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Abstract 

The Maricopa cotton and wheat FACE (free-air CO2 enrichment) experiments offer propitious opportunity to 
quantify carbon turnover. The commercial CO2 (6 13C ~ -37 %o) used to elevate CO2 concentration in field plots 
provided a strongly laC-depleted tracer. Soil CO2 and 613C of soil organic carbon (SOC) in CO2 -enriched and 
Control plots were measured between the final cotton FACE project (October 1991) and the end of the second 
wheat experiment (June 1994). The initial 13C-depletion in SOC of cotton FACE plots (measured by the difference 
in ~I3C between FACE and Control plots) persisted at the same level (1.9 %0) 1.5 years after the experiment ended. 
A similar depletion was observed in soil CO2 evolved in the same plots, indicating ongoing decomposition of the 
new SOC. The SOC dl3C of wheat plots before and after two growing seasons showed increasing 13C-depletion in 
FACE relative to Control. Isotopic mass balance was consistent with 5-6% new carbon input from the two wheat 
crops. This is lower than the 12-13% calculated for FACE cotton and perhaps a consequence of the larger root 
system of cotton or the 3-year duration of the cotton experiments versus 2 years for the wheat. 

Introduction 

Stable-C isotope measurements in soil have been use- 
ful for investigating soil C transformations in systems 
where the replacement of C4 plants by C3 or vice ver- 
sa provides a distinctive isotopic label for new soil 
organic C (SOC) (Balesdent et al., 1987, 1988, 1992; 
Townsend et al., 1995; Van Kessel et al., 1994). Free- 
air CO2 enrichment (FACE) experiments also offer 
exceptional opportunities to characterize C dynamics 
in the atmosphere-plant-soil system when the com- 
mercial CO2 gas used to raise concentrations is iso- 
topically distinct from background air. FACE experi- 
ments were conducted at the University of Arizona's 
Maricopa Agricutural Center with cotton (Gossypium 
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hirsutum L. cv. Deitapine) for three growing seasons 
(1989-1991) (Dugas and Pinter,1993; Hendrey, 1992) 
and with wheat (Triticum aestivum L. cv. Yecora Rojo) 
for two growing seasons (1992-93 and 1993-94) (Pin- 
ter et al., 1995) by elevating CO2 concentration to 550 
#mol mol-l  in enriched plots (FACE plots) with tank 
CO2, compared to background (Control) plots at 350-- 
370 #mol mo1-1 (Table 1). 

Experiments employed four FACE and Control 
replicate plot pairs embedded within a large farm field, 
each circular plot having a diameter of ca. 23 meters. 
Carbon dioxide was added through a series of vertical 
pipes from a circular plenum that bordered each plot. 
Computer-controlled opening of ports on the pipes 
maintained CO2 levels above FACE plots at 550 #mol 
mo1-1. Soil moisture and nutrient levels were main- 
tained by regular irrigation as needed and fertilization. 
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Table 1. Plot history of above-plot CO 2 concentration level (arab=ambient, enrich=enriched), 
planted crop (cotton or wheat), and sampling schedule for isotopic analysis of soil-air CO2 
and SOC from 1989-1994) 

Year, Growing season and treatment 

1989 1990 1991 1991-92" 1992-93 1993-94 

summer summer summer winter/spr winter/spr winter/spr 

Cotton plots 
FACE Enrich Enrich Enrich a Amb a,b Amb a Amb 

Cotton Cotton Cotton Wheat Wheat Wheat 

Control Arab Amb Amb a Amb a,b Amb b Amb 

Cotton Cotton Cotton Wheat Wheat Wheat 

Wheat plots 

FACE Amb Amb Amb Amb c Enrich c Enrich c 

Cotton Cotton Cotton Wheat Wheat Wheat 

Control Arab Amb Amb Amb c Amb c Amb c 

Cotton Cotton Cotton Wheat Wheat Wheat 

*test crop, not part of  FACE experiment. 
aSOC from original cotton plots sampled. 
bsoil air from original cotton plots sampled. 
cSOC from wheat plots sampled. 

