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Terrestrial sequestration has the potential to contribute to national and global 
greenhouse gas management strategies. However, spatial and temporal variability 
in sequestration potential and in the implementation of sequestering technologies 
introduces serious questions about how to resolve uncertainties and raise the 
credibility of terrestrial sequestration. Carbon flux in terrestrial ecosystems without 
land use change generally is less than one ton C0 e/ha and driven primarily by 
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precipitation. Land use and management changes are relatively common and 
are driven by economics and social considerations both in the private and public 
sectors. Implementing a credible greenhouse gas management program that 
integrates terrestrial sequestration along with other sources and sinks requires 
a systematic approach to identify and quantitatively monitor changes in the 
drivers of terrestrial sequestration. A credible terrestrial sequestration monitoring 
program will require close attention to integrating direct measurement of soils and 
vegetation, statistically valid scaling, remote sensing, and computer modeling. 
Predicting changes at a level of confidence useful to policy development will also 
require an understanding of how land owners and managers respond to private 
sector price signals and government conservation initiatives. 

I. INTRODUCTION policy makers as a critical element in the portfolio of actions 
to stabilize greenhouse gases (GHG) in the atmosphere and 

Tcrrestnal sequestration is the deliberate process of stor avoiding undesirable climate change. Pacala and Socolow 
ing carbon in the soil or vegetation via the net effect of [2004] identified the potential for land usc and management 
naturally occurring processes (photosynthesis, leading to to provide up to two of seven proposed "wedges" in a stabi Ii
'torage in plants; humification and aggregation, leading to zation "triangle" describing the integrated area between pro
conversion of plant carbon to soil carbon; and respiration, jected business-as-usual (BAU) emissions and a net GIIG 
Which returns some plant and soil carbon to the atmosphere emissions trajectory that would stabilize atmospheric CO at 
as COl). Removing carbon from the atmosphere via terres 500 ppm. Each wedge represents a J PgC/year reduction of 
Inal sequestration has been proposed by many scientists and emissions or increased sequestration to be achieved gradu

ally over the next 50 years. Adopting this stabilization ap
proach could, in principle, result in CO concentrations being e 
reduced in 50 years from >700 ppm under a BAU approach Carbon Sl:questration and Ib Role in the Global Carbon Cycle 

Geophysical Monograph Series 1R3 to the 500 ppm stabilization target. The feasibility of this 
Copyright 2009 by the American Geophysical Union. goal depends on the combined rates of CO, mitigation 
10.I029/1006GM000354 achieved by the adopted portfolio of emission reductions and 
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sequestration activities. Thus, one benchmark for integrating 
terrestrial sequestration into a GHG management plan might 
be to increase sequestration beyond BAU levels by an aver
age of about 1-2 PgC/year during the next 50 years. Assum
ing this benchmark is accomplished by a linear increase in 
sequestration rates, the integrated total over 50 years would 
be 25-50 Pgc. Achieving this level ofperfornlance will re
quire (I) improvemcnts in existing understanding of seques
tering processes, (2) more focused incentive programs to 
accelerate adoption and maintenance of scquestering prac
tices, and (3) an enhanced monitoring and verification efTort 
to insure credibility. 

Although the processes that determine rates of terrestrial 
sequestration occur widely in nature and are relatively well 
understood [IPCC, 2000; CAST, 2004], the management of 
these processes to achieve specific objectives requires de
liberate decision-making, planning, implementation, main
tenance, and monitoring. The complexity of these policy. 
program and land-management challenges is compounded 
by t\VO factors: (1) most land is already being used for pur
poses other than carbon sequestration, and (2) tracking of 
sequestered carbon is difficult due to seasonal and interan
nual variability (especially the susceptibility of typically low 
yearly rates to potential rapid disturbance and loss of stored 
carbon) and spatial variability over vast acreages. Overcom
ing these constraints to develop morc reliable predictions 
and estimates of carbon stocks will require improved mea
surement technologies, monitoring systems, and more sys
tematic approaches to interpreting a wide variety of data. 

A very attractive aspect of terrestrial carbon sequestration 
is that, for most land uses, increasing soil and vegetation 
carbon is highly consistent with widely accepted practices 
that have other environmental benefits [Lal el 01., 1998; 
ADB, 2003]. However, achieving carbon bcnefits as part of a 
larger package of environmental benefits is not without costs 
[Elbakidze and McCarl, 2004; Slavins and Richards, 2005]. 
Costs can gencrally be broken into two categories: adoption 
costs and opportunity costs. Adoption costs are associated 
with implementing new practices to increase carbon stor
age (e.g., new equipment for conservation tillage or forest 
harvest practices). Opportunity costs are costs associated 
with maintaining carbon stocks or sequestering practices at 
the cxpense of foregoing potential income (c.g., changing 
crop rotations, early harvcst of timber). Givcn that the profit 
margins associated with most land uses and management 
schcmes arc relatively small, both adoption and opportunity 
costs can represent substantial economic risks. Where land
based enterprises are the basis for subsistence, these risks 
can be evcn greater. Although most practices that sequester 
carbon have been implemented as conservation practices 
under particular circumstances in the past, the widespread 

implementation of land use and/or management changes for 
carbon sequestration may have unintended consequcnces Illr 
other management or environmental priorities. There has 
been little experience to date with attempting to inereasc 
soil carbon storage as the primary focus of land use or land 
management changes [Manale, 2002]. However, extensive 
experiencc with existing conservation programs provides a 
solid basis for designing incentives to accelerate adoption. 
Conversely, lack of expericncc in the precise measuremcnt 
of thc effects of these activities over a wide variety of op
erating and agroecological systems limits the credihility of 
estimates of success. 

Where carbon-based market transactions are involvcd. 
transaction costs are also introduced. These include the costs 
oflocating buyers, negotiating contracts, preparing adequatc 
documentation, and providing independent third-party "cri
fication of carbon mcasurements and calculations. If buy
ers are uncertain as to the accuracy of the carbon amounts 
claimed, these costs will escalate, as more documentation 
and verification are required. Thus, reliable estimates of 
carbon stocks and storage potential are critical to providing 
cost-effective incentives to private landowners and puhlic 
land managers. 

2. ESTIMATING POTENTIAL FOR 
TERRESTRIAL SEQUESTRATION 

Any estimate of the potential for terrestrial sequestration 
must have a solid foundation in reliable estimates of how the 
land base is used and managed. The wide variety of native 
ecosystems (the soils, vegetation, and animals they contain) 
and the rapid temporal shifts in land use/management prac
tices makc this difficult. Of the 13.4 B ha of icc-free land llll 
the earth's surface, 24% is considered potentially arahlc llr 
can be cultivated [FA 0, 2002]. Of this 3.2 B ha that is potcn
tially arable, more than 60% is of low productivity, severely 
limiting management options, which often results in shining 
cultivation. Throughout Africa and Asia, land in cultivatilln 
ranges from 60 to 140% (by country) of that defined olS suit
able for cultivation, indicating that much of the cultivatcd 
land is subject to degradation. Cultivated land in Nllrth 
America and Europe only accounts for about 50-55% ofthc 
potentially arable land. Of the potentially arable land that 
is not currently cultivated, much is involved in productilln, 
or conservation set-aside programs and moves in and out 01 
the cultivated land base depending on government programs 
and, to somc extent, commodity prices. In both the develop
ing and developed worlds, movement of land into and out 
of cultivation is relatively fluid on a year-to-year time scale. 
This fundamental characteristic of agricultural land usc 
makes it vcry difficult to monitor changes in activitics that 

affect carbon sequestration on an annual basis. Forest lands, 
because of this lack of year- to-year change, may be easier to 
monitor for changes in land cover, and thus, provide a more 
reliahle estimate of carbon dynamics at large spatial scales. 

