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Abstract

The rhizosphere is one of the key fine-scale components of C cycles. This study was undertaken to improve
understanding of the potential effects of atmospherie G@rease on rhizosphere processes. Using C isotope
techniques, we found that elevated atmospherig €i@nificantly increased wheat plant growth, dry mass accu-
mulation, rhizosphere respiration, and soluble C concentrations in the rhizosphere. When plants were grown under
elevated CQ concentration, soluble C concentration in the rhizosphere increased by approximately 60%. The
degree of elevated CGenhancement on rhizosphere respiration was much higher than on root biomass. Averaged
between the two nitrogen treatments and compared with the ambienr€®ment, wheat rhizosphere respiration

rate increased 60% and root biomass only increased 26% under the elevateda@@ent. These results indicated

that elevated atmospheric G a wheat-soil system significantly increased substrate input to the rhizosphere due
to both increased root growth and increased root activities per unit of roots. Nitrogen treatments changed the effect
of elevated C@ on soil organic matter decomposition. Elevated,@@reased soil organic matter decomposition
(22%) in the nitrogen-added treatment but decreased soil organic matter decomposition (18%) without nitrogen
addition. Soil nitrogen status was therefore found to be important in determining the directions of the effect of
elevated CQ@ on soil organic matter decomposition.

Introduction changes in soil moisture have been extensively stud-
ied (Anderson, 1992; Nie et al., 1992; Peterjohn et

The physiological response of plants to elevated at- al., 1993; Post et al., 1992). However, the effect
mospheric C@ has received considerable attention Of elevated C@ concentration on original soil or-
because C@is a substrate for photosynthesis, and its ganic matter (SOM) decomposition via plant roots has
atmospheric concentration is predicted to double in the rarely been investigated. This process has the poten-
next century if the current trend continues (Keeling et tial to link increased C@ concentration with soil C
al., 1989). Although some attention has been given Sequestration/loss and soil nutrient cycling.

to belowground response to Gancrease (Schimel, Rhizosphere processes play an important role in C
1995), predicting changes in belowground C storage sequestration and nutrient cycling in terrestrial ecosys-
in response to C@increase remains to be one of tems (Helal and Sauerbeck, 1989; Van Veen et al.,

the greatest challenges in closing the global C budget 1991). The rhizosphere has been identified as one of
(Mooney, 1991). the key fine-scale components in the overall global C
Effects of elevated C®such as increased plant cycle (Coleman et al., 1992). Plantszj@rown un-

photosynthesis, altered litter quality (C/N ratio), and der elevated C® conditions often exhibit increased
growth, a more than proportional increase in C allo-

* FAX No: 702 673 7485. E-mail:wcheng@dri.edu cation to roots (Norby et al., 1986; Pregitzer et al.,



168

1995), and increases in other rhizosphere processes Surface layer soil (0-20 cm) was obtained from a
such as total rhizosphere respiration and rhizodeposi- Tallgrass prairie field at the Konza Prairie Long-Term
tion (Billés et al., 1993; Gorissen, 1996; Hungate et Ecological Research site, Kansas, USA. Vegetation at
al., 1997; Ineson et al., 1996; Kuikman et al., 1990; this site has been dominated by C4 grasses for possi-
Lekkerkerk et al., 1990; Whipps, 1985). The fate of bly thousands of years. T#é3C signature of the soil
this increased C input into the belowground system C reflects that of C4 plants, which is very different
and its subsequent influence on soil C storage bearsfrom C3 plants such as wheat. By growing wheat (C3)
important implications for global carbon cycles. plants in these soils with C4 signature, we could use
Our main research objectives were to investigate natural’3C abundance as a tracer to separately mon-
C input to belowground systems when wheat plants itor plant-derived C (i.e., wheat) and soil-derived C
are grown under elevated GQ@oncentrations and to  (Cheng, 1996). The soil was sievedZ mm), ho-
understand the subsequent influence of the C input onmogenized, and air-dried before use. Konza Prairie
rhizosphere processes. The specific research questionsoil was mixed 1:1 with C-free sea sand for ease of
addressed in this study were: (1) Is there an increasehandling and diluting the soil nutrient release due to
of rhizospheric C input, such as root exudates and disturbance (Johnson et al., 1995).
rhizosphere microbial respiration, when wheat plants Plants were grown in the plastic containers under
are grown in an elevated Gatmosphere? and (2) controlled growth chamber conditions. Soils (380 g
Will nitrogen fertilization alter rhizosphere respiration dry wt) were packed into each container to a predeter-
and SOM decomposition when plant-soil systems are mined bulk density of 1.3 g cn¥. Germinated wheat
maintained in an elevated G@tmosphere? seeds were planted approximately 2 cm deep into each
container. Three seedlings were kept in each container
by thinning out additional ones immediately after
emergence. Water content in each container was moni-
Materials and methods tored daily by weighing and was maintained at approx-
imately 80% field water holding capacity by adding

