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1 INTRODUCTION

SUMMARY

Whenagriculturallandis no longerusedfor cultivationandallowed to revert to naturalveg-
etationor replantedo perennialvegetation,soil organiccarboncanaccumulatéy processes
thatessentiallyeversesomeof theeffectsresponsibldor soil organiccarbonossefromwhen
thelandwascorvertedfrom perennialvegetation We discusshe essentiablementof whatis
known aboutsoil organicmatterdynamicghatmayresultin enhancedoil carbonsequestration
with changesn land-useandsoil managementi/e review literaturethatreportschangesn soil
organiccarbonafter changesn land-usethatfavor carbonaccumulationThis datasummary
providesaguideto approximateatesof SOCsequestratiothatarepossiblewith management,
andindicategherelative importanceof somefactorsthatinfluencetheratesof organiccarbon
sequestratioim soil. Thereis a large amountof variationin ratesandthe lengthof time that
carbonmayaccumulatén soil thatarerelatedto the productiity of therecoveringvegetation,
physicalandbiologicalconditionsin thesoil, andthe pasthistoryof soil organiccarboninputs
andphysicaldisturbanceMaximumratesof C accumulatiorduringthe early aggradingstage
of perennialegetationgrowth, while substantialareusuallymuchlessthan100g C m=2 y—1,
Averageratesof accumulatioraresimilar for forestor grasslandstablishment33.8g C m—2
y~1 and33.2g C m—2 y~! respectiely. Theseobsenredratesof soil organicC accumulation,
whencombinedwith the smallamountof land areainvolved,areinsufficient to accountfor a
significantfraction of the missingC in the global carboncycle asaccumulatingn the soils of
formerly agriculturalland.
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accumulatiowhenasoil is nolongercultivatedandreturnsto sup-
portingperennialvegetation.

1.1 Soail Organic Carbon Pools

In terrestrialecosystemshe amountof carbonin soil is usually
greaterthanthe amountin living vegetation.lt is thereforeimpor
tantto understandhe dynamicsof soil carbonaswell asits role
in terrestrialecosystentarbonbalanceandthe global carboncy-
cle. Thelossof soil organiccarbonby conversionof naturalveg-
etationto cultivateduseis well known. Variousland-usesesult
in very rapid declinesin soil organicmatter(Jenty 1941, David-
sonandAckerman1993,Mann 1986, Schlesinge 985, Postand
Mann 1990). Much of this lossin soil organiccarboncan be at-
tributedto reducednputsof organicmatter increasedlecompos-
ability of cropresiduesandtillage effectsthatdecreas¢heamount
of physicalprotectionto decompositionWe assemblénformation
concerningorocessethatregulatethe amountandrate of change
in SOCandusethisinformationto interpretmeasurementsf SOC
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Soil organic carbon includes plant, animal and microbial
residuesn all stagesof decompositionMany organiccompounds
in the soil areintimately associatedvith inorganic soil particles.
The turnover rate of the differentsoil organiccarboncompounds
variesdueto the comple interactionsbetweerbiological, chemi-
cal, andphysicalprocesse soil. Althoughtheremay be a con-
tinuumof soil organiccarboncompoundsn termsof their decom-
posabilityandturnover time, physicalfractionationtechniquesre
oftenusedo defineanddelineatevariousrelatively-discretesoil or-
ganiccarbonpools.Physicallydefinedfractions,while containing
adiversearrayof organiccompoundsintegratestructurabndfunc-
tional propertiesof soil organiccarbon(Christenser1996).Phys-
ical fractionationof soil emphasizeshe role of soil mineralsand
soil structurein SOCturnover, andrelatesmore directly to SOC
dynamicsn situ thanclassicalwet chemicalSOCfractions(Oades
1993, Elliott and Cambardellal991, Christenser1992).Figure 1
shavs anoutline of major physicallyseparate@OCfractionsthat
correspondo poolsin mary soil carbonturnoser modelsusedto
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Figure 1. Mineralizationandtransferof organicmatterin soil. (Christenseri996)

simulatelong-term(decadedo centuries)changesn soil carbon
(Christenser1996,Buyanasky etal. 1994).

