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A
s the US Global Change Research Program (USGCRP) 
enters a new era under a new government administra-
tion, the time is right to identify new scientific oppor-
tunities at the frontier of global change science, and to 

develop strategies that will position our nation to deal with 
the challenges the US and the planet face.  A recent National 
Research Council (NRC) study recommended that the previ-
ous version of the program, referred to as the Climate Change 
Science Program (CCSP), would benefit from a cross-disciplin-
ary focus, as opposed to the current disciplinary organization 
(NRC 2009). In that context, the Land Use and Carbon Cycle 
Steering Groups of the USGCRP jointly hosted a workshop on 
the interactions between land-use change and the carbon 
cycle on June 8 and 9, 2009 in Ann Arbor, MI.

The workshop was conceived in response to the grow-
ing consensus that land-use research activities need to be 
connected to carbon science within the USGCRP, while at the 
same time there were no set mechanisms in place to foster 
cross-disciplinary activities. The purpose of the workshop was 
to bring together scientists in land-use/land-cover change 
science and carbon cycle science to share research results, 
identify uncertainties, caucus on approaches to reduce those 
uncertainties and foster collaboration in land-use/land-cover 
change and carbon studies across traditional disciplinary 
lines. Meeting attendees are listed in Appendix I. In response 
to the current science strategy planning process, the Carbon 
Cycle Steering Group has organized a team to draft a scientific 

strategy; discussions are underway within the Land Use Steer-
ing Group to do the same.

There is currently a good deal of scientific effort directed 
toward understanding the dynamics of the carbon cycle and 
its interactions with land.  The North American Carbon Pro-
gram has set up atmospheric monitoring stations to measure 
fluxes.  The atmospheric science community is improving its 
inverse modeling capabilities to identify sources and sinks 
of carbon based on satellite observations of atmospheric 
CO2 concentrations. A relatively large community is detail-
ing a variety of mechanisms by which climate and global 
change affect ecosystems and how ecosystem responses 
feedback to affect atmospheric levels of GHGs. The ecosys-
tem responses have been found to be contingent on a wide 
range of variables (e.g., biodiversity, biogeochemistry, climate, 
etc.).  Experiments highlight the roles of these feedbacks and 
interactions, as well as some land-management options, on 
ecosystem functions (e.g., carbon storage).  

Additional scientific effort has gone into understanding, 
observing, and modeling the causes and consequences of 
land-use and land-cover change (LULCC).  Forest transition 
theory has provided a framework for describing the patterns 
of forest exploitation that are undertaken as societies transi-
tion through reliance on primary, secondary, tertiary and qua-
ternary economic activities.  Bottom-up accounting methods 
suggest that land-change dynamics, partially driven by hu-
man action and land management, are a plausible candidate 

Introduction

continued on page 7
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A n understanding of the quantitative relationships 
among land-cover change, land management and 
carbon (and other greenhouse gases) flux is essential 
as society develops management plans and policy 

frameworks to support mitigation and adaptation to climate 
change.  The importance of understanding these relation-
ships is illustrated by the development of biofuels, which has 
driven land-use change in the Great Plains and mid-continent 
areas of the United States.  Between 2001 and 2009, there was 
a major increase in corn acreage (~15%) with a consequent 
reduction in other coarse-grain crops and conversion of con-
servation areas and grasslands, often from marginal areas.

However, it can be argued 
that when biofuel crops are grown 
in appropriate places and under 
sustainable conditions, they can 
reduce fossil fuel use, diversify fuel 
supplies and increase employ-
ment.  It is apparent that a greater 
understanding of the interactions 
between land and economic policy, 
land management decisions, carbon 
mitigation and ecosystem services 
is needed and that society needs 
to understand how land use in one 
area can have global impacts of 
great significance.

Decisions surrounding the 
types and amounts of biofuels to 
be produced will likely continue 
to be driven largely by economic 
incentives and policy decisions as 
well as by local cultural, technologi-
cal, biophysical and demographic 
conditions and interactions.  To 
be sustainable, lands must re-
main productive and continue to 
provide a wide variety of ecosystem 
services.  Some of these services 
affect human provisions, demand 
water-resources trade-offs, alter 
climate regulation and can result 

in unintended environmental consequences.  In order to un-
derstand and appropriately manage the resulting changes in 
the landscape, we need accurate and current data, synthetic 
analyses and decision support tools founded on sound sci-
ence.  We can then undertake adaptive management plans 
and evaluate potential outcomes and impacts.  Furthermore, 
the global interconnectedness of land-based carbon systems, 
both economically and ecologically, must be appreciated as 
we evaluate both the direct and indirect effects of land use 
changes.

These complexities require multidisciplinary research, 
comprehensive simulation modeling and high-resolution 

monitoring of global land-surface 
characteristics as well as spatially 
referenced information on socio-
economic, environmental, political 
and cultural drivers of changes. 
Research and modeling are needed 
to integrate changing technolo-
gies with land assets and market 
opportunities and to identify best 
practices and approaches that are 
most sustainable. These practices 
should be able to store or accu-
mulate carbon and enhance other 
local, regional and global social and 
environmental services under vari-
ous climate scenarios.  Models are 
also needed to quantify life-cycle 
impacts of land-use and energy 
options when biofuels and other 
products represent parts of larger 
production systems. Validated 
simulation modeling that includes 
both the ecosystem services and 
economic and social aspects of 
land-use changes under climate 
change is required for wise policy 
development and sustainable 
management decisions.  

An Illustration of Scientific Need: Biofuels

The global interconnectedness of 
land-based carbon systems, both 
economically and ecologically, 
must be appreciated as we 
evaluate both the direct and 
indirect land use changes.
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for explaining the “missing sink” for carbon in global estimates 
of the carbon budget.  Satellite observations from an increas-
ingly long archive of moderate resolution images (i.e., Landsat 
imagery since the early 1970s) suggest that assumptions about 
land contributions to carbon dynamics based on coarse resolu-
tion and/or static observations of land cover are inadequate to 
understand the coupling of land and atmosphere processes. 