Between experiments, the gas-distribution hardware 
was removed from the fields. Details of the cotton 
FACE experiments are described in Hendrey (1992), 
and the same methods were employed for the FACE 
wheat experiments. Field locations of replicate plots 
in the wheat experiments were different from those in 
the cotton experiments. 

Figure 1 illustrates the petrochemically-derived 
COa used to elevate concentration is depleted in 13C 
relative to background atmosphere, and FACE plot 
plants acquire concordant depletion. Mixing this tank 
CO2 (613C ~ -37 %°) with open air (~ -8 %0) produces 
air above the FACE plots distinctively 13C -depleted 
(,,~ -18 %o). Therefore the plants in the FACE plots 
have 613C~-38%o compared to plants in the Control 
plots with t513C~-27 %o. The relatively 13C -depleted 
plant C in the FACE plots thus became a tracer with 
which to follow C entering SOC pools with initial t513C 
~-23 %o. 

In the 1991 cotton FACE growing season, Leav- 
itt et al. (1994) collected soils from two of the four 
plot replicates and analyzed stable-C isotopic com- 
position of SOC, after first removing all plant frag- 
ments. The FACE SOC was depleted in X3C by 1.9%o 
relative to the Control soils (613C =-24.15 %o and 
-22.24 %o, respectively). Isotopic mass balance cal- 

culations indicated that 12% of the SOC at the end of 
the third year of experiment was derived from contem- 
porary inputs. Fractionation of SOC pools by 6N HCI 
hydrolysis revealed similar 13C depletion in the more 
active "supernatant" fraction (-22.52 %o and -21.09 %o, 
respectively) and even 13C-depletion in the recalcitrant 
"residue" fraction (-24.64 %o and -22.84 %o, respective- 
ly). Because of the old, mean-radiocarbon ages of the 
residue fraction (2200 y BP), Leavitt et al. (1994) con- 
cluded that this was additional evidence that much, if 
not all, of the 12% new FACE SOC was "extra" rather 
than "replacement". 

This 12% value for new SOC was an important 
quantitative measurement, even if it only represents 
balanced turnover rather than absolute increase of 
SOC. 

In this paper we report (1) ~13C of field-collected 
soil-air CO2 from cotton plot soils (2) 613C results from 
continued sampling and analysis of SOC in cotton plots 
after cotton experiments ended, and (3) 613C results 
from the two years of FACE what experimentation. 
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Figure 1. Stable-carbon isotopic composition (~]3C) in the air and plants of the cotton (A) and wheat (B) FACE experiments. The cotton isotope 
system diagram represents measurements from the 1991 growing season. The wheat diagram represents average tank CO2 and air measurements 
from both the 1992-93 and 1993-94 growing seasons, and whole-tissue plant analyses are only from the end of the 1993-94 growing season, 
although they are consistent with tfl3C values of plant holocellulose measured on wheat from the 1992-93 experiment. The isotopic values 
represent mean +ISD with no. of samples in parenthesis. 

Methods 

Soil air sampling 

Table 1 summarizes the history of  experimental and 
non-experimental crops growing on each plot and our 
sampling activities. Beginning in July 1992, soil air 
was sampled from the plots of  the original FACE cotton 
experiments for isotopic analysis of  the CO2. Initially, 
we sampled with 2.5-L metal cans (17-cm tall), pushed 

ca. 4 cm into the soil of  four original cotton plots 
(Control-FACE replicates 1 and 2). Two hours after 
each placement, gas samples were drawn from the cans 
into 3-L or 13-L evacuated flasks. Uncertainties about 
drawing open-atmosphere air into the flasks prompted 
later sampling with metal capillary tubes driven into 
the soil to 30 cm. Soil air was drawn with evacuat- 
ed 125-mL flasks on October 21, and November 4 and 
18, 1992. The final sampling procedure utilized perma- 
nently installed PVC pipes (35-cm long, 1.5-cm inside 
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diameter, valve on top) with a perforated bottom at a 
depth of 30 cm. Soil gas samples were drawn through 
the top into a 0.5-L evacuated flask at approximately 
biweekly intervals beginning on December 22, 1992. 