The light fraction organic carbon(LF-OC) is free (not com-
plexedwith mineralmatter),particulateplantandanimalresidues
undegoing decomposition(Spycher et al. 1983). Occasionally
someof this materialmay be biologically resistantsuchaschar
coal (Skjemstadl990). Part of the LF-OC canbe physically sta-
bilized in macroaggrgatesas intra-aggrgate particulatecarbon
(CambardellandElliot 1992,1993).Thick surfaceaccumulations
of LF-OC occurin borealandtundraecosystemsvhereit persists
dueto low temperaturesloving decompositionln ecosystemthat
aremorecommonlyusedfor cultivation, accumulatiorof LF-OC
canbe quite high despitehigherdecompositiorrateswherethere
aresignificantreturnsof plantlitter (forestsand permanengrass-
lands). This fraction is highly decomposablend canshav sea-
sonalfluctuationsandspatialvariationwith changesn litter inputs
(Boonel994).Theturnover of LF-OCin suchecosystemss linked
to macroaggrgateformationandits amountis greatlyimpactedoy
croppingandtillage (Beareetal. 1994 Biederbecletal. 1994 Bre-
meretal 1994).Shorttermshiftsin SOCstorageandturnover are
in largepartdueto thedynamicnatureof this poolwhich hasabulk
turnover time measuredn monthsto afew years.

SOCis transformedy bacterialactionandstabilizedin clay
or silt sizedorganomineratomplexes (HF-OC) wherethe major
ity of SOCis found(Figurel). The highestconcentrationsf SOC
areassociateavith < 5 ym mineralparticles.Following the addi-
tion of simplesubstratesnen SOCis foundto be associatedvith
arangeof mineralparticlesizes.However, clay sizedorganomin-
eralcomplesoftenshav greatemccumulationsindsubsequently
morerapidlossratesthanin silt sizedparticles indicatinga higher
stability of silt-SOC(Christenser1996).Turnover timesof theHF-
OCareontheorderof decades.

Microbial biomasswhile a small portion of SOC, mediates
thetransferof SOCamonginputs,LF-OC andorganomineraHF-
OC. As aresult,ratesof transferandtransformatiorareinfluenced
by biologically importantfactorsincluding soil moistureand soil
temperatureln addition,mostmodelsof SOCturnover postulatea

pool of passie (old or stable)carbonwith turnover timesof 1,500
to 3,500yearsor longer(Partonet al. 1988,Jenkinsor990).The
presenc®f sucha pool with long turnover is necessarfor consis-
teng with '4C measurementfHarrisonet al 1993). This pool is
notexplicitly shavn in Figurel, sincea physicalmethodof isolat-
ing this passve SOCfractionis unknawn. It is thoughtthatpassie
SOCis comprisedof a nearlyinert LF-OC componentsay char
coal,andsomevery chemicallyrecalcitranimaterialin organomin-
eralHF-OCcomplees.

Theamountdecomposabilityrepresenteth Figurel aspro-
portionsof solubleand non-solublecomponents)and placement
of abareground and belavground inputs differ greatly between
ecosystentypes and with land-use.In agricultural soils above-
groundinputsandmostrootsaremechanicallymixedin thesurface
layer In permanentlyegetatedsoils,aboregroundresiduesareleft
on the surfaceto decomposer a portion may be transportecor
mixedinto the soil by animalactivity. Rootsandroot exudatesn-
terthesoil directly. Thesdifferencesffectdecompositiorthrough
moistureand temperatureonditions,exposureto soil organisms,
anddegreeof contactwith mineralsoil.

