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SUMMARY
Whenagriculturalland is no longerusedfor cultivationandallowed to revert to naturalveg-
etationor replantedto perennialvegetation,soil organiccarboncanaccumulateby processes
thatessentiallyreversesomeof theeffectsresponsiblefor soil organiccarbonlossesfrom when
thelandwasconvertedfrom perennialvegetation.We discusstheessentialelementsof whatis
knownaboutsoil organicmatterdynamicsthatmayresultin enhancedsoil carbonsequestration
with changesin land-useandsoil management.Wereview literaturethatreportschangesin soil
organiccarbonafter changesin land-usethat favor carbonaccumulation.This datasummary
providesaguideto approximateratesof SOCsequestrationthatarepossiblewith management,
andindicatestherelative importanceof somefactorsthatinfluencetheratesof organiccarbon
sequestrationin soil. Thereis a largeamountof variationin ratesandthe lengthof time that
carbonmayaccumulatein soil thatarerelatedto theproductivity of therecoveringvegetation,
physicalandbiologicalconditionsin thesoil, andthepasthistoryof soil organiccarboninputs
andphysicaldisturbance.Maximumratesof C accumulationduringtheearlyaggradingstage
of perennialvegetationgrowth,while substantial,areusuallymuchlessthan100g C m ��� y �	� .
Averageratesof accumulationaresimilar for forestor grasslandestablishment:33.8g C m ���
y �
� and33.2g C m ��� y �
� respectively. Theseobservedratesof soil organicC accumulation,
whencombinedwith thesmallamountof landareainvolved,areinsufficient to accountfor a
significantfractionof themissingC in theglobalcarboncycle asaccumulatingin thesoilsof
formerlyagriculturalland.
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1 INTRODUCTION

1.1 Soil Organic Carbon Pools

In terrestrialecosystemsthe amountof carbonin soil is usually
greaterthantheamountin living vegetation.It is thereforeimpor-
tant to understandthe dynamicsof soil carbonaswell as its role
in terrestrialecosystemcarbonbalanceandthe global carboncy-
cle. The lossof soil organiccarbonby conversionof naturalveg-
etationto cultivateduseis well known. Variousland-usesresult
in very rapid declinesin soil organicmatter(Jenny 1941,David-
sonandAckerman1993,Mann1986,Schlesinger1985,Postand
Mann 1990).Much of this loss in soil organiccarboncanbe at-
tributedto reducedinputsof organicmatter, increaseddecompos-
ability of cropresidues,andtillageeffectsthatdecreasetheamount
of physicalprotectionto decomposition.Weassembleinformation
concerningprocessesthat regulatethe amountandrateof change
in SOCandusethis informationto interpretmeasurementsof SOC
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accumulationwhenasoil is nolongercultivatedandreturnsto sup-
portingperennialvegetation.

Soil organic carbon includes plant, animal and microbial
residuesin all stagesof decomposition.Many organiccompounds
in the soil are intimately associatedwith inorganicsoil particles.
The turnover rateof the differentsoil organiccarboncompounds
variesdueto thecomplex interactionsbetweenbiological,chemi-
cal, andphysicalprocessesin soil. Although theremaybe a con-
tinuumof soil organiccarboncompoundsin termsof theirdecom-
posabilityandturnover time,physicalfractionationtechniquesare
oftenusedto defineanddelineatevariousrelatively-discretesoil or-
ganiccarbonpools.Physicallydefinedfractions,while containing
adiversearrayof organiccompounds,integratestructuralandfunc-
tional propertiesof soil organiccarbon(Christensen1996).Phys-
ical fractionationof soil emphasizesthe role of soil mineralsand
soil structurein SOCturnover, andrelatesmoredirectly to SOC
dynamicsin situ thanclassicalwetchemicalSOCfractions(Oades
1993,Elliott andCambardella1991,Christensen1992).Figure1
shows anoutlineof majorphysicallyseparatedSOCfractionsthat
correspondto poolsin many soil carbonturnover modelsusedto
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Figure 1. Mineralizationandtransferof organicmatterin soil. (Christensen1996)

simulatelong-term(decadesto centuries)changesin soil carbon
(Christensen1996,Buyanovsky et al. 1994).