Anothcr 3.9 B ha of the global ice-free land area (-30%) is 
classified as forests [FAO, 2002]. Forest arcas are declining, 
primarily due to clearing and conversion to cropland and 
pasture The global decline in forest area is mainly located 
in the tropics and in developing countries, having shifted 
from t~mperate developed countries early in the 20th cen
tury. I orest areas have partly recovered due to abandonment 
of agTiculture in some areas (such as the eastern U.S.), but 
loss of forests in developed countries remains a substantial 
problem IFAO, 2003]. One of the difficulties in assessing the 
effects of forest loss on carbon dynamics is the decadal shift 
in laml use that occurs with the replacement of native forests 
by tree plantations. 

The remaining 55% of global land area has relatively low 
productivity potential and is used for domestic stock graz
ing, wood harvest, and hunting land IFAO, 2002J. Human 
impacts on land use and management are substantial. Over 
the past two decades, cropland has increased by 10% at the 
expense of forests and grasslands, and much of this increase 
has heen in areas that are relatively susceptible to degrada
tion due to erosion and other factors that deplete soil quality 
[FAO, 2002]. Changes in land use and degradation status 
have a tremendous impact on both the amount of carbon 
stored and the potential to increase carbon storage in soils 
and' cgctation. Estimates are that as much as 1.2 B ha are 
severely degraded and another 700 M ha are moderately de
graded /FAO, 2002]. 

In a recent estimate of the global potential for terrestrial 
C sequestration, Thomson et 01. [2008] calculated potential 
for agricultural soils, forestry, and pastureland by estimat
ing incr..:ases in terrestrial C storage under a range of sce
nario.. defined mainly by targets of atmospheric CO, levels 
(450-750 ppm) over thc 21 st century. They suggest Cstor
age could increase between 9 and 19 Gt for cropland, 26 Gt 
for reforestation, and between 4.7 and 10.6 Gt for pasture
land. Although these estimates are generally at the low end 
of the ranges provided by others, they do provide a realistic 
and integrated approach to the potential contribution of ter
restrial sequestration. 

In the United States, approximately 70% of the total 770 M 
ha (contiguouS 48 states) is privately owned [NRCS, 2006]. 
Thc remaining 30% is publicly owned and relatively stable 
III terms or land use. Approximately 20% of thc privatcly 
OWned land (150 M ha) is cropland, which is assumed to 
be subJccted to some fornl of tillage annually. In response 
to federal farnl programs, there has been a dramatic shift 
III recent decades tram cropland to perennial cover, mainly 
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through the Conservation Reserve Program [NRCS, 20041. 
From 1982 to 2002, more than 21 M ha of cropland was 
planted to perennial trees or grasses via incentives offered 
through federal conservation programs. In 2002, cropland 
and conservation reserve lands together represented about 
21 % of the total land area and about 30% of private land. 
Most conservation land conversions were based on 10-year 
agreements with the government, and many parcels have 
moved back into the cropland base as more land has been 
moved into set-aside programs. These major shifts in land 
use arc well monitored, providing a good example of the 
kind of data that are available to support a greenhouse gas 
management plan. 

In the U.S., the National Resources Inventory (NRI) is 
perhaps the most sophisticated land use monitoring system, 
utilizing data from more than 800,000 sample sites on non
federal lands in the conterminous U.S., Puerto Rico, Hawaii, 
and the U.S. Virgin Islands. Nationally consistent data for 
all sites are available for the years 1982,1987,1992,1997, 
with "expansion factors" (sample weights) for projecting ar
eal extent (http://www.nrcs.usda.gov/TECHNICAL/NRI/). 
The NRI is relatively accurate in tracking the movement 
of land among use categories at the decadaI time scale, but 
lacks sufficient sampling intensity or frequency to track the 
year-to-year changes in land use and management, especially 
tillage patterns, critical to developing accurate estimates of 
carbon stocks [Ogle et aI., 2003J. The design of the NRI is 
tailored to provide robust statistical estimatcs at substate or 
multicounty scale. As such, the NRI is suited to document
ing regional and national trends of land use over multiyear 
intervals, but the NRI is not suitable for tracking localized 
yearly changes. 

Tracking changes in land use and managcment at rela
tively short time intervals is critical to estimating changes in 
terrestrial carbon stocks [Ogle et 01., 2003; Ogle and Paus
lian, 2005J. Relatively smaLl changes in management on 
individual tracts of land can have significant impact when 
multiplied across large land areas [e.g., Scurlock and Hall, 
1998; Follelt et aI., 2001; Lal, 2004]. In the past several 
years, substantial progress has been made in developing a 
more quantitative and reliable understanding of the effects 
of land use and management change on carbon fluxes at 
small «ha) scales. 

2.1. Croplands 

Cropland management inherently requires soil disturbance 
to varying degrees to manipulatc ecological processes and 
optimize yield. In general, soil disturbance is also the pri
mary driver of carbon fluxes in agricultural soils. The more 
frequently and intensively soil is disturbed, the greater the 
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sequestration activities. Thus, one benchmark for integrating 
terrestrial sequestration into a GHG management plan might 
be to increase sequestration beyond BAU levels by an aver
age of about 1-2 PgC/year during the next 50 years. Assum
ing this benchmark is accomplished by a linear increase in 
sequestration rates, the integrated total over 50 years would 
be 25-50 Pgc. Achieving this level of performance will re
quire (I) improvements in existing understanding of seques
tering processes, (2) more focused incentive programs to 
accelerate adoption and maintenance of sequestering prac
ticcs, and (3) an enhanced monitoring and verification effort 

to insure credibility. 
Although the processes that determine rates of terrestrial 

sequestration occur widely in nature and are relatively well 
understood [lPCC, 2000; CAST, 20041, the management of 
these processes to achieve specific objectives requires de
liberate decision-making, planning, implementation, main
tenance, and monitoring. The complexity of these policy, 
program and land-management challenges is compounded 
by two factors: (I) most land is already being used for pur
poses other than carbon sequestration, and (2) tracking of 
sequestered carbon is difficult due to seasonal and interan
nual variability (especially the susceptibility of typically low 
yearly rates to potential rapid disturbance and loss of stored 
carbon) and spatial variability over vast acreages. Overcom
ing these constraints to develop more reliable predictions 
and estimates of carbon stocks will require improved mea
surement technologies, monitoring systems, and more sys
tematic approaches to interpreting a wide variety of data. 

A very attractive aspect of terrestrial carbon sequestration 
is that, for most land uscs, increasing soil and vegetation 
carbon is highly consistent with widely accepted practices 
that have other environmental bcnefits [Lal el al., 1998; 
ADB, 2003]. However, achieving carbon benefits as part of a 
larger package of environmental benefits is not without costs 
[Elbakidze and McCarl, 2004; Slavins and Richards, 2005]. 
Costs can generally be broken into two categories: adoption 
costs and opportunity eosts. Adoption costs are associated 
with implementing new practices to increase carbon stor
age (e.g., new equipment for conservation tillage or forest 
harvest practices). Opportunity costs are costs associated 
with maintaining carbon stocks or sequestering practices at 
the expense of foregoing potential income (e.g., changing 
crop rotations, early harvest of timber). Given that the profit 
margins associated with most land uses and management 
schemes are relatively small, both adoption and opportunity 
costs can represent substantial economic risks. Where land
based enterprises are the basis for subsistence, these risks 
can be even greater. Although most practices that sequester 
carbon have been implemented as conservation practices 
under particular circumstances in the past, the widespread 

implementation of land use and/or management changes It)r 
carbon sequestration may have unintended consequences ItJr 
other management or environmental priorities. There has 
been little experience to date with attempting to increase 
soil carbon storage as the primary focus of land usc or land 
management changes [Manale, 2002]. However. extensive 
expericnce with existing conservation programs provides a 
solid basis for designing incentives to accelerate adoption. 
Conversely, lack of experience in the precise mensuremClll 
of the effects of these activities over a wide variety of op
erating and agroecological systems limits the credibility of 
estimates of success. 