1.2 Soil Potential for Carbon Accumulation

The amountof organic carbonstoredin soil resultsfrom the net
balancebetweenthe rate of soil organic carboninputs and rate
of mineralizationin eachof the organic carbonpools described
above. Schlesinger(1990) compiled data on long-term rates of
soil organiccarbonaccumulatiorin Holoceneagesoils. He found
a slow rate of carbonincreasein soil even after thousandsof
years.This long-termincreaserepresentaccumulationsof pas-
sive soil organiccarborfractions whichincludecharcoabndresis-
tantcompoundphysicallyprotectedn organomineratomplees.
Schlesingef1990)documentedong-termratesof carbonstorage
from0.2g C m~2 y~! in somepolardesertgo greateithan10g C
m~2 y~! in someforestecosystemsyith an averagerateof 2.4g
Cm~2 y~! overall ecosystemsSchlesinge(1990)indicatesthat
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fasteratesof changeovershorttime periodsarepossibleasaresult
of changesn ervironmentalconditions.
Whennaturalvegetationis corvertedto cultivatedcrops rapid
declinesin soil organicmatterarepartly dueto alower fraction of
non-solublematerialin themorereadilydecomposedropresidues.
Tillage, in additionto mixing andstirring of soil, breaksup aggre-
gatesand exposesorgano-mineraburfacesotherwiseinaccessible
to decomposershisresultsin areductionin theamountof intra-
aggr@ateLF-OCandsomeorganomineraBOC.Lossef SOCof
asmuchas50% in surfacesoils (20 cm) have beenobsenred af-
ter cultivation for 30 to 50 years.Reductionsaveragearound30%
of the original amountin thetop 100-cm.The large andrelatively
rapid changesn SOCwith cultivation indicatesthatthereis con-
siderablepotentialto enhancehe rate of carbonsequestratiorn
soil with managemenrdctiities that reversethe effectsof cultiva-
tion on SOCpools.Therefilling of depletedfastturnover LC-OC
poolsandtheactive portionsof theorganominerapoolsmayresult
in muchhigherratesof SOCstoragethantheslov accumulatiorof
passie soil carbondocumentedy Schlesinge(1990). Although
thetime periodfor high accumulatiomatesmayberelatively short,
yearsor decadestheseaccumulatiorratesare of significancefor
currentsoil sustainabilityandcarbonmanagemerissues.

2 METHODS

We collectedthe availableliteraturethatreportsoil organicmatter
changesesultingfrom landcorversionfrom cultivatedto perennial
vegetation.The informationcan be organizedinto two categories
of land-usechange(Tables1 and2). Table 1 reportsratesof soll
carbonchangaduringforestor woodyvegetationestablishmenaf-
ter someperiodof agriculturaluse.Table 2 containsratesof soil
carbonchangeafter establishmentf permanenpasture For most
studies,changesn SOCare estimatedisingpairedplots. Oneor
moreplotswereconvertedfrom agriculturaluseto forestor grass-
land, while adjacenplots or nearbyplotswith the samesoil were
treatedas controlsor initial conditionsin calculatingchangesof
organicsoil carbon.At several sites,soil sampleswere collected
periodicallyduring the period of forestgrownth andwere usedfor
making SOC measurement§lenkinson 971, Richteret al. 1994,
1999).All studieshave measurementbatrepresenthangesn soil
carboncontentduringatleastonetime intenal. Thesearereported
inthe“avg.” columnandrepresentheaveragerateof changen soil
carboroverthetimeinterval computedy takingthetotalchangen
carbonamountanddividing by the numberof yearsin thetimein-
tenal. Theactualrateof soil carbonchangemayor maynotbecon-
stantover thetime intenal. Severalstudiesestimatedatesof SOC
changéor two or moretime intenals.For thesethemaximumrate
of changeover ary time intenal is reportedn the “max.” column.
Thetime courseof SOCaccumulatiorfor eachplot with multiple
measuremenhtervalsreporteds not presentedThereis consider
ablevariationandinsuficientreplicationsothatthesetime courses
arenotuniform. Presentationf the“max” ratesallows someeval-
uationof whethermostof the accumulatioroccurredover a rela-
tively shortperiodof time (max.muchgreatethanavg.) or whether
the accumulatiorwasfairly constantover the entiremeasurement
period(max.approximatelyjthe sameasavg.). The maximumwas
oftenobseredduringthefirst measuremerintenal.

Soil bulk densitymeasurementrerequiredto calculateacar
bonamountfrom studiesthatreportonly carbonor organicmatter
concentrationg-or studiesvherebulk densitymeasurementsere

absentwe estimatedoulk density(B D) usingthe Adams(1973)
equation:

100

%OM + 100—%OM
0.244 MBD

BD =

whereOM is organicmatterand M BD is mineralbulk density
Mineral particledensityis usuallyassumedo bethe specificgrav-
ity of quartz(2.65Mg m~2). Actual M BD is considerablyower
thanrock bulf densitysincesoil consistf irregularly shapednin-
eral particlesthatallow large voids betweerthem.We useda typ-
ical valueof 1.64for M BD (Mann1986).Soil depthwasnotad-
justedto accountfor changesn bulk densityunlessthe authorsof
theoriginal datahadalreadydoneso.Not adjustingsoil depthmay,
in somecasesresultin anunderestimatef soil carbongains.