The light fraction organiccarbon(LF-OC) is free (not com-
plexedwith mineralmatter),particulateplantandanimalresidues
undergoing decomposition(Spycher et al. 1983). Occasionally
someof this materialmay be biologically resistant,suchaschar-
coal (Skjemstad1990).Part of the LF-OC canbe physicallysta-
bilized in macroaggregatesas intra-aggregate particulatecarbon
(CambardellaandElliot 1992,1993).Thick surfaceaccumulations
of LF-OC occurin borealandtundraecosystemswhereit persists
dueto low temperaturesslowing decomposition.In ecosystemsthat
aremorecommonlyusedfor cultivation,accumulationof LF-OC
canbe quite high despitehigherdecompositionrateswherethere
aresignificantreturnsof plant litter (forestsandpermanentgrass-
lands).This fraction is highly decomposableand can show sea-
sonalfluctuationsandspatialvariationwith changesin litter inputs
(Boone1994).Theturnoverof LF-OCin suchecosystemsis linked
to macroaggregateformationandits amountis greatlyimpactedby
croppingandtillage(Beareetal.1994,Biederbecketal.1994,Bre-
meret al 1994).Shorttermshiftsin SOCstorageandturnover are
in largepartdueto thedynamicnatureof thispoolwhichhasabulk
turnover timemeasuredin monthsto a few years.

SOCis transformedby bacterialactionandstabilizedin clay
or silt sizedorganomineralcomplexes(HF-OC) wherethe major-
ity of SOCis found(Figure1). Thehighestconcentrationsof SOC
areassociatedwith � 5 � m mineralparticles.Following theaddi-
tion of simplesubstrates,new SOCis foundto beassociatedwith
a rangeof mineralparticlesizes.However, clay sizedorganomin-
eralcomplexesoftenshow greateraccumulationsandsubsequently
morerapidlossratesthanin silt sizedparticles,indicatingahigher
stabilityof silt-SOC(Christensen1996).Turnover timesof theHF-
OCareon theorderof decades.

Microbial biomass,while a small portion of SOC,mediates
thetransferof SOCamonginputs,LF-OC andorganomineralHF-
OC.As a result,ratesof transferandtransformationareinfluenced
by biologically importantfactorsincluding soil moistureandsoil
temperature.In addition,mostmodelsof SOCturnover postulatea

pool of passive (old or stable)carbonwith turnover timesof 1,500
to 3,500yearsor longer(Partonet al. 1988,Jenkinson1990).The
presenceof suchapoolwith long turnover is necessaryfor consis-
tency with

���
C measurements(Harrisonet al 1993).This pool is

notexplicitly shown in Figure1, sinceaphysicalmethodof isolat-
ing thispassiveSOCfractionis unknown. It is thoughtthatpassive
SOCis comprisedof a nearly inert LF-OC component,saychar-
coal,andsomeverychemicallyrecalcitrantmaterialin organomin-
eralHF-OCcomplexes.

Theamount,decomposability(representedin Figure1 aspro-
portionsof solubleandnon-solublecomponents),andplacement
of aboveground and belowground inputs differ greatly between
ecosystemtypes and with land-use.In agricultural soils above-
groundinputsandmostrootsaremechanicallymixedin thesurface
layer. In permanentlyvegetatedsoils,abovegroundresiduesareleft
on the surfaceto decomposeor a portion may be transportedor
mixedinto thesoil by animalactivity. Rootsandroot exudatesen-
terthesoil directly. Thesedifferencesaffectdecompositionthrough
moistureandtemperatureconditions,exposureto soil organisms,
anddegreeof contactwith mineralsoil.