Where carbon-based market transactions are involwd. 
transaction costs are also introduced. These include the costs 
of locating buyers, negotiating contracts, preparing adequate 
documentation, and providing independent third-party veri
fication of carbon measurements and calculations. If buy
ers are uncertain as to the accuracy of the carbon amounts 
claimed, these costs will escalate, as more documentation 
and verification arc required. Thus, reliable estimates of 
carbon stocks and storage potential are critical to providing 
cost-effective incentives to private landowners and puhlic 

land managers. 

2. ESTIMATING POTENTIAL FOR 
TERRESTRIAL SEQUESTRATION 

Any estimate of the potential for terrestrial sequestration 
must have a solid foundation in reliable estimates of how the 
land base is used and managed. The wide variety of nativc 
ecosystems (the soils, vegetation, and animals they eontnin) 
and the rapid temporal shifts in land use/management prac
tices make this difficult. Of the 13.4 B ha of ice-free land on 
the earth's surface, 24% is considered potentially arahle or 
can be cultivated [FA 0, 2002]. Of this 3.2 B ha that is potcn
tially arable, more than 60% is of low productivity. sevcrely 
limiting management options, which often results in shining 
cultivation. Throughout Arrica and Asia, land in cultivation 
ranges from 60 to 140% (by country) of that defined as suit
able for cultivation, indicating that much of the cultinllcd 
land is subject to degradation. Cultivated land in North 
America and Europe only accounts for about 50-55% ofthc 
potentially arable land. Of the potentially arable land that 
is not currently cultivated, much is involved in production. 
or conservation set-aside programs and moves in and out 01 
the cultivated land base depending on government programs 
and, to some extent, commodity prices. In both the dcveloP
ing and developed worlds, movement of land into and out 
of cultivation is relatively fluid on a year-to-year time scale. 
This fundamental characteristic of agricultural land usc 
makes it very difficult to monitor changes in activities that 

affect carbon sequestration on an annual basis. Forest lands, 
because of this lack a I' year- to-year change, may be easier to 

mOl1l10r for changes in land cover, and thus, provide a more 
reliable estimate of carbon dynamics at large spatial scales. 

'\I1I)ther 3.9 B ha of the global ice-free land area (-30%) is 
classifted as forests [FAD, 20021. Forest areas arc declining, 
primarily due to clearing and conversion to cropland and 
pasture The global decline in forest area is mainly located 
in the tropics and in developing countries, having shifted 
from temperate developed countries early in the 20th cen
tury. Forest areas have partly recovered due to abandonment 
of agriculture in some areas (such as the eastern U.S.), but 
loss of forests in developed countries remains a substantial 
problem IFAO, 2003]. One of the difficulties in assessing the 
effects of forest loss on carbon dynamics is the decadal shift 
in laml usc that occurs with the replacement of native forests 
by tree plantations. 

The remaining 55% of global land area has relatively low 
prodm:hvity potential and is used for domestic stock graz
ing, \'v'ood harvest, and hunting land [FAD, 2002]. Human 
impacts on land use and management are substantial. Over 
the past two decades, cropland has increased by 10% at the 
expense of forests and grasslands, and much of this increase 
has been in areas that are relatively susceptible to degrada
tion due to erosion and other factors that deplete soil quality 
[FAO, 1002]. Changes in land use and degradation status 
have a tremendous impact on both the amount of carbon 
stored and the potential to increase carbon storage in soils 
and vegetation. Estimates are that as much as 1.2 B ha are 
severely degraded and another 700 M ha are moderately de
graded [FAD. 2002J. 

In a recent estimate of the global potential for terrestrial 
C sequestration, Thomson el al. [2008] calculated potential 
for agricultural soils, forestry, and pastureland by estimat
ing increases in terrestrial C storage under a range of sce
narios defined mainly by targets of atmospheric CO levels 
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(450-750 ppm) over thc 21 st century. They suggest C stor
age could increase between 9 and 19 Gt for cropland, 26 Gt 
for reft)restation, and between 4.7 and 10.6 Gt for pasture
land. Although these estimates are generally at the low end 
of the ranges provided by others, they do provide a realistic 
and integrated approach to the potential contribution of ter
restrial sequestration. 

In the United States, approximately 70% of the total 770 M 
ha (contiguous 48 states) is privately owned [NRCS, 20061. 
The rCl11aining 30% is publicly owned and relatively stable 
111 terms of land usc. Approximately 20% of the privately 
OWned land (150 M ha) is cropland, which is assumed to 
be subjected to some form of tillage annually. In response 
to fed..-ral farm programs, there has been a dramatic shift 
In recent decades rrom cropland to perennial cover, mainly 
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through the Conservation Reserve Program [NRCS, 2004]. 
From 1982 to 2002, more than 21 M ha of cropland was 
planted to perennial trees or grasses via incentives offcred 
through federal conservation programs. In 2002, cropland 
and conservation reserve lands together represented about 
21 % of the total land area and about 30% of private land. 
Most conservation land conversions were based on 10-year 
agreements with the government, and many parcels have 
moved back into the cropland base as more land has been 
moved into set-aside programs. These major shifts in land 
use arc well monitored, providing a good example of the 
kind of data that are available to support a greenhouse gas 
management plan. 

In the U.S., the National Resources Inventory (NRJ) is 
perhaps the most sophisticated land use monitoring system. 
utilizing data from more than 800,000 sample sites on non
federal lands in the conterminous U.S., Puerto Rico, Hawaii, 
and the U.S. Virgin [slands. Nationally consistent data for 
all sites are available for the years 1982, 1987, 1992, 1997, 
with "expansion factors" (sample weights) for projecting ar
eal extent (http://www.nrcs.usda.gov/TECHN[CAL/NRI/). 
The NR[ is relatively accurate in tracking the movement 
of land among use categories at the decadal time scale, but 
lacks sufficient sampling intensity or frequency to track the 
year-to-year changes in land use and management, especially 
tillage patterns, critical to developing accurate estimates of 
carbon stocks [Ogle el af., 2003]. The design of the NR[ is 
tailored to provide robust statistical estimates at substate or 
multicounty scale. As such, the NRI is suited to document
ing regional and national trends of land use over multiyear 
intervals. but the NR[ is not suitable for tracking localized 
yearly changes. 

Tracking changes in land usc and management at rela
tively short time intervals is critical to estimating changes in 
terrestrial carbon stocks IO!{le el al., 2003; Ogle and Paus
lian, 2005]. Relatively small changes in management on 
individual tracts of land can have significant impact when 
multiplied across large land areas [e.g., Scurlock and Hall, 
1998; Follell et aI., 200]; Lal, 20041. In the past several 
years, substantial progress has been made in developing a 
more quantitative and rei iable understanding of the effects 
of land usc and management change on carbon fluxcs at 
small «ha) scales. 

2.1. Croplands 

Cropland management inherently requires soil disturbance 
to varying degrees to manipulate ecological processes and 
optimize yield. [n general, soil disturbance is also the pri
mary driver of carbon fluxes in agricultural soils. The more 
frequently and intensively soil is disturbed, the greater the 
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oxidation and loss of carbon to the atmosphere as carbon di
oxidc [Lal el 01., 1998; Chap 4J. Soil disturbance may also 
enhance erosion, which contributes to further carbon rcmoval 
from upland eroding soils and also contributes to carbon 
burial in downslope depositional cnvironments. Addition of 
commercial fertilizers and other soil amendments also greatly 
affects plant growth and, eventually, soil carbon levels. Deci
sions regarding tillage practices and fertilizer inputs are of
ten made ad hoc or on very short timc frames in response to 
a variety of conditions (i.e., soil moisture conditions, weed 
populations, crop pathogens, commodity prices, etc). This 
flexibility is essential to farming profitably anywhere in the 
world. The ability to rapidly implement farming decisions 
also greatly confounds the accurate prediction and monitor
ing of changes in soil carbon fluxes [Follell el ul., 2005]. 