3 RESULTSAND DISCUSSION
3.1 Forest establishment after agricultural use

Ratesof SOC changeunder aggradingforest rangefrom small
lossesundercool temperate-zonpine dominatednaturalsucces-
sionto anincreaseof 300g C m~2 y~! in a subtropicalwet for-
estplantation.In two siteslarge SOClosseswere obsered when
subsequenbrganic carboninputs during the early stagesof for-
estgrowth were not large enoughto replenishthe decomposition
lossesAn averageaccumulatiomateof soil carbonjncludingthese
two sites,is 33.8g C m~2 y~ L. Thisis quitesimilarto the30g C
m~2 y~! estimatedy Schlesinge(1990)astherateof SOCaccu-
mulationin 40-to 50-yearold soils. Thereis atendeny for ratesof
SOCaccumulatiorto increaserom temperateegionsto subtrop-
ical regions(Table 1). We infer from this trendthat major factors
determiningherateof accumulatiorareamountf organicmatter
inputswhich increasewith temperatur@andmoisture.

Bredja (1997) studied a subtropicalthorn steppesystem,
wherethevegetationwasshiftedfrom agrazedgrasslando anun-
grazedvoodland Growth of woodyplantsresultedn adecreas@n
SOC,despitehefactthatwoodyplantsproduceda greatemmount
of morerecalcitrantmaterial.Woody plantsmay be lesseffective
than perennialgrassesn someervironmentsat storingcarbonin
soil. Woodyplantsdepositalargerfractionof totalinputsthanboth
grassesand pastureon the surface where decompositiorcondi-
tions are generallymore favorable. This may be the casein this
studysinceasitein a grassopeningwithoutwoody shrubsshaved
a SOC increasewhen grazingwas eliminated.Another example
that indicatesthe significanceof vertical placementof new car
boninputsis demonstrateth a wettropicalforestlife zonewhere
sugarcanefields were convertedto fast-graving eucalyptudrees
(BashkinandBinkley 1998).After 10 to 13 years,soil carbonin-
creasedindereucalyptusy 1150g C m~2 in thetop 10cm of soil,
but decreasetly 1010g C m~2 in the 10to 55 cm layer. By exam-
ining changesn 13C concentration®ashkinand Binkley (1998)
wereableto confirmthatinput ratesof eucalyptusarboninto this
deepetayerweresmallcomparedo previous sugarcaneinputs.

Thereis considerablevariationin accumulatiorratesof SOC
in Table 1 that resultsfrom mary factorsand are not consistent
amongthe studies.In additionto the differencesin the quantity
quality and placemenbf organiccarboninputsmentionedabore,
thereare differencesn the degreethat labile soil organic carbon
pools, particularlythe LF-OC pools,were depletedby cultivation
prior to abandonmentr land-usecorversion.The rate of decom-
positionis usuallywell representedsa first orderprocesswvhere
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Table 1. Ratesof soil carbonaccumulatingluringforestestablishmerdafteragriculturaluse.