1.2 Soil Potential for Carbon Accumulation

The amountof organiccarbonstoredin 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 ratesof
soil organiccarbonaccumulationin Holoceneagesoils.He found
a slow rate of carbon increasein soil even after thousandsof
years.This long-term increaserepresentsaccumulationsof pas-
sivesoil organiccarbonfractions,whichincludecharcoalandresis-
tantcompoundsphysicallyprotectedin organomineralcomplexes.
Schlesinger(1990)documentedlong-termratesof carbonstorage
from 0.2g C m � � y � � in somepolardesertsto greaterthan10g C
m � � y � � in someforestecosystems,with anaveragerateof 2.4g
C m � � y � � over all ecosystems.Schlesinger(1990)indicatesthat
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fasterratesof changeovershorttimeperiodsarepossibleasaresult
of changesin environmentalconditions.

Whennaturalvegetationis convertedto cultivatedcrops,rapid
declinesin soil organicmatterarepartly dueto a lower fractionof
non-solublematerialin themorereadilydecomposedcropresidues.
Tillage, in additionto mixing andstirring of soil, breaksup aggre-
gatesandexposesorgano-mineralsurfacesotherwiseinaccessible
to decomposers.This resultsin areductionin theamountsof intra-
aggregateLF-OCandsomeorganomineralSOC.Lossesof SOCof
asmuchas50% in surfacesoils (20 cm) have beenobserved af-
ter cultivation for 30 to 50 years.Reductionsaveragearound30%
of theoriginal amountin thetop 100-cm.The largeandrelatively
rapidchangesin SOCwith cultivation indicatesthat thereis con-
siderablepotentialto enhancethe rateof carbonsequestrationin
soil with managementactivities that reversetheeffectsof cultiva-
tion on SOCpools.Therefilling of depletedfastturnover LC-OC
poolsandtheactiveportionsof theorganomineralpoolsmayresult
in muchhigherratesof SOCstoragethantheslow accumulationof
passive soil carbondocumentedby Schlesinger(1990).Although
thetimeperiodfor highaccumulationratesmayberelatively short,
yearsor decades,theseaccumulationratesareof significancefor
currentsoil sustainabilityandcarbonmanagementissues.

2 METHODS

We collectedtheavailableliteraturethatreportsoil organicmatter
changesresultingfrom landconversionfromcultivatedto perennial
vegetation.The informationcanbe organizedinto two categories
of land-usechange(Tables1 and2). Table1 reportsratesof soil
carbonchangeduringforestor woodyvegetationestablishmentaf-
ter someperiodof agriculturaluse.Table2 containsratesof soil
carbonchangeafterestablishmentof permanentpasture.For most
studies,changesin SOCareestimatedusingpairedplots.Oneor
moreplotswereconvertedfrom agriculturaluseto forestor grass-
land,while adjacentplotsor nearbyplotswith thesamesoil were
treatedas controlsor initial conditionsin calculatingchangesof
organicsoil carbon.At several sites,soil sampleswerecollected
periodicallyduring the periodof forestgrowth andwereusedfor
makingSOCmeasurements(Jenkinson1971,Richteret al. 1994,
1999).All studieshavemeasurementsthatrepresentchangesin soil
carboncontentduringat leastonetime interval. Thesearereported
in the“avg.” columnandrepresenttheaveragerateof changein soil
carbonoverthetimeinterval computedby takingthetotalchangein
carbonamountanddividing by thenumberof yearsin thetime in-
terval.Theactualrateof soil carbonchangemayormaynotbecon-
stantover thetime interval. Severalstudiesestimatedratesof SOC
changefor two or moretimeintervals.For these,themaximumrate
of changeover any time interval is reportedin the“max.” column.
Thetime courseof SOCaccumulationfor eachplot with multiple
measurementintervalsreportedis notpresented.Thereis consider-
ablevariationandinsufficient replicationsothatthesetimecourses
arenotuniform.Presentationof the“max.” ratesallowssomeeval-
uationof whethermostof the accumulationoccurredover a rela-
tivelyshortperiodof time(max.muchgreaterthanavg.)orwhether
theaccumulationwasfairly constantover theentiremeasurement
period(max.approximatelythesameasavg.). Themaximumwas
oftenobservedduringthefirst measurementinterval.

