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Introduction/Background

General warming in the Northern Hemisphere has 
been recorded since the end of the 1800s following the 
Little Ice Age (Folland et al. 1990). Records of glacier 
retreat during the last 100 years over the entire globe 
(Oerlemans 1994) independently confirmed the recorded 
trend in global temperature rise. Several studies have 
illustrated various responses to this climate forcing, i.e., 
the recorded changes in temperature and precipitation 
concurrent with the increase in atmospheric CO2 concen-
tration, increases in density of tree populations (Morin 
and Payette 1984; Payette and Filion 1985; Scott et al. 
1987), declines in tree populations (Hamburg and Cogbill 
1988), treeline displacement (Lescop-Sinclair and Payette 
1995) or lack thereof (MacDonald et al. 1998), length-
ening of the growing season (Mynemi et al. 1997), and 
enhanced tree growth (Jacoby et al. 1996). It is critical that 
we identify the tools needed to estimate potential con-
sequences of climate change on forest ecosystems (Joyce 
and Birdsey this volume) and develop management prac-
tices and policies adapted to projected drifts in the geo-
graphic distribution of ecosystems.

Emanuel et al. (1985), who used the Holdridge life-
zone model (Holdridge 1947), and Box (1981) were among 
the first to use correlational models between average cli-
mate and vegetation distribution to predict the responses 
of vegetation to climate change using general circulation 
model (GCM) climate simulations. The Holdridge life-
zone classification relates the distribution of major eco-
systems to mean annual biotemperature, mean annual 
precipitation, and the ratio of potential evapotranspira-
tion to precipitation (Holdridge 1947). It was used by 
several authors (Emanuel et al. 1985; Prentice and Fung 
1990; Smith et al. 1992) to examine potential global shifts 
in major ecosystems with climate change (Dale 1997). 
Results from Smith et al. (1992) showed a global decrease 
in the extent of tundra and desert, with a concurrent 
increase in grassland area, under four different GCM cli-
mate change scenarios. Results also showed an increase 
in tropical forest area and the replacement of tundra by 
boreal forests. These static models offer simplicity and 
availability but: 1) they do not take into account season-
ality; 2) they have strict climate boundaries which create 
problems for representing transitional vegetation; and 
3) they cannot include any direct CO2 effect or indicate 
changes in vegetation density, runoff, or nutrient fluxes. 

Over 100 “gap” model studies have also been conducted 
to simulate the impacts of global change on forests (Smith 
and Shugart 1996; Dale and Rauscher 1994; Smith et al. 
1992). These models predict the establishment, growth, 
and death of individual trees for all potential species on a 
site. They include a wide range of disturbances such as fire, 
blowdown, insect defoliation, and drought. Simple rules 
are used to simulate succession in most forests. Compara-
tive studies showed that seemingly similar models could 
yield totally different projections of future forest compo-
sition (for example, Bugmann 1997), since there is consid-
erable uncertainty about the appropriate formulation of 
environmental influences on demographic processes. Early 
versions of gap models had been developed for current 
climate. Their applicability to changing climate conditions 
and increasing CO2 concentration was questionable (for 
example, Loehle and Leblanc 1996). However, a second 
generation of gap models was developed with improved 
formulations of key relationships, including physiological 
mechanisms, thus allowing more mechanistic calculations 
of environmental effects on tree growth. Functional types 
were used to reduce the numbers of site-specific param-
eters required to run the models (Friend et al. 1997). Unfor-
tunately, there has not been enough time yet for results 
from climate change research with these newer models to 
be widely circulated and published.

Biogeography models such as DOLY (Woodward and 
Smith 1994), MAPSS (Neilson 1995), and BIOME2 or 3 
(Haxeltine et al. 1996), which are based on ecophysiologi-
cal constraints and resource limitations, have been con-
sidered the next generation of equilibrium spatial models 
(Monserud and Leemans 1992). They are capable of sim-
ulating impacts on natural vegetation at all scales from 
global to continental, regional, and local (Smith et al. 
1994) and have been used in several global climate change 
studies (IPCC 1996; VEMAP Members 1995; Neilson et al. 
1998). 