SiteHistory Yearssince  Soil sample Rateof C Change
Agriculture Depth(cm) (9 m_Zyr_l) Reference
max. avg.
Cooltemperatenoistforest
cultivatedto pineplantation 42-88 0-10 -8.56 -4.44  PreitzerandBrian 1977
42-88 30-40 -5.27 -2.78
old field successiomo northernhardwoods 1-60 10 16.03 15.06  Zaketal. 1990
long-termagricultureto oakforest 83 68.6 61.7 59.60  Jenkinsorl971
long-termagricultureto oakforest(Pamended) 82 68.6 333 28.0  Jenkinsorl971
old field successiomo mixed oak stand >250 15.0 28.3 9.4  Robertsor& Vitousek1981
old field successioto northernhardwoods >100 10.0 17.3 11.6 Robertsor& Tiedje 1984
old field to managegineplantation 10-50 15.4 65.66  Wilde 1964
abandonefield to mixedforest 2-65.5 42.8 239 2.15 Hamhburg 1984
constructediike to forest 100 12 26.3  Bekel990
minespoil to forest
Harrison#1 21 22.9 50.09 Leisman1957
Warren 32 229 19.9 Leisman1957
Silver 41 22.9 38.4 Leisman1957
Kinney 51 22.9 38.4  Leismanl957
Warmtemperatehornsteppe
grazingexclusion- shrublive oak 18 3.8 -9.44 Brejda1997
grazingexclusion- mountainmahogag 18 3.8 -6.11 Brejda1997
grazingexclusion- shrubles®penings 8 3.8 12.78  Brejdal1997
Warmtemperatelry forest
new parentmaterialto chaparral oak 41 100 70.87  Ulery1995
new parentmaterialto chaparral pine 41 100 59.93  Ulery 1995
new parentmaterialto chaparral chamise 41 100 25.43  Ulery 1995
new parentmaterialto chaparrat ceabothus 41 100 22.00  Ulery1995
Warmtemperatemoistforest
old field to pineto hardwoodsuccession 200 3.0 11.2 2.4  Switzeretal. 1979
120-180 10.0 12.9 4.5 Montes& Christenseri986
old field to pine-naturabuccession 40-60 5.0 2.94  Christense& MacAller 1985
-4.41  Christense& MacAller 1985
-14.12  Christense® MacAller 1985
~50 33.0 28.4  Schifman& Johnsorl989
50-70 17.8 22.6 11.81  Hosner& Grang 1970
110 68.5-91.4 317 5.9 Billings 1938
old field to managegineplantation ~50 33.0 24.8  Schifman& Johnsorl989
70 12.7 52.85 2556  Coile 1940
40 60 3.6 Richteretal. 1999
Subtropicaldry forest
abandonegasture 25 38.1 -20.36  -13.08  Smithetal. 1951
long-termagricultureto secondaryorest 35 25.0 80.0 Brown& Lugo1990
long-termagricultureto mahogag plantation 50 25.0 38.0 Browné& Lugo1990
Subtropicamoistforest
long-termagricultureto secondaryorest 35 23.0 28.0 Weaveretal 1987
long-termagricultureto secondaryorest 100 50.0 300.0 105.0  Brown & Lugo 1990
coffeeplantationto abandonedoffee shade 20 23.0 99.0 Weaveretal. 1987
forestplantationwith intensie site preparation 2-34 435 566.71 -51.49  Gholz& Fisher1982
Subtropicalvetforest
10yr old cropfieldsto secondaryorest 38-47 50.0 566.7 148.8  Brown & Lugo 1990
long-termagricultureto secondaryorest ~35 23.0 98.7  Weaveretal. 1987
10yr old cropfieldsto mahogaw plantation 51 50.0 310.0 Brown& Lugo1990
coffeeplantationto abandonedoffee shade 30 23.0 10.3  Weaveretal. 1987
Tropicalmoistforest
cultivatedfield to Eucalyptusplantation 11.5 55 12.17  Bashkinetal. 1998
1 yearclearingto forestplantation 10.5 100  -1569.6  -47.13  Sancheztal. 1985
swiddenagriculture(forestfallow period) 10 10 143.3 68.9  Aweto1981
short-termcroppingto forestfallow 50 40 740.0 61.2 Ramakrishnai Toky 1981
Tropicalwet forest
primarysuccessioliP1) 126 1.5 3.36 1.18  Vitousek.etal. 1983

theamountof decompositiorperunit time depend®n theamount
of materialsubjectto decompositiortimes the rate constantfor
the ervironmental conditionsand type of material. The amount
of materialin eachdecompositiorclassat the initial time in each
studydepend®n the previous managementistory, whichis gen-
erallyunknavn. As aresult,initial decompositiomatesmaybelow
(SOCpoolsrelatively depleted)r high (SOCpoolslarge) relative
to thosethat canbe maintainedf SOC poolswerein equilibrium
with currentinput ratesof organicmatter Whenconsideringman-
agemenactivity to sequestecarbonin soil, knowledgeof site his-
tory suchas cultivation durationis important.In two siteslarge
SOClosseswvereobsered. In both casesthe prior periodof agri-

culturaluseor a barefallow wasshort- only oneyear(Sanchezt
al. 1985,GholzandFisher1982).In thesecasesthe shortperiod
of disturbancelid notdepleteherapidturnover poolsbeforeforest
planting.