Soil bulk densitymeasurementsarerequiredto calculateacar-
bonamountfrom studiesthatreportonly carbonor organicmatter
concentrations.For studieswherebulk densitymeasurementswere

absent,we estimatedbulk density( ��� ) usingthe Adams(1973)
equation:
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where *,+ is organicmatterand +-�.� is mineralbulk density.
Mineralparticledensityis usuallyassumedto bethespecificgrav-
ity of quartz(2.65Mg m �0/ ). Actual +1�.� is considerablylower
thanrockbulf densitysincesoil consistsof irregularlyshapedmin-
eralparticlesthatallow largevoidsbetweenthem.We useda typ-
ical valueof 1.64for +-��� (Mann1986).Soil depthwasnot ad-
justedto accountfor changesin bulk densityunlesstheauthorsof
theoriginaldatahadalreadydoneso.Not adjustingsoil depthmay,
in somecases,resultin anunderestimateof soil carbongains.

3 RESULTS AND DISCUSSION

3.1 Forest establishment after agricultural use

Ratesof SOC changeunder aggradingforest rangefrom small
lossesundercool temperate-zonepine dominatednaturalsucces-
sion to an increaseof 300 g C m � � y � � in a subtropicalwet for-
estplantation.In two siteslarge SOClosseswereobserved when
subsequentorganic carboninputs during the early stagesof for-
estgrowth werenot large enoughto replenishthe decomposition
losses.An averageaccumulationrateof soil carbon,includingthese
two sites,is 33.8g C m � � y � � . This is quitesimilar to the30 g C
m � � y � � estimatedby Schlesinger(1990)astherateof SOCaccu-
mulationin 40-to 50-year-old soils.Thereis atendency for ratesof
SOCaccumulationto increasefrom temperateregionsto subtrop-
ical regions(Table1). We infer from this trendthat major factors
determiningtherateof accumulationareamountsof organicmatter
inputswhich increasewith temperatureandmoisture.

Bredja (1997) studied a subtropical thorn steppesystem,
wherethevegetationwasshiftedfrom agrazedgrasslandto anun-
grazedwoodland.Growth of woodyplantsresultedin adecreasein
SOC,despitethefactthatwoodyplantsproducedagreateramount
of morerecalcitrantmaterial.Woody plantsmay be lesseffective
thanperennialgrassesin someenvironmentsat storingcarbonin
soil.Woodyplantsdeposita largerfractionof total inputsthanboth
grassesand pastureson the surfacewheredecompositioncondi-
tions are generallymore favorable.This may be the casein this
studysinceasitein agrassopeningwithoutwoodyshrubsshowed
a SOC increasewhen grazingwas eliminated.Another example
that indicatesthe significanceof vertical placementof new car-
boninputsis demonstratedin a wet tropical forestlife zonewhere
sugarcanefields wereconvertedto fast-growing eucalyptustrees
(BashkinandBinkley 1998).After 10 to 13 years,soil carbonin-
creasedundereucalyptusby 1150g C m � � in thetop10cmof soil,
but decreasedby 1010g C m � � in the10to 55cmlayer. By exam-
ining changesin

� / C concentrationsBashkinandBinkley (1998)
wereableto confirmthatinput ratesof eucalyptuscarboninto this
deeperlayerweresmallcomparedto previoussugarcaneinputs.

Thereis considerablevariationin accumulationratesof SOC
in Table 1 that resultsfrom many factorsand are not consistent
amongthe studies.In addition to the differencesin the quantity,
quality andplacementof organiccarboninputsmentionedabove,
therearedifferencesin the degreethat labile soil organiccarbon
pools,particularlythe LF-OC pools,weredepletedby cultivation
prior to abandonmentor land-useconversion.The rateof decom-
positionis usuallywell representedasa first orderprocesswhere
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Table 1. Ratesof soil carbonaccumulatingduringforestestablishmentafteragriculturaluse.

SiteHistory Yearssince Soil sample Rateof C Change
Agriculture Depth(cm) (g m 243 yr 26587 Reference

max. avg.