Estimates of the potential for cropland management to 
increase soil carbon pools and reduce atmospheric levels 
of CO, vary widely. The standard approach is to compile 
site-sp~cific observations following particular land conver
sions or changes in management, and to extrapolate from 
these observations to the total Land areas potentially subject 
to comparable changes. One of the earliest attempts by Lal 
el al. [1998] provided estimates for the U.S. that ranged by 
a factor of 4 (75-208 Tg C/year) depending upon potential 
adoption and impact of five major activities (soil crosion 
management, land conversion and restoration, intensifica
tion of prime agricultural land, improving fertilizer use 
efficiency, and management of rice paddics) in the United 
States. None of the estimates for the proposed actions had a 
range of less than a factor of 2. More recent attempts have 
rcfined thosc estimates somewhat, but the uncertainty re
mains large compared to the potential change. Franzilleb
bers and Fo//ell [2005] separated North America into five 
major regions and estimated potential changes attributable 
to changes in tillage, cropping systems, organic matter addi
tions, and fertilizer. Uncertainty estimates ranged from ± 15 
to 400%, depending on the particular region and land man
agement practice. 

Thc challenge is to parti,tion the uncertainty into compo
nents related to measurement ~echnologies (requiring new 
tools to reduce that uncertainty) versus components related 
to natural variability (primarily climate) and to management 
(land-use) variability. Natural and management variability 
may impose unavoidable practical constraints on accounting 

procedures. 
Without doubt, the greatest potential for increasing car

bon sequestration in the agricultural sector is the conversion 
of existing cropland to perennial vegetation, cither grasses 
or trees [Gebharl el aI., 1994]. The rate and magnitude of 
scquestration are determined by inherent soil fertility, time 
since conversion, plant species, and management [POSI and 

Kwon, 2000]. Although the area of land involved in these 
conservation programs is relatively well known, most au
thors are unwilling to refine their cstimates of soil carbon se
questration to less than an uncertainty factor of two because 
of insufficient spatially explicit data. 

Ogle el ul. [2003] analyzed changes in land use and man
agement over 15 years (1982 to 1997) in the U.S. using 
methods developed by the Intergovernmental Panel On Cli
mate Change (lPCC) and slightly modified to quantify un
certainties. They found that increased sequestration On soils 
converted from cropping to perennial cover was a net gain of 
10.8 Tg C/year, but the estimates ranged from 6.5 to 15.3 Tg 
C/year at the 95% confidcnce Icvel. Losses, primanly due 
to farnling organic soils, were estimated at 9.4 Tg C/year 
(range 6.4 to 13.3 at 95% confidence). Although the es
timates of net carbon stock change were positive over the 
period, uncertainty associated with changes in tillage. land 
use change, and C fluxes from organic soils prevented the 
conclusion that U.S. agricultural soils were a net sinJ.. at the 
95% confidcnce level, ranging from a loss of 4.4 Tg Ciycar 
to an increase of 6.9 Tg C/year. 

Sperow el £If. [2003] conducted a similar analysis of poten
tial U.S. soil C sequestration changes in response to manage
ment and land use changes. Their estimate of 66 Tg C/year 
potential sequestration as a result of widespread adoption 
of no-till and winter cover crops, elimination of fallow, and 
conversion of erodible land to perennial cover was ncar the 
low end of the range (75 to 208 Tg C/year) suggested by Lal 
el af., [1998]. SperOlv el al. \2003] also cited uncertainties 
based in the variable effects of management practices on soil 
processes, but more importantly, on the extent of adoption 

by farnlcrs. 

2.2. Foresls 

While agricultural land presents some challenges for car
bon measurement and accounting, many of those harriers 
have already been overcome in tree-dominated systems. 
Forestry practices have been among the first to attract atten
tion of investors in private market greenhouse gas trading 
schemes. The basis for this attraction is the historical exper
tise in accurately predicting lumber yield from forest cco
systems [Slavins and Richards, 2005]. A centuries old necd 
(and incentive system) to quickly and accurately estimatc 
timber gro'.vth rates and potential lumber yield from large ar
eas has greatly enhanced the early entry of forestry projects 
into the global GHG emission reduction market. Howe\er, 
40-{)0% of total system carbon in forests is in nontimbcr 
components, such as woody debris, roots, and soils [Barfill"d 
el al., 200 I; Healh el al., 2002]. Soil carbon in forest cco
systems responds both to climate and to soil fertillt). Whik 

climllte is difficult to predict, effects ofyear-to-ycarvariabil
ity tire damped if soil disturbance is minimized, a circum
stance that is relatively common in tree production systems 
lYallui el £II., 2003j. The effects of soil fertility are more 
difl1cult to cstimate. Most forests not managed primarily for 
wood products have poorly understood soil resource descrip
ti01ls and maps, and soil fertility amendments are seldom 
part of cxtensi ve management systems [Oren el al., 2001]. 

Inlensively managed forests (fertilized, cultivated) are, 
however, growing in both extent and importance, producing 
over one third ofthe world's timber supply today [FAD, 20021. 
Expanding or improving plantation forests have been one of 
the common forest!}' practices proposed for carbon seques
trallon [e.g., Walson el al., 2000J. Soil surveys and fertility 
mumtoring are more commonly utilized in intensive manage
ment systems, but periodic monitoring must still contend with 
the dIfficulty of physical sampling in soils containing dense 
tree root mats, the heterogeneity of soils, and the possibility 
of sudden disturbances such as fire and pest outbreaks. 

ven though the estimation of forest carbon benefits from 
the more straightforward conversion of wood to carbon, 
there are still substantial uncertainties associated with forest 
estimation techniques. The net sequestration of all U.S. for
est pools is estimated at approximately 170 Tg C/year from 
1990 to 2004, including harvested wood and wood products. 
ThIS sequestration is largely attributable to an incrcase in 
C density rather than an increase in forest acreage [EPA, 
2006). Similar to the National Resources Inventory (NRI) 
described above, the forest estimates are derived from the 
Foresl Inventory Analysis (FIA), a plot-based system that 
relics on statistical extrapolation of observations via esti
mates of changes in land use and management from surveys. 
The uncertainty analysis associated with the most recent FIA 
report had a ±25% uncertainty level, with those estimates 
ranglllg from 12 to 139% for individual states [EPA, 2006]. 
The uncertainty was attributed to sampling error, modeling 
crrors, and errors from converting estimates of tree densities, 
soil carbon levels, and changes in land use taken from indi
vidual state level inventories. Resolving these uncertainties 
(;ould have important consequences because of the large po
tential for forest systems to increase carbon storage over cur
rcnt le\cls. Slavins and Richards [20051 estimated that U.S. 
forests could sequester up to 500 Tg C/year economically. 

2.3. Rangeland and Paslureland 

Because they are typically managed extensively (i.e., with 
little or no fertilizer or water input or cultivation), range
land and pastures are subject to a high amount of variability 
in carbon fluxes. The most widely quoted cstimate of U.S. 
potential for rangeland and pasture land sequestration [Fol/ell 
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el al., 2001] has suggested that these lands could potentially 
sequester approximatcly 50 Tg C/year, but that estimate is 
the midpoint ofa large range of 17-90 Tg C/year. Approxi
mately half of this potential is attributed to improved man
agement. Management practices on grazing lands generally 
involve difficult-to-dctect changes in livestock numbcrs or 
scason of use. 