In approximatelyhalf the studiesthathave multiple measure-
mentintenals thereis a large differencebetweenthe maximum
and averageaccumulation(or loss)rate. This indicatesa slowing
in accumulatiorrate asnew steadystateamountsof SOCarees-
tablishedanddecompositiomatesmorecloselymatchinput rates.
Someof thesemay be artifactsthatarisefrom spatialheterogene-
ity andinsufficient sampling.Additional errorsarisewith studies
of chronosequencesdpairedplots. The cultivatedplots may not
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Table 2. Ratesof soil carbonaccumulatingluring pastureestablishment.

5

SiteHistory Yearssince ~ Soilsample  Rateof C Change
Agriculture Depth(cm) (9 m_2yr_1) Reference
max. avg.
Cool temperateteppe
cultivatedto perennialgrass 12 300 110.0  Gebharketal. 1994
cultivatedto abandonedield 50 10 3.1 Burkeetal 1995
cultivatedto seededyrass 6 5 0.0 RoblesandBurke 1998
cultivatedto improvedpasture Whiteetal. 1976
Russiarwildrye 8 7 6.86
crestedvheatgrass 8 7 18.87
B-I-ALF(full) 8 7 14.01
B-I-ALF(short) 8 7 34.15
minetailing to grass-fortmeadev 5-80 10 60.0 4.01 Titlyanova etal. 1988
coalminespoilto dry grassland 28-40 120 28.2  Andersonl977
Subtropicamoistforest
cultivatedto pasture Lugoetal. 1986
Atlantic 37 18 -16.22
Caonilas 37 18 -48.65
Culebrinas 37 18 100.0
Northwest 37 18 8.11
West 37 18 37.84
East 37 18 35.14
Southeast 37 18 10.81
Southwest 37 18 67.75
South 37 18 11351
Turabo 37 18 24.32
Tropicaldry forest
forestto unimprovedpasture 23 10 -17.4  Trumboreetal. 1995
forestto improvedpasture 23 10 -13.0  Trumboreetal. 1995
Tropical moistforest
native forestto pasture 10 40 -30.0 Desjardinsetal. 1994
matureforestclearedo pasture Neill etal. 1997
PurtoVelho 7 10 83.18
Calcaulandia 8 10 -4.02
NovaVida-1 81 10 342.72 15.23
NovaVida-2 20 10 174.81 24.10
OuroPreto-Benjamin 20 10 115.54 39.27
OuroPreto-lenk 20 10 -84.13 2.37
Vilhena 12 10 11483 91.91
PurtoVelho 7 30 -14.29
Calcaulandia 8 30 -90.00
NovaVida-1 81 30 460.0 21.85
NovaVida-2 20 30 410.0 59.0
OuroPreto-Benjamin 20 30 110.0 74.5
OuroPreto-lenk 20 30 49.17 17.0
Vilhena 12 30 134.0 325
Tropicalwetforest
native forestclearedfor pasture Veldkamp1994
Eutric Hapludand 25 50 -87.2
Oxic Humitropept 25 50 -6.0
native forestclearedfor pasture vanDametal. 1997
Andic Humitropept 18 60 142.03 34.93

have beenin equilibrium andthereforelost additional SOC since
pairedperennialvegetationplots were establishedesultingin an
overestimatef theinitial ratesof SOCaccumulationIn 2 studies
themax.ratesgreatlyexceedtheavg. ones(GholzandFisher1982,
Sancheztal 1985).In boththesestudiessite preparatiorandmix-

ing of hanestresidueinto the soil greatlyincreasedhe amountof

relatively undecomposeresidueincludedin thefirst time intenal

measurements.