A wide array of projects, set in locations all over the world, 
have detailed the interconnections between social, environ-
mental, management and policy drivers and the choices of 
individuals, communities and societies about how to use and 
manage land.  The uncertainties about the actual carbon fluxes 
between land and the atmosphere 
and, more importantly, the causes of 
those fluxes, together with the signifi-
cant role human decisions may play 
in those fluxes, points to a need for a 
scientific emphasis on the coupling of 
land change and the carbon cycle.

T he need for the meeting was 
evident as the group considered 
various key policy and market 
mechanisms that are actively 

being pursued or considered in 
response to the climate change chal-
lenge.  While the CCSP has provided 
important information about the basic 
science of the Earth system, it has largely failed to contribute 
to an integrated natural and social science framework needed 
to address pressing challenges for a full understanding of 
climate change.  As a result of the CCSP, we have better infor-
mation about the fluxes of carbon and GHGs to and from the 
atmosphere, and we better understand the drivers, patterns 
and dynamics of land-use change, but the science of integra-
tion among land use and carbon dynamics is not yet mature 
enough to answer important policy questions.  For example, 
the development of carbon markets in the US and Europe cre-
ates new challenges for monitoring, assessment, valuation and 
management of carbon in land-based ecosystems.

Practically, scientists need to provide knowledge and 
information to support the development and functioning 
of these markets. Additionally, integrated science is needed 
to evaluate the implications of these markets in the land-
allocation processes, where there are multiple competing or 
complementary uses for land.  Policy debates over the use of 
biofuels and other forms of alternative energy further highlight 
the need for the kind of integrated scientific knowledge that 
was the topic of the workshop (see sidebar/page 6).  Choices 
among energy options have varying degrees of impact on 
both the carbon cycle and land-use allocations.  A shift towards 

viewing carbon as a resource to be managed will necessitate 
better understanding of how carbon is processed, used and 
valued within both natural and human systems.  Information 
about the dynamics of land-use allocations and the carbon cy-
cle implications of these choices need to be informed by data 
and models integrated across the social and natural sciences.

T he developing scientific approaches in coupled human-
natural systems, land-change science and sustainability 
science present new opportunities to look at these 
complex but very practical questions from new and 

productive directions.  In particular, there is a growing need for 
integrated research that combines 
observations and models in the 
natural and social sciences that can 
work together to provide insight 
into the patterns and dynamics 
of carbon on land as directed by 
land-use and management deci-
sions and influenced by a myriad 
of policy decisions.  A program 
of scientific research is needed to 
bring together the process-based 
insights from land-change science 
and carbon-cycle science to better 
understand both the interacting 
dynamics of human and natural 
forces on the carbon cycle and the 

possible implications of various policy options.
Such a program of research would have a number of key 

characteristics; it would:
•   target our understanding of the ecological and physical 

processes that govern carbon fluxes between ecosys-
tems and the atmosphere, and the social and economic 
processes through which land uses and land covers are 
allocated;

•	 focus explicitly on the ways in which human and natural 
processes interact and the feedbacks between them;

•	 acknowledge the spatial heterogeneity and context 
dependence in both of these sets of processes;

•	 aim towards adoption and improvement of the best 
formal models describing the processes in each realm 
and combine those models, or develop new integrated 
models, for an integrated process understanding;

•	 identify gaps in empirical observations of how human 
activities affect the carbon cycle on land; 

•	 develop new, improved and integrated data collection 
efforts to acquire required new data; and

•	 couple typically disparate fields of research that have 
significant overlap to collectively develop novel perspec-
tives and novel results at this point of intersection.

The meeting described in this 
report has initiated an ongoing 
dialogue and interaction between 
land-use and carbon cycling 
communities.  Better coordination 
and interaction, leading to a more 
integrated science effort that better 
informs policy makers and land 
managers, would be the single best 
outcome of this workshop.  

continued from page 5
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Because of the multidisciplinary nature of the meeting, involving 
both land and carbon-cycle sciences and social and natural 
science disciplines, we present a review of concepts within both 
fields, with an emphasis on concepts needed to bridge between 
the two research areas.

Land change science

L and change science has evolved from a need to better 
understand the influence of people on the land.  Maps 
and studies of land use and cover evolved into a set of 
useful data sets as remote sensing and geospatial tech-

nologies developed the ability to view and map landscapes 
directly.  The availability of spatial technologies, especially 
land remote-sensing data products from systems such as 
aerial photography and Landsat satellite images, provided a 
wealth of data on spatial patterns of land cover that are also 
interpreted as land-use patterns, though these interpreta-
tions involve assumptions that require scrutiny.  Assessments 
of change in both land cover (the perceptible biophysical 
characteristics of the land surface) and land use (the derived 
interpretation that describes the purpose for which land is 
used) is necessary to understand how the land is modified 
by human action.  These changes in the land are of particular 
interest when considering impacts on the carbon cycle.

Land cover
Land cover refers to the biophysical characteristics of the 
land surface, whether constituted of primarily natural or 
human-built components.  Land cover can be described and 
mapped as discrete states (e.g., forest, shrubland, wetland) 
or continuous variables (e.g., percent tree cover).  Because 
land cover partially determines land surface variables like 
albedo, leaf area index, surface emissivity, infiltration, etc., 
land-cover characteristics interact directly with Earth-system 
processes, like energy transfer, water and nutrient cycles.  
These biophysical properties also make land cover and land-
cover change more easily detectable than land use, both by 
the naked eye and earth observing platforms.

Land use
Land use describes the purpose for which land is used by hu-
man society.  It is defined by human activity and derives its 
meaning from human action and valuation of land.  Like land 
cover, land use can have elements that are described either 
as discrete states of use (e.g., agriculture, human settlements, 
etc.) or as degrees of use (e.g., level of intensity).  Because 
multiple uses might be in play at a given place and time, and 
because these uses may not lead to any discernible physical 
impact on a place, classifying and mapping land use can be 
challenging. Understanding land use usually requires some 
understanding or information about land tenure, i.e., who 
has what rights to the land.