The 1992-93 FACE wheat experiment plot loca- 
tions did not interfere with the measurements because 
they were displaced northward, with no overlap, from 
the original cotton plot locations. To obtain CO2 con- 
centration in the soil atmosphere, capillary tubes were 
permanently installed around April 9, 1993, to sample 
gas at 10, 20, 30 and 40-cm depths adjacent to the PVC 
standpipes. A 1.5 to 2-mL soil air sample was taken 
through a rubber septum on top of each capillary probe 
and CO2 concentration determined with an infrared gas 
analyzer (Nakayama and Kimball, 1988). Soil temper- 
atures at 10-cm depth were obtained from the Arizona 
Meteorological Network's weekly summaries for the 
Maricopa Agricultural Center. 

Soil sampling and laboratory preparation 

Surface soils (0-30 cm) were sampled from original 
cotton FACE plots (FACE/Control replicates 1 and 2) 
on May 21, 1993. Surface soils (0-15 cm and in some 
cases 0-30 cm and 15-30 cm) were sampled from the 
wheat FACE replicate plots (1) prior to seed germi- 
nation in the first 1992-93 experiment on December 
17, 1992, (2) after the first experiment on May 27, 
1993, (3) prior to the second 1993-94 experiment on 
November 30, 1993, and finally (4) after the second 
wheat experiment on June 2, 1994 (Table 1). 

Soil samples were first sieved (1 mm) to remove 
large plant fragments and pebbles, and a 50-100 g sub- 
sample was acidified with cold 0.5-1 N HC1 to remove 
the carbonate fraction. The acid was decanted and sam- 
ples were then immersed in a concentrated NaCI solu- 
tion (p ~ 1.2 g cm -3) and stirred. Following settling 
of the heavier solids, the floating plant fragments were 
skimmed from the surface. This was repeated until 
no floating fragments remained, after which the soils 
were rinsed free of salt, oven-dried (70°C), and pul- 
verized with a mortar and pestle. Recognizable plant 
and root fragments were physically removed from 1-5 
g of these processed soil samples under a binocular 
microscope at 20 x. 

Isotopic analysis 

Soil-air CO2 was isolated on a vacuum line by freezing 
water vapor at -85°C, freezing CO2 with liquid nitro- 
gen at- 195°C, and pumping away non-freezable gases. 

Nitrogen oxide was removed by circulating the CO2 
over hot (650°C) copper turnings for 15 minutes, after 
which the CO2 was refrozen and the non-condensible 
N2 evacuated. The purified CO2 was analyzed mass- 
spectrometrically for 813C1 relative to the international 
PDB standard (Craig, 1957). Carbon yield was deter- 
mined by manometric analysis of the recovered CO2. 

Soil subsamples (0.10-0.25 g) were combusted to 
CO2 in quartz tubes at 900°C in the presence of cop- 
per oxide, silver foil and copper turnings (Boutton, 
1991). SOC content was determined manometrical- 
ly, and the CO2 was analyzed mass-spectrometrically. 
Isotope ratio mass spectrometer precision is < 4-0.05 
%o(4- 1SD) for repeated analysis of the same CO2 gas. 
During the last (1991) FACE cotton experiment (Leav- 
itt et al., 1994), seven separate combustions and anal- 
yses of subsamples of one FACE soil sample produced 
a mean 613C of -23.40 %o (ISD=0.25 %0) with a mean 
SOC content of 0.60% (ISD=0.03%). Seven additional 
runs with another soil standard gave a 613C precision 
(1SD) of 0.33 %0 and SOC content precision of 0.06%. 
Additionally, two splits from each of 8 soils samples 
collected on May 21, 1993, from the wheat and cot- 
ton plots were processed and analyzed separately. The 
613C mean difference of the pairs was 0.03 %0 with a 
standard deviation of 0.35 %0. 