Cool temperatemoistforest
cultivatedto pineplantation 42-88 0-10 -8.56 -4.44 PregitzerandBrian1977

42-88 30-40 -5.27 -2.78
old field successionto northernhardwoods 1-60 10 16.03 15.06 Zaket al. 1990
long-termagricultureto oakforest 83 68.6 61.7 59.60 Jenkinson1971
long-termagricultureto oakforest(Pamended) 82 68.6 33.3 28.0 Jenkinson1971
old field successionto mixedoakstand 9 250 15.0 28.3 9.4 Robertson& Vitousek1981
old field successionto northernhardwoods 9 100 10.0 17.3 11.6 Robertson& Tiedje1984
old field to managedpineplantation 10-50 15.4 65.66 Wilde 1964
abandonedfield to mixedforest 2-65.5 42.8 23.9 2.15 Hamburg 1984
constructeddike to forest 100 12 26.3 Beke1990
minespoil to forest

Harrison#1 21 22.9 50.09 Leisman1957
Warren 32 22.9 19.9 Leisman1957
Silver 41 22.9 38.4 Leisman1957
Kinney 51 22.9 38.4 Leisman1957

Warmtemperatethornsteppe
grazingexclusion- shrubliveoak 18 3.8 -9.44 Brejda1997
grazingexclusion- mountainmahogany 18 3.8 -6.11 Brejda1997
grazingexclusion- shrublessopenings 8 3.8 12.78 Brejda1997

Warmtemperatedry forest
new parentmaterialto chaparral- oak 41 100 70.87 Ulery 1995
new parentmaterialto chaparral- pine 41 100 59.93 Ulery 1995
new parentmaterialto chaparral- chamise 41 100 25.43 Ulery 1995
new parentmaterialto chaparral- ceabothus 41 100 22.00 Ulery 1995

Warmtemperatemoistforest
old field to pineto hardwoodsuccession 200 3.0 11.2 2.4 Switzeretal. 1979

120-180 10.0 12.9 4.5 Montes& Christensen1986
old field to pine-naturalsuccession 40-60 5.0 2.94 Christensen& MacAller 1985

-4.41 Christensen& MacAller 1985
-14.12 Christensen& MacAller 1985: 50 33.0 28.4 Schiffman& Johnson1989

50-70 17.8 22.6 11.81 Hosner& Graney 1970
110 68.5-91.4 31.7 5.9 Billings 1938

old field to managedpineplantation : 50 33.0 24.8 Schiffman& Johnson1989
70 12.7 52.85 25.56 Coile 1940
40 60 3.6 Richteretal. 1999

Subtropicaldry forest
abandonedpasture 25 38.1 -20.36 -13.08 Smithetal. 1951
long-termagricultureto secondaryforest 35 25.0 80.0 Brown & Lugo1990
long-termagricultureto mahogany plantation 50 25.0 38.0 Brown & Lugo1990

Subtropicalmoistforest
long-termagricultureto secondaryforest 35 23.0 28.0 Weaver etal. 1987
long-termagricultureto secondaryforest 100 50.0 300.0 105.0 Brown & Lugo1990
coffeeplantationto abandonedcoffeeshade 20 23.0 99.0 Weaver etal. 1987
forestplantationwith intensivesitepreparation 2-34 43.5 566.71 -51.49 Gholz& Fisher1982

Subtropicalwet forest
10 yr old cropfieldsto secondaryforest 38-47 50.0 566.7 148.8 Brown & Lugo1990
long-termagricultureto secondaryforest : 35 23.0 98.7 Weaver etal. 1987
10 yr old cropfieldsto mahogany plantation 51 50.0 310.0 Brown & Lugo1990
coffeeplantationto abandonedcoffeeshade 30 23.0 10.3 Weaver etal. 1987

Tropicalmoistforest
cultivatedfield to Eucalyptusplantation 11.5 55 12.17 Bashkinet al. 1998
1 yearclearingto forestplantation 10.5 100 -1569.6 -47.13 Sanchezetal. 1985
swiddenagriculture(forestfallow period) 10 10 143.3 68.9 Aweto1981
short-termcroppingto forestfallow 50 40 740.0 61.2 Ramakrishnan& Toky 1981

