CO, were determined by the standard least
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Figure 2. Canopy CO; concentration profile in the slash pine
forest in (a) September 1999, (b) December 1999, and (c) May
2000 and (d—f) their corresponding §'*C isotopic ratios. Solid and
open symbols correspond to samples collected at nighttime and
daytime, respectively.

system on the 8§'®0 ratio of atmospheric CO, [Ciais et al., 1997a,
1997b; Peylin et al., 1999).

{s] To meet our first objective, we made measurements of 8'>C of
foliage and of nighttime soil- and ecosystem-respired CO, during a
period of increasing H,O stress. To meet our second objective, we
measured nighttime canopy §'#0-CO, and determined the §'%0-CO,
associated with plant and soil respiration. Soil respiration can
account for a large fraction of nighttime ecosystem respiration [Lai
et al., 2002] and can have a significant influence on the '*0 of
canopy CO, [Flanaganetal., 1997]. Estimates of soil-respired §'20-
CO, flux were made from soil §'%0-CO, profiles, chamber flux
measurements, and a mass balance equation using measurements of
daytime and nighttime CO, concentrations and §'*0-CO, ratios.

2. Methods
2.1. Study Site

[10] Our study site is a 10 year old managed slash pine
plantation (Pinus elliottii var. elliottii) northeast of Gainesville,
Alachua County, Florida (29°44'N, 82°9'30"W). Managed slash
pine ecosystems are one of the major constituents of the pine
flatwoods of the lower Coastal Plain in the southeastern United
States [Meyers and Ewel, 1990]. In Florida, slash pine accounts
for two thirds of the pine flatwoods, and they are highly
productive ecosystems, sequestering on average 675 g C m™>
yr~! [Clark et al., 1999]. Southeastern pine forests are among the
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Figure 3. Canopy Keeling plots for the slash pine plantation in
(a) September 1999, (b) December 1999, and (c) May 2000. Here
b[0] indicates the 8'3C ratio of ecosystem-respired CO,. The
enrichment of the ecosystem-respired §'°C-CO, in December and
May corresponds to a period of severe drought in Florida. Solid
and open circles correspond to samples collected at nighttime and
daytime, respectively. The open hexagon corresponds to the
daytime sample collected above the canopy and is included in
the Keeling regression. The open circles are not included in the
regression. The regressions were significant at P < 0.05.