A laboratory experiment was carried out using envi- deionized water according to the weight loss. Two
ronmentally controlled plant growth chambers and C Weeks post-germination, all containers were sealed at
isotope methods. A split-plot experimental design was the base of the plant with low melting point paraffin
used with three replicate growth chambers at ambi- (M.p. 42°C) to separate the aboveground atmosphere
ent CQ (360 L L~1) and three at an elevated gO  from the belowground. The integrity of the seal was
level (700uL L~1). The chambers were naturally lit ~ verified by submerging the plastic container in water
and equipped with full controls on air G@oncentra- and Checking for gas leaks. This paraffin seal did not
tions and air temperature. Typical sunny day photon damage the plant seedlings and was strong enough for

flux density was approximately 16Qfmol m—2 s1. carrying out the gas exchange measurements (Cheng,
Air temperature inside the chambers were controlled 1996).
at 12°C during night time and at 22 during day Belowground respiration for each treatment was

time. The day length was approximately 14 h on av- determined using a continuous flow-through system
erage during the period of this experiment. Treatments (Cheng, 1996). C@free air was pulled through the
consisted of two C@concentrations (350 and 7QQ. soil column by vacuum, and exiting air was trapped
L~1) and two nitrogen additions (0 and 51.7 mg N in an alkaline trapping solution (0.6 NaOH). An
kg~! of soil, an equivalent of 100 kg N hd). Each aliquot of NaOH solution was analyzed for total C us-
chamber contained all levels of the nitrogen treatment ing @ Shimadzu TOC Analyzer. The remainder of the
randomly distributed within the plant growing area. trapping solution was mixed with excess SrCand
We used spring wheaf(iticum aestivuni., Andy), thes3C value of the precipitate (SrGPwas analyzed
a species commonly used in rhizosphere research. by mass spectrometry (Harris et al., 1997). The princi-
Plastic containers (5 cm dia., 20 cm long, 39Fcm  ple of the3C natural tracer method was based on the
vol.) were used to grow plants and instrumented for difference int3C:*2C ratio (reported ins**C values)
measuring soil respiration by attaching Tygon tubing between plants with the C3 versus the C4 photosynthe-
to the top and the bottom of the containers and fitting Sis pathways. C3 plants such as wheat were depleted

with needle valves for recovery of soil GQCheng,  in **C, while C4 soil C used in this experiment had a
1996). means3C of —15%.. The C entering the soil via roots
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of the C3 plants had a differedt3C value than the  and soils were oven-dried at 6G, weighed, pulver-
813C value of the soil. Based on Cerri et al. (1985), we ized in a ball mill, and combusted in a Biological
used the following equation to partition soil-derived Oxidizer. Radioactivity was measured by liquid scin-
C4 C from plant-derived C3 C: tillation counting. Shoot, roots, and soil were also
analyzed fos13C using mass spectrometry.
C3 = Ct(8, — 8a)/ (53 — 82) (1) Y J P Y