Tropicalwet forest
primarysuccession(P1) 126 1.5 3.36 1.18 Vitousek.et al. 1983

theamountof decompositionperunit time dependson theamount
of materialsubjectto decompositiontimes the rate constantfor
the environmentalconditionsand type of material.The amount
of materialin eachdecompositionclassat the initial time in each
studydependson thepreviousmanagementhistory, which is gen-
erallyunknown. As aresult,initial decompositionratesmaybelow
(SOCpoolsrelatively depleted)or high (SOCpoolslarge)relative
to thosethatcanbemaintainedif SOCpoolswerein equilibrium
with currentinput ratesof organicmatter. Whenconsideringman-
agementactivity to sequestercarbonin soil, knowledgeof sitehis-
tory suchas cultivation durationis important.In two siteslarge
SOClosseswereobserved.In bothcases,theprior periodof agri-

culturaluseor a barefallow wasshort- only oneyear(Sanchezet
al. 1985,GholzandFisher1982).In thesecases,theshortperiod
of disturbancedid notdepletetherapidturnoverpoolsbeforeforest
planting.

In approximatelyhalf thestudiesthathave multiple measure-
ment intervals there is a large differencebetweenthe maximum
andaverageaccumulation(or loss)rate.This indicatesa slowing
in accumulationrateasnew steadystateamountsof SOCarees-
tablishedanddecompositionratesmorecloselymatchinput rates.
Someof thesemaybeartifactsthatarisefrom spatialheterogene-
ity andinsufficient sampling.Additional errorsarisewith studies
of chronosequencesandpairedplots.Thecultivatedplotsmaynot
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Table 2. Ratesof soil carbonaccumulatingduringpastureestablishment.

SiteHistory Yearssince Soil sample Rateof C Change
Agriculture Depth(cm) (g m 243 yr 265;7 Reference

max. avg.

Cool temperatesteppe
cultivatedto perennialgrass 12 300 110.0 Gebhartetal. 1994
cultivatedto abandonedfield 50 10 3.1 Burkeetal 1995
cultivatedto seededgrass 6 5 0.0 RoblesandBurke1998
cultivatedto improvedpasture Whiteet al. 1976

Russianwildrye 8 7 6.86
crestedwheatgrass 8 7 18.87
B-I-ALF(full) 8 7 14.01
B-I-ALF(short) 8 7 34.15

minetailing to grass-forbmeadow 5-80 10 60.0 4.01 Titlyanova etal. 1988
coalminespoil to dry grassland 28-40 120 28.2 Anderson1977

Subtropicalmoistforest
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 18 113.51
Turabo 37 18 24.32

Tropicaldry forest
forestto unimprovedpasture 23 10 -17.4 Trumboreetal. 1995
forestto improvedpasture 23 10 -13.0 Trumboreetal. 1995

Tropicalmoistforest
native forestto pasture 10 40 -30.0 Desjardinsetal. 1994
matureforestclearedto pasture Neill et al. 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 10 114.83 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 32.5

Tropicalwet forest
native forestclearedfor pasture Veldkamp1994

EutricHapludand 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 equilibriumandthereforelost additionalSOCsince
pairedperennialvegetationplots wereestablishedresultingin an
overestimateof theinitial ratesof SOCaccumulation.In 2 studies
themax.ratesgreatlyexceedtheavg.ones(GholzandFisher1982,
Sanchezetal 1985).In boththesestudiessitepreparationandmix-
ing of harvestresidueinto thesoil greatlyincreasedtheamountof
relatively undecomposedresidueincludedin thefirst time interval
measurements.

Many studieshave similar max.andavg. ratesof SOCaccu-
mulation.This indicatesthat thereareconditionswhereaccumu-
lation rate may be fairly constantover periodsas long as 50 to
100 years.The clearestexamplesarefrom the long-termplots at
Rothamsted,England(Jenkinson1971).Thesestudiesavoid most
effects of spatialheterogeneityintroducedby pairedplot studies
sincesamplesweretaken3 timesfrom thesameplotsover thefirst
80yearsof theexperiments.Thesoilsat thebeginningof theexper-
iments,hadbeencontinuouslycultivatedsinceRomanoccupation
nearly2,000yearsagowithout any modernproductionenhancing
amendmentsresultingin very low SOCamounts.The Broadbalk

andGeescroftWildernesseshave shown constantratesof SOCac-
cumulation,60 g C m � � y � � and30 g C m � � y � � respectively, for
over 80 yearssincecultivationwashaltedandoakforestappeared
throughnaturalsuccession.