Concepts and Definitions
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Land and resource management 
Land and resource management refers to the set of decisions, 
plans and actions implemented on a resource at a given 
place and at a point in time, or over a period of time.  While 
land-use choices can change land from providing society with 
one set of outputs or services to a different set, land manage-
ment can determine how effectively each of a set of outputs 
or services are provided. Changes in land management may 
be made without affecting a change in land use.  For example, 
changes in land management might result in changes in the 
harvest rotation schedule for a forest plot, in the tillage prac-
tices on an agricultural field, in the fire management regime 
in a wildland area, or in the mowing, fertilizing and irrigation 
schedules on a golf course.

Carbon-cycle science
Carbon-cycle science includes the entire set of sciences used 
to understand carbon pools and their movement through 
the Earth system.  In the context of land change, the ter-
restrial carbon cycle includes carbon fluxes to and from all 
land-based ecosystems, including forests, agricultural lands, 
wetlands and urban areas.  A full understanding of the carbon 
cycle has been evolving in recent years in response to our 
need to understand the primary drivers of climate change, 
an increase in greenhouse gases, many of which are carbon 
based.  Specifically, increases in carbon dioxide (CO2), carbon 
monoxide (CO) and methane (CH4) are of great interest.  All 
of these are affected directly by land changes, whether driven 
by anthropogenic forces or natural events.

Carbon source and sink
Carbon source and sink refer to the direction of carbon move-
ment between the atmosphere into (sink) and out of (source) 
the land and aquatic systems.  Carbon pools refer to the stor-
age areas for carbon.  In the case of the land, these are both 
living and dead organisms and mineral-based non-organic 
carbon minerals (carbon-based rocks).  The more dynamic 
carbon is held in organic forms, such as vegetation and soil 
organic matter.  These pools are the most vulnerable to 
change from land changes, but provide an accessible means 
for climate-change mitigation.

Carbon sequestration
Carbon sequestration is removal of carbon from the atmo-
sphere into a permanent or long-lived pool.  In addition to 
geoengineering concepts for carbon capture, the Earth’s 
biosphere performs sequestration through the photosynthe-
sis of vegetation (primary production) and other biological 
processes.  Land management for carbon sequestration is 
an important option for mitigating increases in atmospheric 
carbon. 
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Introduction
David Skole (Michigan State University) provided the intro-
ductory talk, in which he outlined several focal points around 
which our understanding of terrestrial carbon is becoming in-
creasingly important, needs to be improved and will contrib-
ute to climate change mitigation strategies. The inclusion of 
land-based carbon in international climate negotiations and 
treaties (e.g., through the use of carbon offsets and reduced 
emissions from deforestation in developing countries – REDD) 
requires an understanding of land-based carbon in compli-
ance markets. 

Carbon assessment and evaluation will become increas-
ingly important in land and other policy programs.  Carbon 
risk and disclosure of risk in land- and carbon-based invest-
ments is becoming an important aspect of developing carbon 
markets.  Finally, carbon certification and labeling in com-
modities and products will become increasingly important 
aspects of international trade.  These focal points drive a need 
to improve the science of land-based carbon and what that 
science provides to policy.

Skole described six themes around which that science 
needs to be improved: 

•	 basic science of land-change contributions to the car-
bon cycle, 

•	 the role of emerging policies and carbon markets in 
driving land changes and in effectively providing car-
bon offsets, 

•	 how land-use change affects carbon emissions and 
the international concern for reducing those emissions 
(e.g., REDD), 

•	 carbon and ecosystem services and the role of land 
management in providing for specific services like 
carbon storage, 

•	 the role of land use in the transition to bio-based en-
ergy and the conflicts that emerge among various land 
uses, and

•	 the implications of a carbon constrained economy for 
land use and of land use for developing that economy.

Contribution of Terrestrial Land Surface to 
the Carbon Cycle: Evidence from Atmospheric 
Models
Anna Michalak (University of Michigan) provided a summary 
of current evidence from atmospheric measurements and 
models about the role of the terrestrial land surface in the 
global carbon cycle.  She described three key challenges to 
estimation and the approaches currently being taken within 
the atmospheric science community to address these chal-
lenges.  The challenges are:

•	 we cannot directly measure flux at regional scales;
•	 large-scale inversions are difficult to reconcile with 

process-based understanding; and
•	 prior flux assumptions, used in many inversion ap-

proaches, strongly influence estimates.

Following an initial presentation that provided information about the policy and economic context within 
which the science of land-use change and the carbon cycle finds particular relevance and urgency, the 
meeting proceeded with four plenary lectures that were meant to provide participants with a common 
level of basic knowledge about the our current state of understanding about the carbon cycle, the role of 

land change in driving changes in the carbon cycle, and the economic and cultural aspects of land change that 
are relevant to scientific, policy and management discussions about the carbon cycle. 

The plenary talks were followed by three breakout sessions to provide input on the science needs of an 
integrated research program. The topics of the three sessions were: land management and carbon, observations 
for land change and carbon, and integrated modeling of land change and carbon. While all breakout groups 
were given the following charge, each topical session was seeded with a few questions, listed below in the sec-
tion on breakout sessions. The general goal of all of the breakout groups was to (a) define and prioritize research 
questions to help guide the US Global Change Research Program, (b) determine the relative priorities of the 
research questions and (c) designate whether research priorities are sufficiently mature for short-term research 
or are more long-term in scope.

During the course of the meeting, it became clear that prioritizing and categorizing topics was too difficult a 
task for such a diverse group with the time and information available.  For that reason, the results are listed here 
without prioritization.