In addition, the effects of management practices on graz
ing land carbon fluxes are confounded by complcx soil and 
vegctation interactions. Many rangeland ecosystems exhibit 
a wide range of grass:shrub dominance, which can alter soil 
C levels, depending on management history [Scholes and 
Archer, 1997]. Similar soil types within the same climatic 
region may support different vegctation, with significant ef
fects on soil and vegetation carbon [Hibburd el aI., 200 I]. 
Fortunately, most of these changes are structural in nature 
and can be detected by proven remote sensing technolo
gies [Asner el aI., 2003]. In addition to structural changes 
in vegetation, even relatively minor changes in manage
ment (stocking rate, fertilization, legume addition) can sig
nificantly affect soil carbon stocks in grasslands and pastures 
[Conanl el aI., 200 I]. Detecting these practices and making 
reasonable inferences about their impacts on carbon stocks 
will require direct interactions with individual managers. 
Substantial variation in year-to-year carbon fluxes is com
mon in rangeland and grassland ecosystems, primarily in re
sponse to weather patterns [Svejcar el al., 1997]. Accurately 
tracking carbon dynamics in these ecosystems will require 
annual direct measurement of fluxes and pools at selected 
sites in combination with model predictions to extrapolate to 
landscape and regional scales. 

Regardless of the ecosystem and land cover, the potential 
tor soil carbon loss from natural and agricultural systems 
could dramatically affect the ability to reduce atmospheric 
levels via deliberate terrestrial sequestration. Bellamy el ul. 
[20051 demonstrated measurable changes in soil carbon Icv
els in response to changes in climate, primarily increased 
temperatures across a wide variety of soils and climatic re
gimes in the United Kingdom. In addition to the response to 
increasing temperatures, soil carbon losses were related to 
existing carbon pools, indicating that more fertile and mesic 
soils could lose greater amounts of carbon. Another large 
source of carbon that could potentially be at risk to land deg
radation and changes in climatic regime is the inorganic car
bon stored as calcium carbonate in arid rangelands lMonger 
and Marlinez-Rio.s·, 2001]. The loss of topsoil and exposure 
of these carbonates to the atmosphere has the potential to 
contribute substantial quantities of CO, to the atmosphere. 
Other aboveground processes also have the potential to re
lease stored carbon to the atmosphere. Breshears und Alien 
[2002] identified the importance of rapid disturbances and 
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oxidation and loss of carbon to the atmosphere as carbon di
oxidc [Lal el al., 1998; Chap 4]. Soil disturbance may also 
enhance erosion, which contributes to further carbon removal 
from upland eroding soils and also contributes to carbon 
burial in downslope depositional environments. Addition of 
commercial fertilizers and other soil amendments also greatly 
affects plant growth and, eventually, soil carbon levels. Deci
sions regarding tillage practices and fertilizer inputs are ot: 
ten made ad hoc or on very short time frames in response to 
a variety of conditions (i.e., soil moisture conditions, weed 
populations, crop pathogens, commodity prices, etc). This 
flexibility is essential to farn1ing profitably anywhcre in the 
world. The ability to rapidly implement farming decisions 
also greatly confounds the accurate prediction and monitor
ing of changes in soil carbon fluxes [Folletl el aI., 2005]. 

Estimates of the potential for cropland management to 
increase soi I carbon pools and reduce atmospheric levels 
of CO vary widely. The standard approach is to compile

2 
site-specific observations following particular land conver
sions or changes in management, and to extrapolate from 
these observations to the total land areas potentially subject 
to comparable changes. One of the earliest attempts by Lal 
el al. [1998] provided cstimates for the U.S. that ranged by 
a factor of 4 (75-208 Tg C/year) depending upon potential 
adoption and impact of five major activitics (soil erosion 
management, land conversion and restoration, intensifica
tion of prime agricultural land, improving fertilizer use 
efficiency, and managcment of rice paddies) in the United 
States. None of the estimates for the proposed actions had a 
range of less than a factor of 2. More recent attempts have 
refined those estimates somewhat, but the uncertainty re
mains large compared to the potential change. Franzlueb
bel's and Follell [2005] separated North America into five 
major regions and estimated potential changes attributable 
to changes in tillage, cropping systems, organic matter addi
tions, and fertilizer. Uncertainty cstimates ranged from ±15 
to 400%, depending on the particular region and land man
agement practice. 

The challenge is to partition the uncertainty into compo
nents related to measurement technologies (requiring new 
tools to reduce that uncertainty) versus components related 
to natural variability (primarily climate) and to management 
(land-use) variability. Natural and management variability 
may impose unavoidable practical constraints on accounting 
procedures. 

Without doubt, the greatest potential for increasing car
bon sequestration in the agricultural sector is the conversion 
of existing cropland to perennial vegetation, cither grasses 
or trees rGebharl el aI., 1994]. The rate and magnitude of 
sequestration are detennined by inherent soil fertility, time 
since conversion, plant species, and management LPosl and 

Kwon, 2000]. Although the area of land involved in these 
conservation programs is relatively well known, most au
thors arc unwilling to refine thcir cstimates of soil carbon se
questration to less than an uncertainty factor of two because 
of insufficient spatially explicit data. 

Ogle el al. l2003] analyzed changes in land use and man
agement over 15 years (1982 to 1997) in the U.S. using 
methods developed by the Intergovernmental Panel on Cli~ 
mate Change (lpeC) and slightly modified to quantify un
certainties. They found that increased sequestration on soils 
converted from cropping to perennial cover was a net gain of 
10.8 Tg C/year, but the estimates ranged from 6.5 to 15.3 Tg 
C/year at the 95% confidence level. Losses, primanly due 
to farming organic soils, were estimated at 9.4 Tg Ciyear 
(range 6.4 to 13.3 at 95% confidence). Although the es
timates of net carbon stock change were positive over the 
period, uncertainty associated with changes in tillage, land 
use changc, and C fluxes from organic soils prevented the 
conclusion that U.S. agricultural soils were a net sink at the 
95% confidence level, ranging from a loss of 4.4 Tg Clyear 
to an increase of 6.9 Tg C/year. 

Sperow el al. [2003] conducted a similar analysis or poten
tial U.S. soil C sequestration changes in response to manage
ment and land use changes. Their estimate of 66 Tg C/year 
potential sequestration as a result of widespread adoption 
of no-till and winter cover crops, elimination of fallow, and 
conversion of erodible land to perennial cover was ncar the 
low end of the range (75 to 208 Tg C/year) suggested by Lat 
el al., [1998]. Sperow el al. [2003] also cited uncertainties 
based in the variable effects of management practices on soil 
processes, but more importantly, on the extent of adoption 
by farmers. 

2.2. Foresls 

While agricultural land presents some challenges lor car
bon measurement and accounting, many of those barriers 
have already been overcome in trec-dominated systems. 
Forestry practices have been among the first to attract atten
tion of investors in private market greenhouse gas trading 
schemes. The basis for this attraction is the historical exper
tise in accurately predicting lumber yield from fixest eCll
systems lStavins and Richards, 2005]. A centuries old need 
(and incentive system) to quickly and accurately c~timate 
timber growth rates and potential lumber yield from large ar
eas has greatly enhanced the early entry of forestry projects 
into the global GHG emission reduction market. Howe\er. 
40-60% of total system carbon in forests is in nontimher 

imlcomponents, such as woody debris, roots, and soils lBurl
el al., 2001; Healh el al., 20021. Soil carbon in Corest eCll
systems responds both to climate and to soil fertility. While 

climate is difficult to predict, effects of year-to-year variabil
ity are damped if soil disturbance is minimized, a circum
stance that is relatively common in tree production systems 
IrOlla; el aI., 2003J. The effects of soil fertility are more 
difficult to estimate. Most forests not managed primarily for 
wood products have poorly understood soil resource descrip
tiOIl-- and maps, and soil fertility amendments are seldom 
part of extensive managcment systems [Oren el aI., 20011. 