Results 

Soil air 

The 613C of soil air CO2 increased during the fallow 
period from late Summer to Fall preceding the 1992- 
93 FACE wheat planting (Figure 2). Decreasing soil 
temperature from 31 ° (July 31) and 32°C (August 12) 
to 18 ° (November 4)and 16°C (November 18)would 
contribute to a decrease in microbial activity over the 
fallow period. Soil moisture ([weight water/weight dry 
soil] x 100) from September 9 through November 18 
was very low (7.2-11.1%) with no evidence for an 
increase or decrease. The amount of CO2 recovered, 
however, was several typically 2-5 times greater than 
would be expected if there were no microbial respira- 
tion (i.e., if only aboveground air was in the soil pore 
space). 

Following wheat planting, the soil CO2 t~13C rapid- 
ly declined with 13C-depleted CO2 inputs from wheat 
root respiration and microbial decomposition. The soil 

I 613C (in %ounits) = ((lac fi2C) sample/(13C/12C)PDB -1) X 1000 
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temperature also increased from ca. 9°C to 21°C from 
December 22, 1992, to April 23, 1993, respective- 
ly. Soil moisture levels increased after planting due 
to irrigation and January-February rainfall. Likewise 
the CO2 recovered in the 125-mL flasks was typical- 
ly 20-70 times greater than expected if there were no 
respiration in the soils. That CO2 recovery represents 
concentrations > 2%, and consistent with the direct 
CO2 concentration measurements from 30- and 40-cm 
depths sampled in April and May 1993 (Fig. 3). 

The average soil-air fallow-period 613C values indi- 
cate that the FACE plots (mean=- 16.72 %0, 1SD = 5.32 
%0, n = 19) were 2.4 %0 more negative (p <0.05 : t- 
test) than the Control plots (mean = -14.36 %o, 1SD 
= 3.38%, n =17). A more conservative test with only 
the most numerous fallow-period ~13 C data (3-L flasks 
from the inverted metal can) indicated the FACE plot 
soil air tended to be only 0.63 %0 more negative than 
the Control (not significant: paired t-test). 

After planting, the FACE soil CO2 still averaged 1.3 
%0 more negative than the Control (-26.87 and -25.53 
%o for FACE and Control, respectively, p<O.Ol: paired 
t-test). This result is notable in light of the likely large 
inputs of ambient wheat root-respired CO2 whose iso- 

topic composition should have been identical in cotton 
FACE and Control plots. The CO2 contributed from 
microbial decomposition of older C from the previous 
cotton FACE experiment must have likewise increased 
to maintain a large isotopic difference. 

Despite isotopic differences, the average quantities 
of CO2 recovered in the soil air samples for both the 
fallow period and the period after wheat planting were 
not significantly different between FACE and Control 
plots. 

SOC ~t3 C-cotton experiments 

The ~13C signal persisted in the cotton soils sampled 
in May 1993, ,,, 1.5 years after the end of the FACE 
experiments. The difference of 1.9 %o between Con- 
trol (-23.9 %0) and FACE (-25.8 %0) is identical to 
that of October 1991. The absolute ~13C values of the 
1993 FACE and Control SOC, however, were ,-~ 1.5 %0 
more negative on May 21, 1993, than October 1991. 
This may be a consequence of the intervening two 
wheat crops (Table 1) growing on those plots: 1991- 
92 (without a FACE experiment) and 1992-93 (exper- 
iment in progress). In fact, the SOC content in May 
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Figure 3. CO2 concentrations measured at different soil depths, on April 9, 1993 (open bars), April 21), 1993 (solid), April 29, 1993 (diagonal 
pattern), and May 21, 1993 (shaded). Missing bars indicate no analysis. 

1993 was 0.73-0.76%, compared to SOC contents of 
0.56-0.64% in October 1991. 