where Ct = C3+C4, is the total C from belowground
COp; C3 is the amount of C derived from C3 plants; Results
C4 is the amount of C derived from C4 sdil; is the
813C value of the Ct C§3 is thes'3C value of the C3  CO, concentration at 70@L L~ significantly in-
plant C (thes3C value of wheat roots in this study); creased wheat plant primary production and the in-
34 is the$13C value of the C4 soil C (th&'3C value crease was enhanced by nitrogen addition (Table 1).
of CO, from the soil-only treatment in this study). With nitrogen fertilizer addition, elevated G@aused
Carbon-14 pulse-labeling and isotopic trapping shoot mass, root mass, total plant mass, and total be-
(Cheng et al., 1993, 1994) were used to separatelowground respiration to increase by approximately
root and rhizo-microbial respiration and to measure 60%, 37%, 49%, and 34%, respectively (Figurel).
root exudate concentration in the rhizosphere. Briefly, Without nitrogen addition, elevated G@aused shoot
isotopic trapping is achieved through substrate com- mass, root mass, total plant mass, and total below-
petition. When the'4C of low weight molecules is  ground respiration to increase by approximately 28%,
exuded by roots after a pulse labelling of the shoot 14%, 21%, and 7%, respectively. The root:shoot ra-
and simultaneously taken up by the rhizosphere mi- tio decreased under elevated £@® both nitrogen
croorganisms, adding glucose to the rhizosphere will treatments, even though not statistically significant.
reduce the microbial uptake dfC exudates. This Using13C as a natural tracer, we were able to sep-
occurs because the microorganisms will use both the arate total belowground respiration into: (1) total rhi-
added glucose and the exudates instead of solely re-zosphere respiration (source of C from current plants
lying on the root exudates. Therefore, rhizo-microbial including root respiration and rhizosphere microbial
respiration {#CO, evolved from microbial utilization  respiration) and (2) native soil respiration (source of
of exudates) must be inversely proportional to the C from the soil). The$13C values shown in Table 1
glucosel?C concentration in the rhizosphere; whereas and Equation (1) were used in the calculation. El-
root respiration is independent of the glucd$e-con- evated atmospheric GGsignificantly increased total
centration in the rhizosphere. The following equation rhizosphere respiration by approximately 55% in the
can be written for each glucose concentration, and a nitrogen-added treatment and 66% without nitrogen
family of two equations can be established for two addition (Table 1, Figure 1). Specific rhizosphere
glucose concentrations in the same experiment: respiration (i.e. rhizosphere respiration per unit of
root biomass) also increased when wheat plants were
(Z6 =R/ (Zw —1R) = Cs/(Cs + Co) (2) grown under)elevated GO The specific rhizF())sphere
where Z; is the 4CO, evolution rate from the respiration increase was 18% with nitrogen addition
glucose-treated containeéfiy is thel4CO, evolution and 44% without nitrogen addition.
rate from the container of water addition contr; Using the 14C isotope trapping technique, we
is the 14CO, evolution rate due to root respiration; measured current photosynthate allocation to root res-
Cs is soluble C concentration in the rhizosphere (g C piration, rhizo-microbial respiration, and soluble C
L—1); andCg is the added glucose-C concentration concentrations in the rhizosphere (Table 2). There was
(g C LY. The two unknown variables in the equa- approximately a 60% increase in soluble C concentra-
tion are the!“CO; evolution rate that is due solely to  tion in the rhizosphere when plants were grown under
root respirationR) and the soluble C concentrationin elevated C@ concentration. Total carbon allocation
the rhizosphere(s). By simultaneously solving two  to root respiration and rhizo-microbial respiration in-
equations in a family, the values of the two variables creased slightly under elevated &®lowever, percent
can be determined. C allocation to root respiration and rhizo-microbial
Following isotopic trapping, aboveground vegeta- respiration did not change under elevated,CDhis
tion was collected and roots were separated from the indicated that the relative C allocation pattern was not
soil by hand. Roots, shoots (or stems and needles),altered by higher C®concentrations.