Plenary Talks

Workshop Summary
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Workshop Summary

The approaches currently being taken include:
•	 estimation at finer spatial/temporal scales by

- 	adjusting modeled fluxes using atmospheric observa-
tions (flux towers; CarbonTracker);

- 	employing transport model gridscale inversions;
•	 direct estimation of process-level parameters

- 	biosphere CO2 models (e.g., ORCA)
•	 approaches that do not rely on prior flux estimates

- 	geostatistical inversion models - scalable
These approaches, along with improvements to atmospheric 
transport models and an expanded observation network, will 
enable better estimates of the carbon balance across spatial 
and temporal scales.

Sources and Sinks of Carbon from Land-Use 
Change & Management 
R.A. Houghton (Woods Hole Research Center) outlined what 
is currently known about the sources and sinks of carbon 
from land use and management. Using a carbon-tracking 
approach, land changes can affect carbon fluxes through 
both changes in the area of particular land uses and land 
covers (i.e., land-use conversions), as well as changes in the 
amount of carbon stored within those cover types (i.e., land 
management).  Using the results from this approach with the 
estimated sources and sinks of carbon from fossil fuels, atmo-
sphere and oceans, there remains an unaccounted for terres-
trial sink of carbon that has been attributed to the effects of 
environmental change (e.g., atmospheric CO2 concentrations, 
climate, N deposition) on terrestrial carbon storage.

It is possible, however, that some fraction of this terrestri-
al sink may be the result of errors or omissions in accounting 
for land-use change or land-management activities.  Between 
1850 and 2006, carbon emissions due to land use and land 
management accounted for about one-third of all anthropo-
genic emissions of carbon to the atmosphere. Currently, land 
use and land management account for about 15 percent of 
emissions because the rate of fossil emissions has increased 
so rapidly.  More than half of the emissions over the last 150 
years were from the tropics.

Since 1990, however, the tropics have accounted for 
nearly all net emissions. Outside the tropics the sources 
and sinks from land-use change have been approximately 
balanced. Significant uncertainties include rates of current 
and future deforestation and afforestation, the carbon stocks 
contained within various land uses and the contribution of 
land-use change itself. 

Economics of Climate Change and Land Use
Robert Mendelsohn (Yale University) presented two eco-
nomic models that were intended to illustrate that value of 
economics in explaining land-use dynamics and their interac-
tions with climate change.  The models illustrated two key 
points.  The first was that the projected slowing and leveling 
off of population growth together with continued increases 

in agricultural productivity (historically 2 percent per year) 
means that agricultural expansion should not be a dominant 
driver of deforestation in the future.  The second is that the 
cost of non-renewable forestry has increased to the point that 
the price of wood products can now support renewable forms 
of forestry.  These two modeling studies suggest that land 
may switch from being a net source of carbon to being a net 
sink, globally.  

If, however, there are strong incentives for biofuel pro-
duction, this may place increasing pressure on forest land to 
be converted to food or biofuel crops, resulting in a reduction 
in carbon stored on land.  The models suggest that increased 
biofuel production, together with REDD policies, may drive up 
the price of biofuels and food.  

Design and Planning to Manage the Carbon 
Cycle: Invention and Variation in Land Use and 
Land Cover
Joan Iverson Nassauer (University of Michigan) discussed 
design and planning approaches aimed at managing the 
carbon cycle through invention and variation in land use and 
land cover. Arguing that design is any intentional change, 
Nassauer described an approach to planning and design that 
acknowledges the social, cultural, institutional and political 
contexts within which people live and act, and uses science 
to inform creation of plans and designs that both increase 
carbon storage on land and give people what is acceptable 
and desirable within those contexts.  What people want and 
will accept depends, at least partially, on what they can see 
of landscape patterns.  Attention to the perceptual aspects of 
landscape patterns, then, is a means to achieve landscapes 
that serve a purpose (e.g., carbon storage) and will be main-
tained as doing so by the people who occupy that landscape. 

Nassauer also pointed out that discussions of land use 
and the carbon cycle should not proceed without some 
consideration of the effects of spatial development patterns 
on fossil fuel emissions (through effects on electricity use and 
efficiency and on transportation behaviors). Much as Socolow 
argued for an approach to our energy future that deals with 
multiple diverse “wedges” (rather than a single approach) that 
can help reduce fossil fuel use, Nassauer presented the idea 
of wedges of metropolitan structure to reduce and mitigate 
climate change.  She also outlined several land management 
options that are available to enhance carbon storage on land:

•	 protect existing ecosystems
•	 plant trees and keep them in place
•	 introduce water retention in appropriate contexts
•	 substitute high biodiversity perennial plants for annuals 

and keep them in place
•	 allow woody debris, leaf/needle litter and grass clip-

pings to decompose on site
•	 consider augmenting nutrients and moisture if they are 

limiting (but consider GHG consequences).
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Breakout Session 1: Land Management and Carbon

T o ignite the discussion of the science needs in land 
management, Ron Huntsinger (Bureau of Land 
Management) provided a brief overview of the needs 
for scientific information within the Bureau of Land 

Management.  As the largest land management agency in the 
United States, the BLM is being challenged with the full scope 
of environmental effects due to human activity, as well as 
anticipated impacts from climate change. Public lands in the 
West are likely to be used for renewable energy development, 
including geothermal, solar and wind. Though nominally 
carbon neutral, these developments will have potentially sig-
nificant impacts on the carbon cycle through development, 
production and maintenance activities. In addition, biomass 
production will continue to be one of the fundamental uses 
of public land. These lands offer potential for mitigation 
of, and adaptation to, climate effects of human activities, 
including both biological and geological carbon sequestra-
tion. These efforts will give rise to programs for restoration of 
existing habitats, and development of adaptive management 
strategies and management decision tools.

Information needs at the BLM include basic information 
on carbon balance for grasslands and shrublands. Of high 
priority is also information to support optimization of forest-
lands management among multiple objectives including 
bio-sequestration, timber production, conservation of mature 
forest habitat and genetic diversity, hazardous fuels reduction 
and resilience to adverse ecological affects. For research to 
provide this information, there needs to be a closer relation-
ship between researchers and natural resource managers. 
Researchers and applied scientists who understand infor-
mation needs can translate research products to manage-
ment application through, for example, synthesis of existing 
research as a priority over new research.