Mary studieshave similar max.andavg. ratesof SOCaccu-
mulation. This indicatesthat thereare conditionswhereaccumu-
lation rate may be fairly constantover periodsaslong as 50 to
100 years.The clearestexamplesare from the long-termplots at
RothamstedEngland(Jenkinsonl971). Thesestudiesavoid most
effects of spatialheterogeneityntroducedby pairedplot studies
sincesampleaveretaken 3 timesfrom the sameplotsover thefirst
80yearsof theexperimentsThesoilsatthebeginningof theexper
iments,hadbeencontinuouslycultivatedsinceRomanoccupation
nearly2,000yearsagowithout ary modernproductionenhancing
amendmentsesultingin very low SOCamounts.The Broadbalk

andGeescrofWildernessesiare shavn constantatesof SOCac-
cumulationg0g C m~2y~" and30g C m~2y~"' respeciiely, for
over 80 yearssincecultivationwashaltedandoak forestappeared
throughnaturalsuccession.

3.2 Permanent grassland establishment

Substantiagainsin SOCarealsopossiblewith corversionof crop-
landto grasslandparticularlywith managemerfor highgrasspro-
ductvity (Table2). A studyof thegrasslandConseration Resere
Program(CRP) for a productie portion of U.S. Central Plains
(Texas,Kansasand NebraskaGebhartet al. 1994)indicatesthat
SOCmayaccumulateat an averagerateof 110.0gCm-2y~lin
the surface 300 cm. Theseare probablymaximumratesthat will
declineover time. Resultsfrom subtropicaimoistforestlife zones
demonstrata potentialfor SOCgainswhenrow cropsarereplaced
with managedgasturg(Lugo et al. 1986). The meanaccumulation
ratefrom this studyis 33.2g C m~2 y~!, SOCaccumulatiorrates
are much lower undermore arid conditions.White et al. (1976)
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found lower valuesin SouthDakota - an averageof 21 g C m~2
y~!, wheretheratesshav considerableariationamongplotswith
differentspeciesf plantsestablishedln the shortgrassteppeof
Colorado,Burke et al. (1995)found very low ratesof SOCaccu-
mulationon unimprored abandonedropfields. They reportanac-
cumulationrate of 3.1 g C m~2 y~! over a 50 yearperiod. The
actualaccumulatioratemayevenbelowerif additionallossesin-
cludingerosionof C from the pairedcultivatedfields over the last
50 yearsaretaken into accountRoblesandBurke (1998)did not
find significantsoil carbongainsin CRPland soils 6 yearsfollow-
ing cessatiorof cultivationin asemiaridgrasslandWyoming),but
they did find significantincrease$n mineralizableandcoarseLF-
OC. Thesefactssuggesthatlongertime periodsare requiredfor
pronouncedncreasesn total SOC underconditionsof low pro-
ductvity.

SOCis likely to increasevhencultivatedsoil is plantedwith
permanengrassesConversionof woodyvegetatiorto grassesnay
also affect SOC storage Replacemenbf native tropical savanna
with productie, deep-rootingexotic grasseqFisheret al. 1994)
canalsoresultin significantSOCincreasedor several years(800
to 1300g C m~2 y~! over thefirst 3 to 6 years).Whenforestis
clearedfor pastureestablishmentconsiderableaboseground car
bonin vegetationis lost, but it is not necessaryhattherebe de-
clinesin SOC.At leastfor tropicalmoistandwet forestlife zones,
it is also possiblefor SOCto increasewhen natve matureforest
is clearedandcorvertedto pastureln astudyby Neil etal. (1997)
elevenof fourteenpasturecorversionsitesstudiedn Brazil shaved
increasesn soil carbon.All sitesin pasturefor at least10 years
shavedincreaseswith ratesashighas74.0g C m=2 y=! over 20
years.Two outof threesitesstudiedin CostaRicafounddeclinesn
SOCwhennative forestwasclearedfor pasturgVeldkamp1994).
However, on onerich volcanicsoil with andicpropertiegsoilswith
highactvity clay minerals)corversionto pasturgesultedn signif-
icantincreasesn SOC (van Dametal. 1997).Tropical dry forest
shaveddecreasem SOCwhencornvertedto pasturgTrumboreet
al. 1995)althoughsite preparatiormethodscomplicateinterpreta-
tion of theresultsin this study