170

N ._
o 10014 0 No N added
o B 10 g N added
= 80+
*
% *
g 604 i
o
)
40-
o) = [
S
®  20- | m L
= .
Q 0— - T
o0
g .2 I
= - 0 *
L d ] L L L 1 L 1 L L ] L 1 | | ) L |
° ] @ [ - = = k-] = o
& £ § 2 3 £ £ 2 2 £ £ 8 § £
£ E E = 8 = 8 = = & = = &
. = = & 2 £ B £ £ 5 g ¢ &
2 ® = = 2 B 2 2 & =
s £ £ 8 g 8 S 3 g8 8 3 g ¢
= = A & = g = = = 8 2
_ - w ° w = = . S
g E 5§ © & s £ £ &
2 2 = _ 2 = 2 & £ O
& g B = = E -
3 @« =3 =2 7} = =
2 8 o 5 E & =5 £
,2 = > :E M - =] —
[} > = ) = - = [
2 0= ] g £ °
— ] -] 3]
s 2 = £ = E 2
- S 5 =) )
2 ) N "g‘
& £ g
[=]
N
=
Bt
13¢ method 14¢ method

Figure 1. The effects of elevated COon wheat plant growth, root respiration, belowground respiration, rhizosphere respiration, and soluble
carbon concentrations in the rhizosphér&tatistically significant® < 0.05).

Table 1. Mean comparisons between ambient and elevategd t@@tments with and without nitrogen addition. Numbers in
each row with the same letter are not significanBy<( 0.05) different by Fisher's LSD test

Ambient CQ 700uLL~1COo, Soil
only

Measurement Unit Noadded N +N Noadded N +N
Shoots mass gram container 0.406a 0.453a 0.521b 0.724c
Roots mass gram containér 0.397a 0.421a 0.452a 0.578b
Total biomass gram contairet 0.803a 0.875a 0.973b 1.302c
Root:shoot 0.972a 0.943ab 0.868ab 0.806b
Total CO mg C container! d~1  18.07a 19.53a 19.39a 26.12b 8.78¢c
belowground
Rhizosphere mg C contairet d—1 5.46a 7.09b 9.09¢ 10.96d
respiration (RR)
CO, from soil mg C container! d=1  12.62a 12.44a 10.30b 15.16¢
Specific RR mg C g2 root d1 14.68a 17.58ab 21.07b 20.28b
813C of roots %o -31.0a -31.8a —43.5a —44.9a
813C of shoots %o -32.2a -33.2a —44.7b —46.1b
s13Coftotal CQy %o -21.3a —22.6a —29.6b -28.8b -17.2c




Table 2. Cumulativel4CO, evolved (0.5-4.5 h) in root-soil
columns; calculated root respiration, rhizo-microbial respi-
ration, and concentration of soluble C in the rhizosphere of
30-day old wheat. Mean glucose concentration was calcu-
lated based on the amount of glucose added and the uptake
rate of 8.68 mg glucose containér h—1 obtained from
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concentration on dry mass production, despite the sus-
tained increase in photosynthesis and reduced foliar
respiration. The causes of the so-called ‘locally miss-
ing carbon’ was hypothesized to be partly due to the
increases of carbon allocation to some not-measured

a separate study under the same soil and plant conditions.
Numbers with the same letter are not significanBy< 0.05)
different between the two C{reatments

belowground components such as root turnover, root
respiration, and root exudation. The results of this
study supported this hypothesis since elevated CO