Three separate breakout groups each addressed the 
topic of the science needs of land management for carbon 
in parallel.  All participants were provided with the following 
three questions to initiate the discussion about land manage-
ment implications for the carbon cycle:

•	 What management activities have the biggest potential 
to affect measurable long-term carbon storage?

•	 What don’t we know about the limits and potential for 
management to affect carbon cycle?

•	 What types of policies or institutions need to be imple-
mented to make the necessary changes in land use and 
management practices?

There were many commonalities among the discussions 
of the different breakout groups, and the discussions are 
summarized below across all groups.  Here we describe the 
research topics identified in five major categories, those that 
address: (a) the functioning of the coupled human-environ-
ment system that gives rise to land-based carbon dynamics, 
(b) forest and rangeland management, (c) the significant 
uncertainties about the effects of land management on soil 
carbon, (d) the role of carbon in human-dominated land-
scapes, and (e) the feedbacks and interactions between land 
management and climate change. 

A number of general questions were identified about the 
role of land management in the carbon cycle in the context of 
coupled human-environment systems:

•	 What are the maximum carbon stocks achievable and 
where should we put our efforts? 
- With or without disturbance
- Across ecosystem types

•	 How do past and current land-use and management 
choices affect future options and opportunities (path 
dependency)? 
-	 selective harvesting
-	 changing species composition
-	 people’s choice of what they plant
-	 invasive species
-	 future land-use possibilities

•	 Under what conditions are top-down vs. bottom-up 
policies effective at addressing carbon issues? 
-	 What are the most effective institutional levels to 

develop policy mechanisms?
-	 How site specific do these policies need to be?

•	 How do we determine/reduce uncertainty to verify 
carbon storage from management to improve the ef-
fectiveness of carbon markets and ensure against risks? 
-	 What is the potential for leakage/displacement (i.e., 

carbon stored in one place results in carbon lost in 
another) in land use and carbon policy impacts? 

The groups identified a number of questions related to 
forest and rangeland management, including

•	 Should forest management focus on maximizing car-
bon stocks or carbon removals (wood fiber energy)?

•	 How does forest management influence dynamic pools 
of carbon in different ecological settings and across dif-
ferent timescales?
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•	 What is the relative effectiveness of forest management 
alternatives (concession design and industrial practices 
in increasing carbon sequestration)?

•	 What are the effects on carbon of various approaches 
to managing fire, insect, disease and other disturbances 
on land?

•	 What is the current magnitude of carbon sequestration 
via woody encroachment in rangelands?

A number of questions were raised regarding how much 
we know about the impact of land-use management on 
biogeochemical cycles: 

•	 How do above- and below-ground carbon storage vary 
across ecosystem types?

•	 What are the differences between native ecosystem 
function and that on land under various types of hu-
man use?

•	 What are recovery rates of denuded soils? 
•	 How are the multiple biogeochemical cycles (e.g., car-

bon, nitrogen and other trace gasses) coupled?
Because of the prevalence of human-dominated lands, 

land management in these areas also received some attention 
from the group as needing further study:

•	 Is carbon property?  And, what are the rights and 
responsibilities of ownership? 

•	 How do we recapture carbon in urban (e.g., publicly 
owned treatment works - POTW) and rural (e.g., con-
fined animal feeding operations - CAFO) waste streams? 

•	 What are the effects and possibilities of using manage-
ment of agricultural lands to sequester carbon?

•	 What are the effects and possibilities of using man-
agement of shrub lands and grasslands on public and 
private lands?

•	 What are the relative impacts of human settlement pat-
terns and human activities in those landscapes? 

•	 Given that management of human-dominated lands 
requires public understanding and cooperation, we 
need to know how to communicate with the public 
about how land is managed and its carbon and other 
ecosystem implications.

Finally, the groups considered the effects on ecosystem 
function and carbon of interactions between land-use/land-
management and climate change.  

•	 What will climate change do to carbon stocks and 
fluxes? 
-	 Are there feedbacks or synergistic effects between 

the effects of climate change and land use/manage-
ment?

-	 What warming is acceptable and can we set that as a 
management goal?

-	 What rate of warming can we manage?
•	 What are the feedbacks and unintended consequences 

to climate and ecosystems of managed carbon? 
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B efore the discussion of data needs, Tom Loveland 
(USGS) provided a brief summary of the current and 
planned observational capabilities for land-use and 
land-cover change and carbon cycle dynamics.  After 

reviewing the observational priorities identified in the 2003 
strategic plan by the Carbon Cycle, Ecosystems and Land Use 
Working of the Climate Change Science Program, Loveland 
offered an assessment of the current status of these observa-
tions (see table, below).  He then reviewed current efforts to 
provide the observational capability for some of these mea-
surements on a global scale and outlined some of the chal-
lenges of gathering and integrating the necessary informa-
tion on land use and management, with satellite observations 
of land cover, disturbances and ecosystem characteristics.  
These efforts require understanding how to make best use of 
data sets like the Forest Inventory and Analysis (FIA), Natural 
Resources Inventory (NRI), Censuses of Population and Agri-
culture, and economic surveys.

Three separate breakout groups each addressed the top-
ic of the data needs in parallel.  All participants were provided 
with the following two questions to initiate the discussion 
about observational capabilities:

•	 What ecosystem observations are needed to improve 
our understanding of carbon on land?

•	 What land-use observations are needed to improve our 
understanding of how carbon can be managed?

The groups identified a number of topics in common, 
and they are grouped here according to whether they deal 
primarily with data about natural systems or about human/

social systems.  In each of these categories, the needs are fur-
ther broken down into basic data (measurement) needs and 
information (research) needs. An additional category dealt 
with basic questions about data management activities.  

