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Table 1 Calculated carbon production and storage

Year Elevated Subambient R2 (P value) Superambient/ Pretreatment
(550-350 pmolmol ") (365-200 wmol mol ) subambient superambient/subambient
Aboveground net primary production (gm 2yr™") 1996-2000 1,047.5 (64.9) 683.9 (52.2) 0.35 (0.006) 1.52 0.83
Belowground net primary production 0-30cm (gm 2yr™")  1998-1999 294 (24.6) 185 (22.8) 0.16 (0.09) 1.59 1.03
Soil CO, flux (ngm 2sec™) 1996-2000 4.02 (0.13) 2.85(0.17) 0.46 (0.001) 1.41 1.13
Root biomass 0-30cm (@m™?) 1998 173.0 (39.4) 102.0 (16.2) 0.25 (0.02) 1.69 0.84
Soil organic carbon 0-15cm (gm™?) 1996-2000 4,442 (175) 3,656 (120) 0.32 (0.05) 1.22 1.05

R? and P values are from best-fit regressions of variables on C , over subambient through elevated concentrations. s.e.m, the standard error of the mean, shown in parentheses after the mean value.
For all data other than root biomass, s.e.m. is determined as the standard error for annual means; for root biomass it is the standard error between section means (n = 10).

Along the experimental gradient, plants responded to higher Accompanying altered soil C storage was an important change in
by increasing photosynthesis and net primary production (Fig. 189il organic matter chemistry. Total organic matter C/N was linearly
Table 1). As treatment COncreased, maximum Cg£assimilation associated with treatme@t, (Fig. 2cP < 0.01), in a pattern similar
rates increased linearly for boths@nd G, plants® (Fig. 1a; to that observed for plant tissue chemistry. There was also a
P < 0.01). Associated with this increase in £&3similation was a divergence in patterns of soil respiration at super- versus subambi-
50% increase in above- and belowground net primary production ant C,. Soil CQ "ux at peak plant growth was 40% higher at
elevated CQ compared to subambient CO(Table 1). Tissue elevated than at subambie®,, suggesting that much of the
chemistry was altered as well, with an increase in tissue C/N wititrease in C ®xed with risinG, is lost to microbial or root
higher C, and an exponential increase in phenolic concentratiorespiratiort (Table 1).

(Fig. 1b+d)C ;and species type were highly signi®cant predictors ofThe changes observed in particulate organic matter (POM)
C/N, with C/N positively correlated witl , (analysis of covariance demonstrate a shift in the balance between new and old SOM.
(ANCOVA): P < 0.001 forC 4 P < 0.001 for species). The concenPOM is a relatively labile class of SOM, with a residence time of
tration of phenolic compounds in roots of one of the dominantbetween 10 and 50 ye&r$2° The 14% loss in POM carbon at
species in the system, the @as3Bothriochloa ischaemum, showed subambientC, parallels the loss in total organic C (Table 2).
a strong threshold effect, with little variation in plants grown aHowever, in contrast to total organic C, POM C increased linearl
subambientC,, but an exponential increase above ambient,CQwith treatment CQ, even at elevate@, (Fig. 2b). These ®ndings
(Fig. 1d,P < 0.001). indicate that at elevated,, increases in POM C were largely offset

Soil C storage and belowground metabolism were greatly alterbgt.losses in the older, mineral-associated organic nfa(teable 2).
Despite alinear increase in photosynthesis along the gradient, solf@n within the POM class, there were increases at elevatethe
storage was much more sensitive to subambient than to ele€atedtwo most labile fractions (free and macroaggregate POM), while
(Fig. 2a). At subambierg ,, bulk soil C stocks decreased by 11%, athere was a decrease in the most recalcitrant fraction (microaggre-
450 gm?, between 1996 and 2000 (Table 2). However, there wasgate POMJ® (Table 2). This represents a change in ecosystem C
concomitant increase in soil C storage at elev@tg(Fig. 2a), with partitioning to faster cycling organic matfér®?% which may
soil C increasing by a modest 3.3% (144 ¢fjrover the same time explain why higher C assimilation and production did not lead to
period (Table 2). The relationship between treatment,@@d the increased C sequestration. Our result is similar to those of other
change in bulk soil organic C over three years follows an asymptaicdies that reported that at low nutrient availability and elevated
function (Fig. 2aP < 0.05), suggesting that the ability of soils to ac€O,, carbon was lost from the mineral-bound fraction of S&M
as sinks for anthropogenic GQwill slow or reach saturation. Similarly, an annual grassland exposed to a doubling ghad
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Figure 2Effect of G@reatment on soil carbon staaa@dange in organic C stocksganic matter (POM) carbon between 1997 dhe 20001 c, There was a

(0+£15 cm) between 1997 and 2000. Values are the difference between sectsigmi®eastifinear increase in bulk soil organic matter (SOM) C/N wigtiireatment CO
1997 and 2000 determined using four subsamples per 5-m section per year. Deeesnbas 200@<¢ 0.001)d, POM C/N for samples collected in December 2000

quadratic relationship between the change in soil C stocks ang {ReatMmes) COP < 0.05). Values are the means of four subsamples per section.
The linear ®t for these data was not signiSigaicant, linear change in particulate
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Table 2 Pools and changes in soil organic carbon and particulate organic carbon