Mean glucose concentration ~ 7p0.L~%  Ambient substantially increased C input to belowground com-
(g C L1 soil water) ponents due to the enhancement of root exudation and
glucose-I 1.19 1.19 rhizosphere respiration. This large amount of C in-
glucose-Il 6.78 6.78 put to the rhizosphere was not accounted for in the C

budgets mentioned above.
14c0, evolved There are two ways that this increased C in the
(KBq container1) rhizosphere is processed in the soil, which may have
(mean+ 1 SE) important implications for carbon cycling (Canadell et
water only 21.9a 18.7b al., 1996). First, this C source is utilized by microor-
glucose-| 16.0a 12.6b ganisms and partially converted into SOM, thereby in-
glucose-l| 12.7a 10.3b creasing soil C storage. Second, this readily available
C source alters soil microbial processes by provid-
Root respiration ing needed substrates, thereby either stimulating SOM
(KBq container 1) 115 9.6 decomposition due to the so-called ‘priming effect’
(% water addition) 52.3 513 (stimulation of SOM decomposition caused by the ad-
Rhizo-microbial respiration dit_iop of labile substrates, Dalenberg and Jager, 1989)
(KBq containerL) 105 o1 (Billés et al., 199_3; Zak et aI._, 199_3) or suppressing
" SOM decomposition due to microbial immobilization
(% water addition) 47.7 48.7 (Diaz et al., 1993).
Water soluble-C The results from this study syggested that t_he _de—
(mg C L~ soil water) 927 581 gree of CQ enhancement on rhizosphere respiration

was much higher than on root biomass. Averaged be-
tween the two nitrogen treatments and compared with
the ambient CQ treatment, wheat rhizosphere res-
piration rate increased 60% and root biomass only
increased 26% under the elevatedQ@atment. Sim-

ilar results were also reported by other studies. In a

Several studies have suggested that more carbon wagontinuous-“C-labelling study using wheat, Lekkerk-
fixed due to a large increase of leaf-level or canopy- erk et al. (1990) reported that the wheat plants grown
level photosynthesis in systems exposed to elevatedunder the elevated GQreatment produced 74% more
CO; than could subsequently be accounted for in the rhizosphere-respired C and only 17% more root bio-
plant biomass or soils. This phenomenon has beenmass compared to the ambient treatment. Hungate et
called ‘the locally missing carbon’ as a separate ref- al. (1997), in a microcosm experiment with mixed
erence from the missing carbon at the global scale. In grasses, reported that elevated @&@hanced total rhi-

an alpine grassland, a 41% increase in@Ptake was ~ zosphere deposition by 56% and root biomass by less
reported during three years of G@nrichment, butno ~ than 15%. Two mechanisms could be posed as the
aboveground biomass increase was observed and onbpotential causes of these results. First, roots grown
a slightincrease in belowground biomass was detectedunder elevated C®exuded more and had higher
(Kérner etal., 1996). In another study of yellow poplar turnover rates than roots grown under the ambient
(Liriodendron tulipiferal.) with continuous exposure ~ treatment, resulting in a more than proportional in-
to ambient and elevated concentrations of atmosphericcrease in total rhizosphere respiration under elevated
CO; for three growing seasons, Norby et al. (1992) COz. Second, rhizosphere microbial associations were
reported that there was no significant effect of CO more enhanced under elevated £than under am-