Variables and topics about which more data are needed 
within the natural sciences were identified as follows:

•	 geographic distribution of current carbon stocks above 
and below ground
-	 by major land-cover types and across eco-regions

•	 Essential Climate Variables (ECVs) required to model 
carbon dynamics arising from natural and anthropo-
genic disturbances

•	 ECVs required to inform carbon management
-	 + Descriptors of soil state

•	 phenology/seasonality of ECVs including variability and 
trends

•	 magnitudes, rates and patterns of forest conversion, 
fragmentation, degradation, fire and edge-effects

•	 improved estimates of methane emissions 
•	 global maps of soil type/properties, peat lands map, 

frozen soils
•	 enhance existing observation networks (gap filling and 

extending)
•	 need more intensive observations with a broad suite of 

variables (LTER / NEON)
•	 better and more extensive in situ observations of vari-

ous sorts, especially in the developing world
•	 locations and timing of natural disasters that produce 

land use change (e.g., through conflict, relocation, etc.)

Breakout Session 2: Data and Observational Needs

Measure Maturity Comments

Land cover Operational Ongoing access to remote-sensing inputs uncertain

Land-cover change	 Near-operational New products are not yet validated but show promise

Land disturbances Uneven Operational for fire and meteorological extremes (i.e., hail, wind, tornadoes, hurricanes, floods), 

but not other significant forms of disturbance (e.g., insect outbreaks)

Land-use variables	 Immature Survey and inventory sources ongoing, mapping capabilities limited

Land-change forecasts Emerging State of science is empirical, need better understanding of drivers and scenarios

Biomass Emerging No consensus on sources and practices

Ecosystem properties Uneven Global LAI, albedo, fAPAR available, but species composition and other ecological variables mostly 

unavailable at national scales
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Discussions of data needs highlighted the importance 
of sound research to make use of those measurements to 
produce derived information, including:

•	 geographic distribution of soil carbon-sequestration 
potential

•	 improve and refocus carbon-specific allometry (glob-
ally)

•	 better estimates and models of lateral transport of 
carbon

•	 impacts of fire and insect damage on stocks and fluxes 
of carbon and other GHGs

•	 legacy effects and time lags of land-use impacts on the 
dynamics of carbon and other GHGs

•	 implications of climate change for the efficacy of his-
torical or contemporary measurements (e.g., applicabil-
ity and stationarity of derived allometric relationships 
or other parameters over time)

•	 invasive species impact on carbon storage and cycling 
of carbon and other GHGs

Variables and topics about which more data are needed 
within the social sciences were identified as follows:

•	 consistent observations of land use 
•	 parcel ownership and management responsibility (we 

currently lack a national cadastre)
•	 land values
•	 regularize monitoring of patterns of settlement and 

development 
 •	 patterns of the transportation networks now, in the 

past and projected into the future
 •	 land management practices currently in use in crop-

lands, forested lands and grazing lands and their spatial 
patterns 

Derived information in the social sciences were identified 
as follows:

•	 socio-economic indicators of carbon storage and 
change (e.g., development and transportation patterns)

•	 drivers of land-use transitions that can be used to cre-
ate business-as-usual and change scenarios 

Discussions about data naturally led to some data de-
sign, management and access questions, as follows:

•	 How can we design a national carbon-specific soil sam-
pling methodology? 

•	 How can we best manage and deliver collected data; do 
existing systems meet scientific needs?

•	 What approaches enable change attribution to dis-
tinguish land-use change from land-management or 
land-cover change? 

•	 How can proprietary/withheld data be incorporated 
and analyzed without compromising personal privacy? 

•	 What is a useful observation strategy for compliance 
monitoring and reporting systems?

•	 How do we scale-up social data from local level to com-
munity, region, national levels?
- What do we lose as data are rescaled?

•	 How should federal lands be included in a carbon mar-
ket/budget?
- Included indirectly as carbon storage?
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D an Brown (University of Michigan) made an introduc-
tory presentation in preparation for discussions about 
integrated models.  After reviewing the motivations 
for developing integrated models within the con-

text of the CCSP objectives and reviewing the goals of such 
modeling in terms of the dimensions of space, time and hu-
man decision making (Agarwal et al. 2001), Brown reviewed 
multiple types of models in terms of their ability to represent 
human decision making.  He contrasted non-behavioral 
geographic models with econometric models, in terms of 
their ability to represent behavioral responses to economic, 
policy and environmental stimuli. He further contrasted 
the econometric models under assumptions of economic 
rationality, with process-simulation approaches that allow for 
heterogeneity, bounded rationality and interaction among 
actors in a community or society.  He described an important 
goal of integrated modeling as being able to assess outcomes 
from system interactions in terms that are meaningful to 
understanding both the carbon system and the human land-
use system. Brown described multiple modes of integration 
that are currently used: scenario-based integration, in which 
socio-economic scenarios are designed and ecosystem out-
comes modeled within the different scenarios; bio-economic 
analysis, in which the costs and benefits of different land-
management strategies are calculated based on models of 
ecosystem production; and fully integrated models, in which 
both ecosystem and economic or social outcomes can be 
estimated simultaneously.

Three separate breakout groups each addressed the 
topic of the integrated modeling in parallel.  All participants 
were provided with the following three questions to initiate 
the discussion about observational capabilities:

•  What are the key land use/land management processes 
that need to be represented?

•  How do we integrate models at multiple scales?
•  What is needed to integrate observations and couple 

carbon and land use/land cover models?
Workshop participants were, in general, unable to 

identify good examples of models that provide balanced 
representation of processes driving both land use and carbon 
dynamics.  Much of the discussion identified work needed 
to develop such models.  The breakout groups identified a 
number of questions in common, and they are categorized 
here according to whether they deal primarily with models 
of social systems or natural systems.  An additional category 
dealt with basic questions about modeling. 