Treatment leg December 2000

Total soil organic matter C Superambient 4,442
Subambient 3,656

Particulate organic matter C—Free Superambient 186.1
Subambient 158.2

Macroaggregate Superambient 723.4
Subambient 626.6

Microaggregates Superambient 87.5
Subambient 65.9

Total particulate organic matter C Superambient 975.4
Subambient 857.3

Mineral-associated organic matter C Superambient 3,719
Subambient 3,030

s.e.m, the standard error of the section means (0~ 10), shown in parentheses after the mean value

0-15cm (gm 9 Change (gm~2) 1997-2000 Relative change (%)
175) 144 (92) 33
(120) —450(100) —11
(23.7) 86.5 (22.0) 70
(16.8) ~26.9(6.3) —16
(38.7) 193.3 (33.9) 36
(39.8) —104.0 (56.8) —-14
©.7) —21.6(22.6) —24
6.4) —53(5.5) -9
(33.9) 258.2 (70.1) 35
(56.8) —-132.3 (68.2) —-14
(195) —123 (96) -3.3
(118) —346 (121) -9.8

higher ecosystem C uptake and belowground allocation but litteO, studie$*2% our results are apparently a consequence of altered
extra C storageMuch of the increased C was partitioned to rapidlyplant litter chemistry rather than an indirect effect of altered s
cycling pools that make a negligible contribution to long-ternwater status, as increases in plant water-use ef®ciency alon
storage because of their small size and relatively high turnover ragsgdient® were offset by higher plant biomass (data not show

The feedback between plant responsesCtpand nutrient
dynamics is vital in determining C sequestration in ecosystéts
Nitrogen mineralization rates decreased dramatically and no

Increases i€ jresulted in higher nitrogen-use ef®ciency by pfant
but a threefold decrease in nitrogen availability will probably ha
getrimental effect on long-term plant productivity and, ultimatel

linearly with increasing C®(P < 0.01), with the largest changesOn ecosystem carbon storage. , )
occurring at subambient concentrations (Fig. 3). Net N mineraliz- Higher net primary productivity”, altered plant tissue chem

ation was three times higher at 200+ 24l mol™* CO, than at

530+55@mol mol™*. Because of the changes in the chemic
composition of detritus and increased C supply, microbes at hi
CO, may need to mineralize older, mineral-associated SOM to m

their nutritional requirements. As a result, there was a decrease

g

plant-available N as a consequence of microbial immobilization al

aloss in C stored in mineral-associated fractions of organic matt

Some workers have concluded that suppressed N availability un

elevated C@may increase C storage by supressing decompositi

rate$'8 but we found that there were only modest gains in soil
storage at the lowest N availability. In contrast to other grassla
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Figure Net N mineralization during the 1999 and 2000 growing seasons. T
signi®cant, negative exponential relationship between net N mineralization

CQduring midsummer in both yar9(001). During spring and autumn there \?/

no signi®cant differences in N mineralization rates for the subambient and
chambers.
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istry?’, modi®cations of SOM composition and stotks?S and
panges in nutrient availability*®with increases i€ , suggest that
th forests and grasslands are sensitive to rising T capacity
tfuture ecosystems to act as sinks for anthropogenig @il be
letermined by feedbacks among ecosystem proc¢eészed will be
nsitive to the location of speci®c thresholds that in uence
magnitude of the change in ecosystem dynaffitisthis grassland

:

gil C stocks and net N mineralization are much more sensitiv
tibambient than elevatétl, indicating that we are currently at a
portant threshold. Soils may have played a role in passi
questering C since the last interglacial period, but their ab
continue to act as a C sink may be limited by nutrient availabil
To assess the impacts of rising £fD carbon sequestration pattern
and nutrient dynamics requires knowledge of potential thresh
responses and the legacy of historical and prehistorical chang

Methods

Experimental system

Two parallel, elongated chambers (1 m tall 1 m wide X 60 m long) were constructed
on a grassland dominated by thg @erennial grasBothriochloa ischaemum (L.) Keng and
Ambient air plus the @perennial forbSolanum dimidiatum Raf. ancRatibida columnaris
(Sims) D. Don. pure C@Qwas injected into the eastern chamber to initiate the elevat|
gradient (550+35@mol mol ), while ambient air was injected into the western chamb
initiating the subambient C@gradient (365x200mol mol™)°. Gradients have been
maintained during the growing season since May 1997 by altering “ow rate through
chambers. At night, air "ow in the chambers is reversed, maintaini6g gradient at
150pmol mol ™ above daytime concentrations. The chambers are divided into 5-m
sections, and air is cooled and dehumidi®ed in each section to maintain air temper
and vapour pressure de®cit near ambient conditions. Our results span pre-treatmen
(1996+1997) and the three complete growing seasons during which the grassland
exposed to & , gradient (1998+2000).

Soil analyses
Soil respiration was evaluated monthly using a LI-COR 6200. Total inorganic and org
soil carbon was determined using a two-temperature combustion procedure desigr
speci®cally for calcareous Blackland Prairie’8dflsur soil cores were collected from ea
of the 20 sections in strati®ed, random positions. Total C and N were measured using
Instruments NC 2100 elemental analyser (ThermoQuest ltalia). We measured PON
heveggsgte size classes (macroaggrega?&fgm); microaggregates (250+p))
uioitBa fhfdipgd described in ref. 26 to determine POM C. Mineral-associated C
%t,eermined by difference between total C and POM C. We determined POM C using
soil Samples from each sectiom( 80) that were collected in September 1997 and
IBYARIRS 2000. We used a month-loingsitu open-core incubation method described i
ref. 29 to measure net nitrogen mineralization.
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measures analysis of variance (ANOVA)), as well as causing a