Intensively managed forests (fertilized, cultivated) are, 
however, growing in both extent and importance, producing 
over one third orthe world's timbersupply today [FAO, 2002]. 
Expanding or improving plantation forests have been onc of 
the common forestry practices proposed for carbon seques
trallon [e.g., Watson el al., 2000]. Soil surveys and fertility 
mUJ1ltoring are more commonly utilized in intensive manage
ment systems, but periodic monitoring must still contend with 
the difficulty of physical sampling in soils containing dense 
tree root mats, the heterogeneity of soils, and the possibility 
of sudden disturbances such as firc and pest outbreaks. 

:\'(:n though the estimation of forest carbon benefits from 
the more straightforward conversion of wood to carbon, 
there are still substantial uncertainties associated with forest 
estimation techniques. The net sequestration of all U.S. for
est pools is estimatcd at approximately 170 Tg C/year from 
1990 to 2004, including harvested wood and wood products. 
This sequestration is largely attributable to an increase in 
C density rather than an increase in forest acreage [EPA, 
2006J. Similar to the National Resources Inventory (NRI) 
described above, the forest estimates are derived from the 
Forest Inventory Analysis (FIA), a plot-based system that 
relies on statistical extrapolation of observations via esti
mates of changes in land use and management from surveys. 
The uncertainty analysis associated with the most recent FIA 
report had a ±25% uncertainty level, with those estimates 
ranglllg from 12 to 139% for individual states [EPA, 2006]. 
The uncertainty was attributed to sampling error, modeling 
errors, and errors from converting estimates of tree densities, 
soil carbon levels, and changes in land use taken from indi
vidual state level inventories. Resolving thesc uncertainties 
could have important consequences because of the large po
tential for forest systems to increase carbon storage over cur
rent levels. Slavins and Richards [2005] estimated that U.S. 
forests could sequcster up to 500 Tg C/year economically. 

2.3. Rangeland and Paslureland 

Because they are typically managed extensively (i.e., with 
little or no fertilizer or water input or cultivation), range
land and pastures are subject to a high amount of variability 
in carbon f1uxcs. The m~st widely quoted estimate of U.S. 
potential for rangeland and pastureland sequestration IFollell 
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el al., 200 I] has suggested that these lands could potentially 
scquester approximately 50 Tg C/year, but that cstimate is 
the midpoint of a large range of 17-90 Tg C/year. Approxi
mately half of this potential is attributed to improved man
agement. Management practices on grazing lands generally 
involve difficult-to-detect changes in livestock numbers or 
season of use. 

In addition, the effects of management practices on graz
ing land carbon f1uxcs are confounded by complex soil and 
vegetation interactions. Many rangeland ecosystems exhibit 
a wide range of grass:shrub dominance, which can alter soil 
C levels, depending on management history [Scholes and 
Archer, 1997]. Similar soil types within the same climatic 
region may support different vcgetation, with significant cf
fccts on soil and vegetation carbon rHibbard el 01., 200 IJ. 
Fortunately, most of these changes are structural in nature 
and can be detected by proven remote sensing technolo
gies [Asner el aI., 2003J. In addition to structural changes 
in vegetation, even relatively minor changes in manage
ment (stocking rate, fertilization, legume addition) can sig
nificantly affect soil carbon stocks in grasslands and pastures 
lConant el aI., 200 I]. Detecting these practices and making 
reasonable inferences about their impacts on carboll stocks 
wi II require direct interactions with individual managers. 
Substantial variation in year-to-year carbon fluxcs is com
mon in rangeland and grassland ecosystems, primarily in re
sponse to weather patterns [Svejcar el al., 19971. Accurately 
tracking carbon dynamics in these ecosystems will require 
annual direct measurement of fluxcs and pools at selected 
sites in combination with model prcdictions to extrapolate to 
landscape and regional scales. 

Regardless of the ecosystem and land cover, the potential 
for soil carbon loss from natural and agricultural systems 
could dramatically affect the ability to reduce atmospheric 
levels via deliberate terrestrial sequestration. Bellamy el al. 
[2005J demonstrated measurable changes in soil carbon lev
els in response to changes in climate, primarily increased 
temperatures across a wide variety of soils and climatic re
gimes in the United Kingdom. In addition to the response to 
increasing temperatures, soil carbon losses were related to 
existing carbon pools, indicating that more fertile and mesic 
soils could lose greater amounts of carbon. Another large 
source of carbon that could potentially be at risk to land deg
radation and changes in climatic regime is the inorganic car
bon stored as calcium carbonate in arid rangelands rMonger 
and Martinez-Rios, 2001]. Thc loss of topsoil and cxposure 
of these carbonates to the atmosphere has the potential to 
contribute substantial quantities of CO, to the atmosphere. 
Othcr aboveground processes also have the potential to re
lease stored carbon to the atmosphere. Breshears and A/len 
[2002] idcntified the importance of rapid disturbances and 



322 INTEGRATING TERRESTRIAL SEQUESTRATION INTO A GREENHOUSE GAS MANAGEMENT PLAN 

nonlinear behavior (thresholds) that have the potential to rc
lease stored carbon. In particular, drought, pest outbreaks, 
and fire can quickly relcase carbon storcd in the soil or in 
vegetation, or these disturbances can initiate positive feed
back in ecological systems that result in degradation that 
places carbon at risk of loss to the atmosphere. 

In summary, potential terrestrial sequestration represents a 
viable option for meeting a portion of the total goals for reduc
ing atmospheric greenhouse gas levels. The net result of the 
U.S. forestland, cropland, and grazing land potential seques
tration estimates: [0.5 Gt C/year for forests (reforestation and 
management), 0.2 Gt C/year for cropland (tillage adoption 
and land conversion), and 0.09 Gt C/year for grazing lands 
(improved management and restoration) = -0.8 Gt C/year] 
approaches one "wedge" of the mitigation portfolio approach 
suggested by Pacala and Socolow l2004]. Although these 
estimates are optimistic in terms of the level of adoption by 
landowners, they are relatively conservative in that they in
clude only existing technologies and exclude practices such 
as urban forestry, suggesting that adoption could be driven 
more by incentives than new technology development. On 
the global scale, Thomson et al. [2008] took a much more 
conservative approach to the adoption of sequestering tech
nologies and suggested that cropland (tillage reduction alone) 
could sequester 0.21 Gt Clyear, forestry (reforestation alone) 
could sequester 0.31 Gt C/ycar, and grazing lands (manage
ment alone) could sequester 0.15 Gt Clyear at peak rates. 

All of the estimates cited are based on existing, proven 
technologies that are compatible with existing forest and 
agriculture production systems. However, setting realistic 
goals and measuring progress toward them will be difficult. 
Terrestrial sequestration is highly variable in space and time 
and is subject to a wide variety of drivers, both natural and 
anthropogenic. The sources of potential error arc of suffi
cient magnitude that a systematic approach to improving 
both prediction and monitoring is required. 

3.	 IMPROVING PREDICTION AND MONITORING OF 
TERRESTRIAL SEQUESTRATION 

Establishing a systcm that will support both private-sec
tor market development and public-sector policy design and 
program implementation will require an infrastructure that 
includes direct measurement of carbon dynamics of repre
sentative sites, remote sensing and statistical sampling of 
land and management attributes, and continual refinement 
and calibration of models based on changes in climate 
and management. This approach should integrate critical 
site-specific measures and spatially distribute them with re
alistic algorithms designed to meet design criteria sufficient 
to provide confidence for landowners and managers, policy-

makers, technical advisors, commodity traders, treaty nego
tiators, and the public. 