Questions and topics about modeling needed within the 
social sciences were identified as follows:

•  How does decision making diffuse across space and 
time? 
-	 How do we couple social-network analysis wit LUCC 

models?
-	 How do we capture data related to social network 

dynamics?
•   What are the costs and benefits of carbon storage in the 

context of other sustainable management programs? 
•	 How can we include macro-level economic and policy 

drivers in local-level dynamics? 
-	 How sensitive are decision-making processes to mon-

etary incentives?
-	 What role does risk play in this?
-	 How do you model the trade-offs between different 

land uses and land management practices?
-	 How will various carbon-allocation strategies (cap 

and trade) influence land-use decisions and patterns? 
•	 How can we simplify the decision-making context of 

actors in local and regional models? 
•	 How can we integrate carbon into “State and Transi-

tion Diagrams” (noted as an important tool within state 
agencies)?

•	 How can we represent drivers of land-management 
changes at different scales in ways that incorporate sto-
chasticity, direct and indirect effects of climate change?

•	 How can models help us understand how humans 
and society will respond to unexpected and serious 
consequences of climate change, including pathogens, 
invasive species, extinctions and changing migratory 
pathways?

•	 How can we develop economic models linked to LUCC 
that include:
-	 Decision making
-	 Value chains
-	 Livelihood systems and implications
-	 Global level drivers (debt, commodities, trade, agro 

subsidies)?
•	 How can we develop and link geographically explicit 

(regional scale) demographic and resource (energy, 
food, fiber, etc.) use models to land-use patterns?

•	 How can our models represent land-use intensity gradi-
ents?
-	 For example, expansion in the Amazon and US

•	 How can we understand the importance of new tech-
nology and new advances, like:

Breakout Session 3: Integrated Modeling
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-	 Genetics in agriculture
-	 Fertilizer management
-	 Importance of enhancing agricultural yields in a 

sustainable way?
•	 We need to develop a strong theoretical foundation 

on how people in different places respond differently 
based on resource potential, settlement histories and 
socio-political contexts.

•	 We need to develop support tools for decisions made 
at all scales to provide support at point of decision-
making in land use/management context.

•	 We need well-developed sub-models and integrated 
assessment models (socio-economic/biophysical) in 
relationship to land cover and land-use change and 
carbon that include:
- Drivers of social and economic change (population, 

econ, technology, land tenure, policies, culture)
- Mechanisms that determine management intensity
- Broad vegetation types
- Decision making in land use process; test policy op-

tions
- At what spatial and temporal scales should these 

integrated models be built?

Questions and topics about modeling needed within the 
natural sciences were identified as follows:

•	 How can representations of carbon transformations be 
improved in biophysical models? 

•	 How can we incorporate hydrology, sea-level rise (salt-
marsh restore), urban-climate models, surface energy 
balance models? 

•	 How can models be incorporated into a monitoring and 
early-warning system to recognize if carbon is on the 
move or if an ecosystem is in danger of collapse?

•	 What role can models play in indentifying places that 
may end up regulating C sequestration at the regional 
level? 

•	 We need models that integrate the range of proximate 
and global drivers to the carbon cycle.

•	 How sensitive do carbon models need to be to identify 
the effects of fine-scale changes in LULC? 
-	 What scale-dependent relationships are appropriate?

The general modeling issues and questions identified 
were grouped into four different categories: model integra-
tion, prediction, calibration and validation and scale.

Model Integration
•	 How can we make a biophysical model that can feed 

into socio-economic models (as well as vice versa)?
•	 How can unexpected events (in either the social or 

natural systems) be incorporated into land-use/carbon 
models? 

•	 How will carbon offsets/management of carbon as a 
resource interact with other resource management 
activities?

•	 How do different types of land-management strategies 
affect ecological and social systems in different ecore-
gional and livelihood contexts, and how should they be 
represented in integrated models of social-biophysical 
systems?

•	 We need to account for edge-effects and fragmentation 
in models of both human decision making and ecosys-
tem function.

Prediction
•	 We need to make integrated assessment models dy-

namic over time and space.
•	 Dynamics for the long term are not being captured in 

current crop of models.
-	 Set up an experiment with management and look at 

the long term
-	 Common base set of models for evaluation

• Move towards a set of community models
• Use a common database

Calibration and Validation
•	 We need to ensure the validation (verification, evalua-

tion) of models using appropriate data.
•	 We need standards for setting forth the assumptions, 

uncertainties and sensitivities of models.
•	 Need to better incorporate usable observations into 

models.
-	 Better data integration and consistency over space 

and time
•	 There should be an explicit effort to integrate all 

appropriate data sources from various agencies that 
address carbon opportunities and related land-use and 
management issues.

•	 Remote sensing is not being used enough in models, 
but neither is it sufficient.

•	 We need models that can take advantage of available 
datasets for validation and calibration.

Scale
•	 How sensitive are local and regional scale models 

regarding boundary conditions? 
•	 Issues of scale:

-	 Many land-use decisions are made at a local level.
-	 How do these work into a larger scale model?
-	 Can models be scaled up and down?
-	 What scales are appropriate for a given model or 

question?
-	 Global market forces represent different kinds of 

interactions in different regions.
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T he problems of managing land for carbon storage and 
developing policy to manage carbon on land, and 
understanding the effectiveness of these manage-
ment and policy approaches and their implications for 

human well-being, require an integrated understanding of 
human and natural systems.  This requires multi-disciplinary 
conversations and collaborations that involve social and 
natural scientists in increasingly deliberate multi-disciplinary 
research programs. 

The workshop on Land Use and Land Cover Change and 
the Carbon Cycle held in Ann Arbor, MI, on June 8 and 9, 2009, 
was a part of this ongoing multi-disciplinary conversation, 
and workshop attendees strongly endorsed the impor-
tance of continuing to develop interdisciplinary research 
programs to address questions about the dynamics of 
land use and the carbon cycle.  Better integrated science 
would help us answer important questions about the relative 
effectiveness of bottom-up and top-down approaches to 
managing the carbon cycle on land, about how the land-use 
system will respond to climate change and how land use fits 
into the solution of mitigating climate change (i.e., what land 
policy strategies we should follow).  In addition to improving 
our understanding of the interconnected human-environ-
ment systems that give rise to land use and carbon dynamics, 
such an integrated approach to science would help deliver 
more useful scientific information to policy and planning 
communities.  Better information about the potential effects 
of various policy and management options and better models 
for evaluating various courses of action would provide tools 
to support decision making that consider both the natural 
and social dynamics that determine the response of land-
based carbon stocks to policy, economic and environmental 
changes. 