SOC ~13C wheat experiments 

The 613C and SOC content for the wheat FACE experi- 
ments measured at the beginning and end of each grow- 
ing season are given in Figures 4A and 4B, respec- 
tively. The nearly identical FACE and Control values 
on May 17, 1992, (average of one sample each from 
replicates 1 and 2) indicate homogeneity of isotopic 
and carbon content prior to the beginning of experi- 
mentation. 613C from two sets of samples at the end of 
the first growing season, May 1993, are presented in 
Figure 4A. The first is from 0-30 cm depth soils sam- 
pled on May 21, 1993, and the second from 0-15 cm 
depth sampled on May 27. These values are averages 
of one sample each, from replicates 1 and 2. The data 
are fairly consistent between the two samplings, and 
both show 613C of FACE soils more negative by 0.6 
and 0.2 %o, respectively. The SOC content (Figure 4B) 
did not differ between FACE and Control, but the 0-15 
cm samples tended to have more SOC than 0-30 cm. 

Samples for November 30, 1993, were analyzed 
from the 0-15 cm depth at all four replicates (Figure 

4B), but the average results for 0-15 cm of replicates 1 
and 2 alone are also shown for better comparison with 
soil analyses from the other samplings. The 613C of 
FACE SOC is -,~ 1%0 more negative than the Control 
for both sets of data, and the FACE soils tended to have 
more SOC. 

Soil samples from 0-15 cm in June 1994 continued 
to show a pronounced difference between FACE and 
Control of 1.1%o for the average of all four replicates 
and 0.7 %o for two replicates (1 and 2). The sensitivity 
of these isotopic signals is highlighted by the SOC con- 
tents, which showed little difference between FACE 
and Control. For November 1993 and June 1994, the 
15-30 cm soils showed little ~13C difference between 
FACE and Control although the FACE SOC content 
tended to be higher than the Control in these deeper 
soils. 

Discussion 

Soil air 

The results show relatively 13C-depleted CO2 respired 
from the cotton FACE plot locations (compared to Con- 
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trol plots) during the post-experiment fallow period. 
This relative depletion continued through the follow- 
ing wheat crop grown on the plots, despite large CO2 

contributions from wheat root respiration (and decay 
of wheat plant matter and exudates) that would have 
been isotopically indistinguishable. Thus, new SOC 
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added during the FACE cotton experiments must be a 
major substrate for microbial decomposition. 

This pattern emerges despite fallow-period 613C 
values (Figure 2) being typically 5-10 %o less nega- 
tive (13 C-enriched) relative to the previously-measured 
cotton SOC values of -22 %o in Control and -24 %o in 
FACE. Although preferential decomposition of laC- 
enriched SOC might play some role, such sizable 
13C_enrichment suggests a significant aboveground air 
component (~13C ~ -8 %o), perhaps resulting from 
either reduced microbial activity or substantial above- 
ground air collected inadvertently during the gas sam- 
piing. Additional isotopic inconsistencies associated 
with sampling may derive from theoretical isotopic 
differences between "soil CO2" (CO2 in void space 
of soils sampled by capillary tube and standpipe) and 
"soil-respired CO2" (CO2 emitted from soils and col- 
lected over time con'tinuously in a surface container) 
as described by Davidson (1995). Cerling et al. (1991) 
found evidence that "soil CO2" may be about 4 %o less 
negative than "soil-respired CO2" because of isotopic 
fractionation during CO2 diffusion from the soil. 