3.1. Site and Field-Scale Measurements 

Thc technology for direct measurement of soil and vegeta
tion carbon at a specific point is relatively well developed 
[Heath el al., 2002; Lal el al., 2001]. In conjunction with 
advances in statistical techniques, new in situ measurement 
technologies [e.g., Cremer.l· et aI., 200 1] provide the ele
ments necessary for obtaining statistically reliable estimates 
of soil carbon at the hectare scale for cropland, rangeland, 
and forestland [Kimble el aI., 2002], but cost-effective ap
plications are lacking. Flux techniques, such as the Bowen 
ratio and Eddy covariance methods have also been shown to 
be reliable methods of estimating the movement of CO, be
tween terrestrial and atmospheric pools [Baldocchi, 2003], 
but again, an integrated, accurate, cost-effective system that 
functions at larger scales has yet to be demonstrated. Inte
grating direct soil and vegetation measurements and flux es
timates made at the point and small plot level to make reliable 
estimates at the hectare level to determine carbon dynamics 
and drivers remains a challengc, but one that is achievable 
lBG/ford et aI., 2001; W(if.~y and Harriss, 2002]. A crilieal 
component of improved scaling of carbon dynamics from 
point to landscape and regional scales is an improved abil
ity to quantify the spatial and temporal variability associated 
with the adoption ofland use and management practices that 
affect carbon fluxes. 

3.2. Remote Sensing and Statistical Sampling 

A constraint on the reliable scaling of point and small plot 
infonnation to hectare, landscape, regional, and national lev
els is the need to understand temporal and spatial patterns 
associated with land usc and management. Remotely sensed 
imagery technology is sufficiently well developed to relinbly 
detect most soil and vegetation attributes that significantly 
affect carbon stocks [Running et aI., this volume]. In the par
ticular application to cropland, the challcnge is the temporal 
frequency required for detection of modifications to tillagl: 
systems that influence carbon flux. Integrating remote s~ns
ing technologies into geographic information systems that 
also contain land use, land management, soils, and vegetation 
infon11ation is a substantial logistical challenge that deservcs 
attention. New systems arc being designed and field tested 
in forestry applications that cut the costs oflarge-area meas
urement of carbon stocks while providing high-resolution 
georeferenced data that can readily be incorporated into gl:O
graphic intormation systems [Brown el aI., 2005]. IlClwe\'Cr· 
an important aspect of predicting terrestrial carbon response:

to management changes is management history. Unfortu
nawly. remote sensing has limited applications for this chal
lenge (especially tillage on croplands and shrub control on 
rangelands), and other investigative methods to include spa
tially specific historical changes must be developed. 

Remote sensing technologies can be integrated with 
ground-based statistical sampling to validate and refine es
timates and to link current and historical management prac
tices to observations. If management practices or climatic 
variability at the annual scale drive significant changes in 
carbon dynamics, then inventory protocols should be adopted 
to collect spatially explicit information in yearly time steps. 
Thes~ ground-based inventories can provide critical infor
mation on historical land use and management to improve 
the perf0n11anCe ofpredictive models. 

33. Modeling 

InlCl:,rrating changes in driving variables and the distribu
tion ufthe terrestrial sequestration outputs in time and space 
has the potential to grcatly improve decision making [see Uu 
el ai, this volume]. The modeling tcchnologies to support 
this approach arc relatively well developed and proven in a 
limited number of locations where calibration has occurred. 
However, the need for extending this approach to a wider 
variety of soils, land uses, and land management practices is 
critica I if a credible terrestrial carbon accounting system is to 
be developed. The US Department of Agriculture and Colo
rado State University have developed a robust estimation 
tool (COMET VR) that would allow individuals to report 
changes in soil carbon to the Department of Energy's Vol
untary Greenhouse Gas Emission Reporting System (http:// 
www.cometvr.colostate.edul). Reporting guidelines and es
timation tools are also available for forest systems (http:// 
wwv~ .usda.gov/oce/global_change/Forestryappendix.pdt). 
However, early testing of these tools indicates that there is 
a wide variety in their utility depending primarily on man
agement systems used to calibrate the models and where 
the pOlcntial user is located [CAST, 2004]. Improving the 
credibility and utility of these types of tools is critical if 
the movement of carbon among private sector interests is 
to become an incentive for land owners to adopt sequester
ing practices or for state and federal agencies to develop a 
rcalistic national accounting system for carbon in terrestrial 
Ccosystems. Follefl et al. [2005] have summarized U.S. re
gional scale estimates of potential for mitigation via agri
cultural management and developed a comprehensive list of 
research needs, including: understanding of carbon storage 
changes in response to management changcs, economics of 
Competing practices, impact of practices on other environ
mcntal attributes, and effectiveness of competing policies. 
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It is unrealistic to believe that there will emerge a system 
for tracking terrestrial carbon dynamics with any credibility 
that is not supported by (I) an enhanced understanding of the 
response of carbon dynamics to land use and management 
(including climate change), (2) a network of representative 
monitoring sites upon which to deten11ine the driving fac
tors and indicators of change, (3) a remotely sensed imagery 
acquisition and analysis program and a statistically valid in
ventory system, and (4) a comprehensive modeling approach 
that includes all potential sources and sinks. Improving and 
refining the accuracy and reliability of estimates of carbon 
change in terrestrial ecosystems at multiple scales will re
quire a substantial ongoing effort to continually update in
puts in response to changes in land usc, management, and 
climatic variability. 
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nonlinear behavior (thresholds) that have the potential to rc
lease stored carbon. In particular, drought, pest outbreaks, 
and fire can quickly release carbon stored in the soil or in 
vegetation, or these disturbances can initiate positive feed
back in ecological systems that result in degradation that 
places carbon at risk of loss to the atmosphere. 

In summary, potential terrestrial sequestration represents a 
viable option for meeting a portion of the total goals for reduc
ing atmospheric greenhouse gas levels. The net result of the 
U.S. forestland, cropland, and grazing land potential seques
tration estimates: [0.5 Gt C1year for forests (reforestation and 
management), 0.2 Gt C/year for cropland (tillage adoption 
and land conversion), and 0.09 Gt C1year for grazing lands 
(improved management and restoration) = -0.8 Gt C/ycar] 
approaches one "wedge" of the mitigation portfolio approach 
suggested by Pocola and SocolOlv [2004]. Although these 
estimates are optimistic in terms of the level of adoption by 
landowners, they are relatively conservative in that they in
clude only existing technologies and exclude practices such 
as urban forestry, suggesting that adoption could be driven 
more by incentives than new technolob'Y development. On 
the global scale, Thomson et al. [2008] took a much more 
conservative approach to the adoption of sequestering tech
nologies and suggested that cropland (tillage reduction alone) 
could sequester 0.21 Gt C/year, forestry (retorestation alone) 
could sequester 0.31 Gt C/year, and grazing lands (manage
ment alone) could sequester 0.15 Gt C/year at peak rates. 

All of the estimates cited are based on existing, proven 
technologies that are compatible with existing forest and 
agriculture production systems. However, sening realistic 
goals and measuring progress toward them will be difficult. 
Terrestrial sequestration is highly variable in space and time 
and is subject to a wide variety of drivers, both natural and 
anthropogenic. The sources of potential error are of suffi
cient magnitude that a systematic approach to improving 
both prediction and monitoring is required. 

3.	 IMPROVING PREDICTION AND MONITORING OF 
TERRESTRIAL SEQUESTRATION 

Establishing a system that will support both private-sec
tor market development and public-sector policy design and 
program implementation will require an infrastructure that 
includes direct measurement of carbon dynamics of repre
sentative sites, remote sensing and statistical sampling of 
land and management attributes, and continual refinement 
and calibration of models based on changes in elimate 
and management. This approach should integrate critical 
site-specific measures and spatially distribute them with re
alistic algorithms designed to meet design criteria sufficient 
to provide confidence for landowners and managers, poliey

makers, technical advisors, commodity traders, treaty nego
tiators, and the public. 