Key to the development of this integrated scientific ap-
proach is the maintenance and further development of the 
burgeoning field of land-change science, which first appeared 
as a stand-alone element of the CCSP in 2003.  Meeting par-
ticipants stressed the importance of maintaining land use 
as a stand-alone element within the US Global Change Re-
search program.  Progress has clearly been made, but there 
is a need to continue to develop theory, data and methods of 
land-change science to support help answer the questions 
raised at the workshop as well as others like biodiversity, 

water quality, etc., to which land dynamics are also important 
contributing drivers.

Multiple experimental, observational and modeling 
approaches are needed to support this integrated scientific 
effort.  Observational approaches and capabilities, including 
both remote sensing and in situ based observations, need 
to be strengthened. Creative integrated experiments are 
required at regional scales.  For example, one suggestion was 
to develop demonstration watersheds that could be used 
to evaluate alternative approaches to carbon management.  
These watersheds could be used to demonstrate how data 
and model integration could improve decision making and 
evaluate the effectiveness of alternative strategies.  Scientists 
and policy makers could work together to determine how 
best to maintain or transform socio-economic livelihoods 
or economic systems while instituting carbon conservation 
measures.

In support of developing land-change science, the 
workshop participants ratified the need for research 
that would evaluate and enhance the state of land-use 
modeling, to help bring it to a similar degree of maturity and 
process basis with other Earth system-modeling approaches.   
Land-use modeling assessments could lead to a more formal-
ized and organized modeling effort within the US global 
change science community and ultimately result in coordinat-
ed modeling efforts that facilitate policy and decision support 
in the context of carbon management on land.  Furthermore, 
such an effort might facilitate the organization and integra-
tion of relevant data sets on land change and its drivers across 
multiple federal agencies.

The organization of the science, discussed above, may 
inform a reorganized agency structure tasked with land 
and carbon management.  Discussion of this point focused 
on possibilities rather than achieving a single workshop-
endorsed recommendation. One possibility for implementing 
policy goals in land-based carbon management is to create a 
national agency (national land or carbon administration), or 
at least a better coordinated interagency effort, to facilitate 
science and management at the intersection of land, carbon, 
climate and ecosystem services. Whatever form the structure 
takes, commitment from across the federal government is 
needed for central management of a carbon cap and trade 
program, should one be implemented. A proposed Green-

Recommendations and Conclusions
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house Gas Information System could be implemented to track 
greenhouse gases in a cap and trade system, with significant 
links to the land science community.

Organizationally, the workshop participants recom-
mend that the USGCRP establish ongoing organizational 
linkages between land use and carbon working/steering 
groups within the USGCRP.  The nature of the conversations 
begun at this workshop suggests the need to continue and 
sharpen them in the context of developing the next genera-
tion of global change research.  Fostering these conversations 
about land-based carbon management is consistent with 
the recommendation of the recent NRC report on the future 
of the Climate Change Science Program that it be organized 
around cross-disciplinary themes and problem areas.  Possible 
models for developing these interactions include creating a 
new ad hoc working group and steering committee to further 
develop the science of land-based carbon management, 
more informally holding additional joint meetings of the two 
communities, or more formally reorganizing the USGCRP 
Working Groups.  Whatever is done in this regard, it is worth 
reiterating that the participants strongly urged that the 
USGCRP needs to maintain a focused land-change compo-
nent that is flexible enough to function interactively with 
other components of the USGCSP.
 

Additional Workshop Product
In addition to this report, the workshop organizers are in the 
process of producing a book tentatively titled “Land Use and 
the Carbon Cycle: Science and Application in Human Environ-
ment Interactions.”  The book will include contributions from 
leading scientists, social scientists and economists and the 
novel approaches, concepts, theories and knowledge they 
use to improve science and policy associated with carbon 
accounting and climate change mitigation at the point of 
intersection among land-use and land-cover change, land 
management and the carbon cycle. Appendix III provides the 
table of contents of the book.
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Appendix II: Related Workshop Materials And Reports 
Climate Change Science Program (CCSP) Overview
http://www.climatescience.gov

CCSP Science Plan: Land Use and Land Cover Change
http://www.usgcrp.gov/usgcrp/ProgramElements/land.htm

CCSP Science Plan: Global Carbon Cycle
http://www.usgcrp.gov/usgcrp/ProgramElements/carbon.htm

CCSP Science Plan: Ecosystems
http://www.usgcrp.gov/usgcrp/ProgramElements/bio.htm

CCSP Land Use and Land Cover Change Research Questions
http://www.climatescience.gov/Library/stratplan2003/final/ccspstratplan2003-chap6.htm

CCSP Global Carbon Cycle Research Questions
http://www.climatescience.gov/Library/stratplan2003/final/ccspstratplan2003-chap7.htm

CCSP Ecosystems Research Questions
http://www.climatescience.gov/Library/stratplan2003/final/ccspstratplan2003-chap8.htm

State of the Carbon Cycle Report
The State of the Carbon Cycle Report (CCSP Synthesis and Assessment Product (SAP) 2.2)
http://cdiac.ornl.gov/SOCCR

NRC Report: Restructuring Federal Climate Research
http://www.nap.edu/catalog.php?record_id=12595

North American Carbon Program
http://www.nacarbon.org/nacp

NRC Panel: America’s Climate Choices
http://americasclimatechoices.org/background.shtml
http://www.espp.msu.edu/news/opportunities/Dietz_climate

Forestry and Agriculture Greenhouse Gas Modeling Forum
http://foragforum.rti.org
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