Isotopic estimation of SOC input 

For cotton the FACE C input required to lower the 
613C of the FACE, SOC by 1.9 %o relative to Control 
can by estimated by isotopic mass balance (Balesdent 
et al., 1988) using the following equation: 

~J3 C 13 FACE soil = finput( ~ Cinput) -[- fsoiloriginal 
(t~13fsoil original) 

If organic C from the enriched cotton plants was 
the only new C added to the SOC, then fsoil original 
(the fraction of "old" C in the current SOC) is equal 
to 1-finput (where finput is the fraction of new FACE 
carbon in the current SOC pool). Using -38.4 %o as 
~13Cinpu t (cotton composition, Figure 1), -23.9 %o as 
¢~13Csoiloriginal (May 1993 Control SOC), and -25.8 %o as 
~13CFAcE soil (May 1993 FACE SOC) in the preceding 
equation, finput equals 13%. This, of course, assumes 
the ~13Csoil original is -23.9 %0, whereas it was actually 
-22.2 %o at the end of the 1991 FACE cotton season. 
However, it is the FACE-Control difference (not abso- 
lute value) which is key to the analysis, so that with 
an additional assumption that both FACE and Control 
SOC shifted the same ~13C amount from 1991 to May 
1993, C input may be estimated from the isotopic dif- 
ference. Realistically, the finput represents the amount 

of new FACE plant carbon alone necessary to depress 
613C of the FACE SOC from pre-experiment values. 
It is thus a quantitative estimate of C turnover, but 
lacking an isotopic tracer signal in the Control plots, 
we cannot resolve the extent to which C additions to 
FACE exceed Control. 

For wheat, the 613C values from FACE replicates 1 
and 2 for 0-15 cm were used to calculate finput. A value 
of-38.3 %o was used for t~13Cinput . The calculations 
indicate 2% new SOC input at the end of the first 
wheat experiment, 6% at the beginning of the second 
wheat experiment, and 5% by the end of the second 
experiment. The 5-6% input is about one-half that 
calculated for the cotton FACE experiment from the 
1991 soil isotopic analyses. The difference could be 
a consequence of the extra year of cotton compared 
to wheat experimentation (1991 was the third cotton 
FACE growing season), or perhaps greater cotton-root 
biomass (Prior et al., 1994; Wechsung et al., 1995). 

The isotopic signal is weaker at the end of the first 
experiment than 6 months later. This was attributed to 
the intervening period of warm temperatures and sum- 
mer rainfall aiding decomposition and incorporation of 
wheat residues into the SOC (preparation of May 1993 
soils would have mechanically removed such residue). 
The isotopic composition of 15-30 cm SOC was much 
less negative than 0-15 cm, but there was little dif- 
ference between FACE and Control. This is consistent 
with cotton FACE findings (Leavitt et al., 1994) of no 
isotopic signal in the deeper layers (30-60 cm). 

Interpretation of all findings must be tempered by 
recognition of likely heterogeneity in the 613C and SOC 
content of the soil system, and greater insight might 
be gained by further analysis of physical and chemical 
separations of SOC fractions. The isotopic labeling 
appears robust enough for multi-year sampling needed 
to study SOC pools with extended equilibrium times. 

Acknowledgements 

We thank B McCaleb for ~13C analysis of the CO2 
samples in the Laboratory of Isotope Geochemistry at 
the University of Arizona, A Long, Director. D Kane, 
K Kuehn, K DeWitte and E Pendall provided laborato- 
ry assistance at various stages of sample pretreatment 
and isotopic preparation. 

This research was supported by the US Depart- 
ment of Energy (Carbon Dioxide Research Program) 
and the Agricultural Research Service, US Department 
of Agriculture, including the US Water Conservation 



Laboratory, Phoenix, AZ; the Grassland Soil and Water 
Research Laboratory, Temple, TX; and the Plant Stress 
and Protection Group, Gainesville, FL. Operational 
support was also contributed by the Potsdam Insti- 
tute for Climate Impact Research, Potsdam, Germany; 
by the NASA Goddard Space Flight Center, Green- 
belt, MD; by the Department of Soil Science, Uni- 
versity of Alberta, Edmonton, Alberta, Canada. We 
also acknowledge the helpful cooperation of Dr Roy 
Rauschkolb, H Y Cho and staff of the Maricopa Agri- 
cultural Center, The University of Arizona, including 
assistance in field sampling of soils. The FACE appara- 
tus was furnished by Brookhaven National Laboratory, 
and we are grateful to Mr Keith Lewin, Dr John Nagy, 
and Dr George Hendrey for assisting in its installation 
and consulting about its use. This work contributes 
to the Global Change Terrestrial Ecosystem (GCTE) 
Core Research Programme, which is part of the Inter- 
national Geosphere-Biosphere Programme (IGBP). 