Discussion
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bient CQ, resulting in higher rhizosphere microbial addition. Hungate et al. (1997) also found that el-
activities per unit of root growth under elevated £0  evated CQ increased SOM decomposition only in
Some evidence supported the first hypothesis. Us- the nitrogen-added treatment, and did not significantly
ing the isotopic trapping method (Cheng et al., 1993, affect SOM decomposition without nitrogen fertil-
1994), we found approximately a 60% increase in sol- ization. On the other hand, Cardon (1996) reported
uble C concentration in the rhizosphere when plants that elevated C®decreased SOM decomposition in
were grown under elevated G@ompared to ambient  the nitrogen-fertilized treatment. In a growth chamber
COy, indicating that roots grown under elevated £O  study with spring wheat grown in well fertilized soils
exuded more soluble C. Pregitzer et al. (1995) found using a continuou¥*C-labelling technique, Kuikman
that root turnover rates were higher for plants grown et al. (1990) reported that elevated £@ecreased
under elevated C&than under ambient. However,the SOM decomposition at the last sampling (49 days)
amount of extra C input to the rhizosphere due to but not at the first sampling (22 days). In a micro-
the enhanced root turnover under elevatech @@s cosm study using yellow birttBetula alleghaniens)s
expected to be low in most tracer studies of short dura- Berntson and Bazzaz (1997) found that elevated CO
tion (i.e., this study; Hungate et al., 1997; Lekkerkerk increased SOM decomposition (as indirectly indicated
et al.,, 1990) since the life span of the roots was by nitrogen mineralization) during the initial period,
probably longer than the duration of the experiment but decreased SOM decomposition during the later pe-
(Eissenstat and Yanai, 1997). Enhanced root exudationriod, suggesting that temporal variation changed the
was probably the major component of this extra C in- direction of the process. The results described above
put to the rhizosphere in these short experiments. Thewere obtained under diverse experimental conditions.
second hypothesis was widely supported by indirect These diverse results indicated that the effect of ele-
evidence reported in the literature. Elevated,G® vated atmospheric GOon SOM decomposition was
creased both percent infection of vescular-arbuscular conditional of different plant-soil systems and was not
mycorrhizae (Monz et al., 1994) and percent infection mono-directional. Among many potentially relevant
of ectomycorrhizae (Delucia et al., 1997; Ineichen et factors, soil mineral nutrition (Cardon, 1996; Hungate
al., 1995; Norby et al., 1987; O'Neill, 1994; Ry- etal., 1997; this paper), plant species (Hungate et al.,
giewicz et al., 1997). Elevated GQalso increased  1996), and temporal variation (Berntson and Bazzaz,
symbiotic No-fixation across several types of associ- 1997; Kuikman et al., 1990), were the important de-
ations (Arnone and Gordan, 1990; Hibbs et al., 1995; terminants of the direction and possibly the magnitude
Masterson and Sherwood, 1978; Norby, 1987; Philips of the effect of elevated atmospheric €0n SOM
et al., 1976; Thomas et al., 1991; Tissue et al., 1991). decomposition.
However, direct evidence of higher rhizosphere sym- Based on the studies of Liljeroth et al. (1990)
biotic activities per unit of root growth under elevated and Merckx et al. (1987), Kuikman et al. (1990) and
CO; is still lacking. Lekkerkerk et al. (1990) have suggested a hypothesis
Increasing atmospheric G@hanges the effect of  to explain why soil nutrition determines the direction
rhizosphere processes on SOM decomposition in sev-of the effect of elevated atmospheric €0n SOM
eral possible directions. An increased rate of SOM de- decomposition. The hypothesis states that given ad-
composition under elevated G@as been assumed to equate mineral nutrient supply, soil microorganisms
be more likely (Billés et al., 1993; Kérner and Arnone, prefer labile root-derived C to soil-derived carbon, re-
1992; Luxmoore, 1981; Zak et al., 1993). However, sulting in decreased SOM decomposition; whereas,
results from the studies completed to date are incon- if mineral nutrients are in short supply, soil microor-
sistent. Stimulatory (Billés et al., 1993; Zak et al., ganisms prefer nutrient-rich SOM to root-derived C,
1993), suppressive (Kuikman et al., 1990; Rouhier et resulting in increased SOM decomposition. The re-
al., 1994), and neutral (Liljeroth et al., 1990; Lin et sults of Cardon (1996) and Kuikman et al. (1990) seem
al., in press) results have all been reported. Resultsto support this hypothesis, which show that elevated
from this study showed the status of soil nitrogen (with COg in the fertilized treatment reduced SOM decom-

or without N fertilization) was an important modifier
which switched the direction of the elevated £€F-
fect on SOM decomposition. Elevated €@creased

position. But this hypothesis is in conflict with the
results of Hungate et al. (1997) and this study, which
indicate that elevated CCOn the fertilized treatment

SOM decomposition in the nitrogen-added treatment stimulated SOM decomposition. More mechanistic

but decreased SOM decomposition without nitrogen

studies are needed to further clarify this issue.
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