3.1. Site and Field-Scale Measurements 

The tcchnology for direct measurement of soil and vegeta
tion carbon at a specific point is relatively well developed 
[Heath et al., 2002; Lal et aI., 20011. In conjunction with 
advances in statistical techniques, new in situ measurement 
technologies [e.g., Cremers et aI., 200 I] provide the ele
ments necessary for obtaining statistically reliable estimates 
of soil carbon at the hectare scale for cropland, rangeland, 
and torestland [Kimble et aI., 2002], but cost-effective ap
plications are lacking. Flux techniques, such as the Bowen 
ratio and Eddy covariance methods have also been shown to 
be reliable methods of estimating the movement of CO, be
tween terrestrial and atmospheric pools [Baldocchi, 2003]. 
but again, an integrated, accurate, cost-effective system that 
functions at larger scales has yet to be demonstrated. Inte
grating direct soil and vegetation measurements and flux es
timates made at the point and small plot level to make reliable 
estimates at the hectare level to detennine carbon dynamics 
and drivers remains a challenge, but one that is achievable 
[Barford et 01., 2001; Wo.f~y and Harriss, 2002]. A critical 
component of improved scaling of carbon dynamics from 
point to landscape and regional scales is an improved abil
ity to quantify the spatial and temporal variability associated 
with the adoption of land use and management practices that 
affect carbon fluxes. 

3.2. Remote Sensing and Statistical Sampling 

A constraint on the reliable scaling of point and small plot 
information to hectare, landscape, regional, and nationalle\ 
cis is the need to understand temporal and spatial patterns 
associated with land use and management. Remotely sensed 
imagery technology is sufficiently well developed to reliably 
detect most soil and vegetation attributes that significantly 
affect carbon stocks IRunning et aI., this volume1. In the par
ticular application to cropland, the challenge is the temporal 
frequency required for detection of modifications to tillagt: 
systems that influence carbon flux. Integrating remot~ sens
ing technologies into geographic information systems that 
also contain land use, land management, soils, and vegetation 
intom1ation is a substantial logistical challenge that dcscf\·t:s 
attention. New systems are being designed and field tested 
in torestry applications that cut the eosts of large-area mcas
urement of carbon stocks while providing high-resolution 
georeferenced data that can readily be incorporated into gt:o
graphic information systems [Brown et 01., 2005]. Ilowe\w. 
an important aspect of predicting terrestrial carbon responst::> 

to management changes is management history. Unfortu
nately, remote sensing has limited applications lor this chal
lenge (especially tillage on croplands and shrub control on 
rangelands), and other investigative methods to include spa
tially specific historical changes must be developed. 

Remotc sensing technologies can be integrated with 
ground-based statistical sampling to validate and refine es
timates and to link current and historical management prac
tices to observations. If management practices or climatic 
variability at the annual scale drive significant changes in 
carbon dynamics, then inventory protocols should be adopted 
to collect spatially explicit information in yearly time steps. 
These ground-based inventories can provide critical infor
mation on historical land use and management to improve 
the performance of predictive models. 

3.3. Modeling 

Integrating changes in driving variables and the distribu
tion of the terrestrial sequestration outputs in time and space 
has the potential to greatly improve decision making [see £iu 
et al. this volume]. The modeling technologies to support 
this approach arc relatively well developed and proven in a 
limited number of locations where calibration has occurred. 
However, the need tor extending this approach to a wider 
variety of soi Is, land uses, and land management practices is 
crilical if a credible terrestrial carbon accounting system is to 
be de\'cloped. The US Department of Agriculture and Colo
rado State University have developed a robust estimation 
tool (COMET VR) that would allow individuals to report 
changes in soil carbon to the Department of Energy's Vol
untary Greenhouse Gas Emission Reporting System (http:// 
www.comctvLcolostate.eduJ). Reporting guidelines and es
timation tools are also available for forest systems (http:// 
ww\\, .usda.gov/oce/global_change/Forestryappendix.pdf). 
Howt:ver, early testing of these tools indicates that there is 
a wide variety in their utility depending primarily on man
agement systems used to calibrate the models and where 
the potential user is located [CAST, 2004]. Improving the 
credIbility and utility of these types of tools is critical if 
the movement of carbon among private sector interests i.s 
to become an incentive tor land owners to adopt sequester
ing practices or for state and federal agencies to develop a 
realistic national accounting system for carbon in terrestrial 
ecosystems. Follell et al. [2005] have summarized U.S. re
gional scale estimates of potential for mitigation via agri
CUltural management and developed a comprehensive list of 
research needs, including: understanding of carbon storage 
changes in response to management changes, economics of 
Competing practices, impact of practices on other environ
mental attributes, and effectiveness of competing policies. 
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It is unrealistic to believe that there will emergc a system 
for tracking terrestrial carbon dynamics with any credibility 
that is not supported by (I) an enhanced understanding of the. 
response of carbon dynamics to land use and management 
(including climate change), (2) a network of representative 
monitoring sites upon which to detem1ine the driving fac
tors and indicators of change, (3) a remotely sensed imagery 
acquisition and analysis program and a statistically valid in
ventory system, and (4) a comprehensive modeling approach 
that includes all potential sources and sinks. Improving and 
refining the accuracy and reliability of estimates of carbon 
change in terrestrial ecosystems at multiple scales will re
quire a substantial ongoing effort to continually update in
puts in response to changes in land use, management, and 
climatic variability. 
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A Conceptual Framework for Management of Carbon Sequestration 
Data and Models 
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The purpose of this chapter is to provide an overview ofdata management options 

and recommendations for different fonns of carbon sequestration, based on results 

of previous major data system efforts. Data management systems are essential 

for preserving the primary infonnation from carbon sequestration observations, 

experiments, and management activities, and making them available for others to 

build upon. This chapter outlines a conceptual framework for carbon sequestration 

data management, a first step in capturing the infonnation that can lead to archives 

organized in a way that is useful for synthesis and integration activities. This 

framework will also infonn carbon resource managers about sequestration processes 

and efficacy from local to global scales. 

I. INTRODUCTION 

sing terrestrial, geologic, and oceanic carbon sequestra
tion a<; a strategy for mitigating the increase of atmospheric 
greenhouse gases requires an improved understanding of 
processes that control the magnitude and variability of car
bon pools and fluxes. A critical clement of this sequestration 
strategy is a highly integrated data and infonnation manage
ment system that optimizes acquisition and use of carbon 
cycling and sequestration data and information. 

ey to the data and infonnation management systems for 
carhon sequestration is the ability to gather carbon observa
tions from a wide variety of measurement techniques and to 
integrate these data in a coherent assessment and modeling 
framework. To achieve these aims, the carbon sequestration 
community needs a data management system that enables ae-
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cess, understanding, use, and integration of large volumes of 
diverse data at mUltiple spatial and temporal scales. A com
prehensive data and infonnation management system will 
deliver quality-assured products and metadata that will be 
freely accessible to the scientific and resource management 
communities around the world. Truly effective management 
of data for carbon fluxes and pools is also needed to provide 
the scientific basis to enhance the utility and accuracy of car
bon management decision-making [She/liter, 2005]. 

A challenge for the carbon sequestration community is to 
implement a data system that can acquire and manage high 
quality, consistent data and associated metadata in a man
ner that directly supports carbon sequestration data analysis 
and modeling activities. Such a data system must also have 
enough flexibility to evolve in response to new observations 
as our understanding of carbon cycle dynamics changes and 
as new infonnation technology approaches arc developed, in
cluding advanced methods for storing and transferring data. 

The state of carbon sequestration science is still relatively 
young, and as it matures, significant progress is needed to sup
port management of the carbon cycle. Careful planning to de
velop a system that improves data calibration, hamlOnization, 
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