References 

Balesdent J and Balabane M 1992 Maize root-derived soil organic 
carbon estimated by natural laC abundance. Soil Biol. Biochem. 
24, 97-101. 

Balesdent J, Mariotti A and Guillet B 1987 Natural laC abundance 
as a tracer for studies of soil organic matter. Soil Biol. Biochem. 
19, 25-30. 

Balesdent J, Wagner G H and Mariotti A 1988 Soil organic matter 
turnover in lang-term field experiments as revealed by carbon- 13 
natural abundance. Soil Sci. Soc. Am. J. 52, 118-124. 

B outton T W 1991 Stable carbon isotope ratios of natural materials: 
I. Sample preparation and mass spectrometric analysis. In Carbon 
Isotope Techniques. Eds. D C Coleman and B Fry. pp 173-175. 
Academic Press, San Diego. 

155 

Ceding TE, Solomon D K, Quade J and Bowman J R 1991 On the 
isotopic composition of carbon in soil carbon dioxide. Geochim. 
Cosmochim. Acta 55, 3403-3405. 

Craig H 1957 Isotopic standards for carbon and oxygen and correc- 
tion factors for mass spectrometric analysis of CO2. Geochim. 
Cosmochim. Acta 12, 133-149. 

Davidson G R 1995 The stable isotopic composition and measure- 
ment of carbon in soil CO2. Geochim. Cosmochim. Acta 59, 
2485-2489. 

Dugas W A and Pinter Jr P J (Eds.) 1994 The free-air carbon diox- 
ide enrichment (FACE) cotton project: A new field approach to 
assess the biological consequences of global change. Agric. For. 
Meteorol. 70, 1-342. 

Hendrey G R (Ed.) 1992 FACE: Free-Air CO2 Enrichment for Plant 
Research. Crit. Rev. Plant Sci. 11. 

Leavitt S W, Paul E A, Kimball B A, Hendrey G R, Mauney J R, 
Rauschkolb R, Rogers Jr H, Lewin K F, Nagy J, Pinter P J Jr and 
Johnson H B 1994 Carbon isotope dynamics of CO2 -enriched 
FACE cotton and soils. Agric. For. Meteorol. 70, 87-101. 

Nakayama F S and Kimball B A 1988 Soil carbon dioxide distribu- 
tion and flux within the open-top chamber. Agron. J. 80, 394-398. 

Pinter P J, Kimball B A, Garcia R L, Wall G W, Hunsaker D J and 
LaMorte R L 1996 Free-air CO2 enrichment: responses of cotton 
and wheat crops. In Terrestrial Ecosystems Response to Elevated 
Carbon Dioxide. Eds. G W Koch and H A Mooney. pp 215-249. 
Academic Press, New York. 

Prior S A, Rogers H H, Runion G B and Mauney J R 1994 Effects 
of free-air CO2 enrichment on cotton root growth. Agric. For. 
Meteorol. 70, 69-86. 

Townsend A R, Vitousek P M, and Trambore S E 1995 Soil organic 
matter dynamics along gradients in temperature and land use on 
the island of Hawaii. Ecology 76, 721-733. 

Wechsung G, Wechsung F, Wail G W, Adamsen F, Kimball B A, 
Garcia R L, Pinter P J and Kartschall, T 1995 Biomass and 
growth rate of a spring wheat root system grown in free-air CO2 
enrichement (FACE) and ample soil moisture. J. Biogeogr. 22, 
623-634. 

Van Kessel C, Farrell R E and Pennock D J 1994 Carbon-13 and 
nitrogen-15 natural abundance in crop residues and soil organic 
matter. Soil Sci. Soc. Am. J. 58, 382-389. 

Section ediwr: H Lambers 