4 CONCLUSIONS

Therearemary factorsandprocessethatdeterminethe direction
andrateof changen SOCcontentwhenvegetationandsoil man-
agemenpracticesarechangedOnesthatmaybeimportantfor in-
creasingSOC storageinclude (1) increasingthe input ratesof or-
ganicmatter (2) changingthe decomposabilityof organic matter
inputsthatincreasd.F-OCin particular (3) placingorganicmatter
deepeiin the soil eitherdirectly by increasingbelavgroundinputs
or indirectly by enhancingsurfacemixing by soil organismsand
(4) enhancingphysical protectionthrough either intra-aggrgate
or organomineratomplexes. Conditionsfavoring theseprocesses
generallyoccurwhensoilsareconvertedfrom cultivateduseto per
manentperennialvegetation.We obsere variationin the ratesof
SOCchangeaueto thedifferencesn theinfluencesof oneor more
of thesefactorsevenwith datacollectedfrom similar studies Ad-
ditional variationin the datapresentedn Tables1 and2 canbe
attributedto a lack of consistentnitial conditionsresultingfrom
differencesn cultivationhistoryandspatialheterogeneity

To obtaina higher precisionpredictive capability of detect-
ing changesn SOC,additionalempiricalstudiesareneededccom-
bined with a betterunderstandingf the biological and physical
processeswolved.Longtermagriculturaltrial have beenvaluable

for understandingoil carbondynamicsunderagriculture(Jenkin-
son1991).Additionallong termexperimentghataddresSOCdy-
namicswhenlandis convertedfrom cultivation with knovn man-
agemenhistoriesto perennialvegetationwould be valuablein im-
proving our understandingnd increaseour predictve capability
over shortandlongtime scales.

While thereis notenoughdatacurrentlyavailableto precisely
determinethe amountof carbonaccumulatingn ary largeregion
or even someparticularplot of land, we have enoughinformation
toinfertheorderof magnitudeof thesoil carbonsequestratiorate.
We canusethisinformationto investigatesomeaspect®f soil car
bonfluxesin thepresenglobalcarborncycle. Variousinvestigations
have inferredindirectly from atmospheric€CO, measurementhat
the terrestrialecosystem®f the NorthernHemisphereéhave been
takingup andstoringcarbonin bothvegetationandsoil atarateof
1to2PgCy~! (1 Pg=10'%g) overthepastseveraldecadegTans
etal. 1989,Ciaisetal. 1995,Fanetal. 1998).Varioushypotheses
have beenproposedtoncerningheprocessegwvolvedandregions
wherevariousprocessesnay have greateror lessereffectson the
rateof netcarbonuptale. Onehypothesighattheinformationpre-
sentedhere can addressds that the inferred northernhemisphere
terrestrialsink is relatedto land-usechangeover the past50 years.
Hart (1968) reportedthat over the decadeof the 19505 that 27 x
10° haof farmlandwasabandoneih theeasterriUnitedStatesThe
amountof land in the U.S. reforestedor afforestedin the decade
of the 19805 is reportedin Winjum et al. (1990)as12 x 1¢° ha.
Takingthe largerrateof land-usechangereportedby Hart (1968),
andassuminghatthis continuedfrom 1950to presentthereis a
cumulatie potentialof 135x 10° hathat supportaggradingfor-
est.Applying the averagerate of SOCaccumulatiorto this entire
areathepresentateof SOCsequestratiomouldbe.05PgCy~!.
Only asmallfractionof theinferednorthernhemispheréerrestrial
sink canbe explainedin termsof SOCaccumulationsn aggrad-
ing forestsof the U.S. King et al. (1990)indicatethat 154 x 1¢¢
ha(120x 10° hain ChinaandIndia alone)werereforestedr af-
forestedin the NorthernHemispheren the 19805. Assumingthat
all this land was all afforestedand not just replantedafter a har
vestandthatthis ratecontinuedhroughthe 19905 thentherateof
SOCaccumulatiorwould potentiallybe 0.11PgC y~!. While not
insignificant,this rateis a very smallfractionof the estimatedate
of carbonsequestratiom the NorthernHemispherelf 1to 2 PgC
y~! arecurrentlyaccumulatingn aggradingoreststhennearlyall
of this C would beincrease# biomassandsurfacelitter, not SOC.
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