3.2 Permanent grassland establishment

Substantialgainsin SOCarealsopossiblewith conversionof crop-
landto grassland,particularlywith managementfor highgrasspro-
ductivity (Table2). A studyof thegrasslandConservationReserve
Program(CRP) for a productive portion of U.S. Central Plains
(Texas,Kansas,andNebraska,Gebhartet al. 1994)indicatesthat
SOCmayaccumulateat anaveragerateof 110.0g C m � � y � � in
the surface300 cm. Theseareprobablymaximumratesthat will
declineover time.Resultsfrom subtropicalmoist forestlife zones
demonstrateapotentialfor SOCgainswhenrow cropsarereplaced
with managedpasture(Lugo et al. 1986).Themeanaccumulation
ratefrom thisstudyis 33.2g C m � � y � � . SOCaccumulationrates
are much lower undermore arid conditions.White et al. (1976)
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found lower valuesin SouthDakota - an averageof 21 g C m � �
y � � , wheretheratesshow considerablevariationamongplotswith
differentspeciesof plantsestablished.In the shortgrasssteppeof
Colorado,Burke et al. (1995)foundvery low ratesof SOCaccu-
mulationonunimprovedabandonedcropfields.They reportanac-
cumulationrateof 3.1 g C m � � y � � over a 50 yearperiod.The
actualaccumulationratemayevenbelower if additionallosses,in-
cludingerosionof C from thepairedcultivatedfieldsover the last
50 yearsaretaken into account.RoblesandBurke (1998)did not
find significantsoil carbongainsin CRPlandsoils6 yearsfollow-
ing cessationof cultivationin asemiaridgrassland(Wyoming),but
they did find significantincreasesin mineralizableandcoarseLF-
OC. Thesefactssuggestthat longertime periodsarerequiredfor
pronouncedincreasesin total SOC underconditionsof low pro-
ductivity.

SOCis likely to increasewhencultivatedsoil is plantedwith
permanentgrasses.Conversionof woodyvegetationto grassesmay
also affect SOC storage.Replacementof native tropical savanna
with productive, deep-rootingexotic grasses(Fisheret al. 1994)
canalsoresultin significantSOCincreasesfor several years(800
to 1300g C m � � y � � over the first 3 to 6 years).Whenforest is
clearedfor pastureestablishment,considerableabovegroundcar-
bon in vegetationis lost, but it is not necessarythat therebe de-
clinesin SOC.At leastfor tropicalmoistandwet forestlife zones,
it is alsopossiblefor SOCto increasewhennative matureforest
is clearedandconvertedto pasture.In astudyby Neil et al. (1997)
elevenof fourteenpastureconversionsitesstudiedin Brazil showed
increasesin soil carbon.All sitesin pasturefor at least10 years
showedincreases,with ratesashigh as74.0g C m � � y � � over 20
years.Two outof threesitesstudiedin CostaRicafounddeclinesin
SOCwhennative forestwasclearedfor pasture(Veldkamp1994).
However, ononerich volcanicsoil with andicproperties(soilswith
highactivity clayminerals)conversionto pastureresultedin signif-
icant increasesin SOC(van Damet al. 1997).Tropicaldry forest
showeddecreasesin SOCwhenconvertedto pasture(Trumboreet
al. 1995)althoughsitepreparationmethodscomplicateinterpreta-
tion of theresultsin thisstudy.

4 CONCLUSIONS

Therearemany factorsandprocessesthatdeterminethedirection
andrateof changein SOCcontentwhenvegetationandsoil man-
agementpracticesarechanged.Onesthatmaybeimportantfor in-
creasingSOCstorageinclude(1) increasingthe input ratesof or-
ganicmatter, (2) changingthe decomposabilityof organicmatter
inputsthatincreaseLF-OCin particular, (3) placingorganicmatter
deeperin thesoil eitherdirectly by increasingbelowgroundinputs
or indirectly by enhancingsurfacemixing by soil organisms,and
(4) enhancingphysicalprotectionthrougheither intra-aggregate
or organomineralcomplexes.Conditionsfavoring theseprocesses
generallyoccurwhensoilsareconvertedfromcultivateduseto per-
manentperennialvegetation.We observe variationin the ratesof
SOCchangedueto thedifferencesin theinfluencesof oneor more
of thesefactorsevenwith datacollectedfrom similar studies.Ad-
ditional variation in the datapresentedin Tables1 and 2 canbe
attributedto a lack of consistentinitial conditionsresultingfrom
differencesin cultivationhistoryandspatialheterogeneity.

To obtain a higher precisionpredictive capabilityof detect-
ing changesin SOC,additionalempiricalstudiesareneededcom-
bined with a betterunderstandingof the biological and physical
processesinvolved.Longtermagriculturaltrial havebeenvaluable

for understandingsoil carbondynamicsunderagriculture(Jenkin-
son1991).Additional long termexperimentsthataddressSOCdy-
namicswhenland is convertedfrom cultivationwith known man-
agementhistoriesto perennialvegetationwouldbevaluablein im-
proving our understandingand increaseour predictive capability
overshortandlong timescales.

While thereis notenoughdatacurrentlyavailableto precisely
determinetheamountof carbonaccumulatingin any large region
or even someparticularplot of land,we have enoughinformation
to infer theorderof magnitudeof thesoil carbonsequestrationrate.
Wecanusethis informationto investigatesomeaspectsof soil car-
bonfluxesin thepresentglobalcarboncycle.Variousinvestigations
have inferredindirectly from atmosphericCO� measurementsthat
the terrestrialecosystemsof the NorthernHemispherehave been
takingupandstoringcarbonin bothvegetationandsoil ata rateof
1 to 2 PgC y � � (1 Pg= 10

�=<
g) over thepastseveraldecades(Tans

et al. 1989,Ciaiset al. 1995,Fanet al. 1998).Varioushypotheses
havebeenproposedconcerningtheprocessesinvolvedandregions
wherevariousprocessesmayhave greateror lessereffectson the
rateof netcarbonuptake.Onehypothesisthattheinformationpre-
sentedherecan addressis that the inferred northernhemisphere
terrestrialsink is relatedto land-usechangeover thepast50 years.
Hart (1968)reportedthat over the decadeof the 1950’s that 27 x
10> haof farmlandwasabandonedin theeasternUnitedStates.The
amountof land in the U.S. reforestedor afforestedin the decade
of the 1980’s is reportedin Winjum et al. (1990)as12 x 10> ha.
Takingthe largerrateof land-usechangereportedby Hart (1968),
andassumingthat this continuedfrom 1950to present,thereis a
cumulative potentialof 135 x 10> ha that supportaggradingfor-
est.Applying theaveragerateof SOCaccumulationto this entire
area,thepresentrateof SOCsequestrationwouldbe.05PgC y � � .
Only asmallfractionof theinferednorthernhemisphereterrestrial
sink canbe explainedin termsof SOCaccumulationsin aggrad-
ing forestsof the U.S. King et al. (1990) indicatethat 154 x 10>
ha(120x 10> ha in ChinaandIndia alone)werereforestedor af-
forestedin theNorthernHemispherein the1980’s. Assumingthat
all this land wasall afforestedandnot just replantedafter a har-
vestandthatthis ratecontinuedthroughthe1990’s thentherateof
SOCaccumulationwouldpotentiallybe0.11PgC y � � . While not
insignificant,this rateis a very small fractionof theestimatedrate
of carbonsequestrationin theNorthernHemisphere.If 1 to 2 PgC
y � � arecurrentlyaccumulatingin aggradingforeststhennearlyall
of thisC wouldbeincreasesin biomassandsurfacelitter, notSOC.
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