The objective of this chapter is to address the following 
question: To what geographic extent will potential eco-
system types change or move across the United States, as 
measured in composition and boundary changes? To do 
so, we used results from three different studies (Neilson 
et al. 1998; VEMAP Members 1995; Neilson and Drapek 
1998), which are summarized in table 2.1. Three different 
models (DOLY, MAPSS, BIOME2 and its later version 
BIOME3) were run at two spatial resolutions (half-degree 
latitude × half-degree longitude, and 10 km) for two 
geographic extents (North America and the contermi-
nous United States). Older and newer GCM-generated 
climate scenarios were used to describe the impacts of 
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Table 2.1—Summarized description of the three studies used in this article to illustrate the impact of climate change on biome distribu-
tion.  FAR = First Assessment Report (IPCC 1990) including climate change scenarios from GFDL-R30, GISS, OSU, UKMO; SAR = 
Second Assessment Report (IPCC 1996) including climate change scenarios from HADCM2SUL and HADCM2GHG (see table 3 for 
details on scenarios).

Region of study Biogeography   Climate change Climate data
  (project) models Resolution Reference scenario  source

North America MAPSS 0.5° latitude Neilson et al. 1998 FAR and SAR  Leemans and
 BIOME3 × longitude   Cramer 1991

Conterminous MAPSS 0.5o latitude VEMAP Members 1995 FAR Kittel et al. 1995
USA (VEMAP) DOLY × longitude   
 BIOME2

Regional USA MAPSS 10 km Neilson and Drapek 1998; FAR and SAR NOAA-EPA 1997
   Borchers and Neilson 1998

the improvements made in projecting future climates on 
ecological simulation results. The rationale for using this 
approach is that: 1) focusing on the entire North American 
continent enables us to include entire biomes regardless 
of political boundaries; 2) focusing on the U.S. enables 
us to address nationally relevant issues and to compare 
MAPSS results with other model projections; and 3) a 
10 km resolution is a more adequate scale to focus on 
regional impacts. A different baseline climatic dataset was 
used for each of the three studies, which explains the dif-
ferences between the North American study and VEMAP, 
both of which were performed at the same half-degree 
resolution. Using results from these studies increases the 
information gain about U.S. forests and also emphasizes 
the uncertainties associated with the results.

Methodology

Biogeography Models

Models

Process-based biogeography models simulate the dom-
inance of various plant lifeforms in different environ-
ments based on ecophysiological constraints, such as 
growing degree days and minimum winter temperatures, 
and resource limitations such as available soil water for 
plant uptake and available sunlight for the understory 
canopy (VEMAP Members 1995). These models simulate 
potential “climax” vegetation at steady state under any 
climate, past, present, or future (Neilson and Running 
1996).

Most of the results presented in this chapter come 
from the MAPSS (Mapped Atmosphere Plant Soil System) 

model (Neilson 1995; Neilson and Marks 1994). It includes 
a water submodel that calculates plant available water 
and a rule-based submodel that determines the climatic 
zone, the lifeform, and the plant type as a function of 
temperature thresholds and water availability. The maxi-
mum potential leaf area index (LAI) a site can support is 
calculated iteratively. It uses an aerodynamic approach 
sensitive to canopy characteristics to calculate evapo-
transpiration. Grasses and trees have different rooting 
depths in a multi-layer soil and compete for available soil 
water, while shading by trees limits grass growth. Veg-
etation classification in MAPSS is based on the presence/
absence and LAI values of three types of lifeforms—trees, 
shrubs, and grasses—with their leaf characteristics, ther-
mal affinities, and seasonal phenology. The woody com-
ponents, trees or shrubs, are assumed to be dominant and 
mutually exclusive. MAPSS includes a fire submodel that 
maintains transition zones such as the prairie peninsula. 
The model has been run at two different resolutions: 1) 10 
km; and 2) half degree latitude-longitude resolution for 
VEMAP and the North American study.

BIOME2 and DOLY are two other biogeography models 
that have been compared to MAPSS in VEMAP (VEMAP 
Members 1995). The newer version of BIOME2, BIOME3, 
was later compared to MAPSS in the North American 
study (Neilson et al. 1998). BIOME3 builds upon BIOME2 
but contains a more process-based canopy physiology, 
optimizing carbon gain through photosynthesis with radi-
ation and water balance constraints on stomatal conduc-
tance. In BIOME2 and BIOME3 (Haxeltine and Prentice 
1996; Haxeltine et al. 1996; Prentice et al. 1992), plant 
functional types (PFT) are calculated using a small set 
of ecophysiological constraints such as minimum tem-
perature tolerance. Gross primary production (GPP) is 
calculated for each PFT as a function of photosyntheti-
cally active radiation (PAR) based on the Farquhar pho-
tosynthesis equation (Farquhar et al. 1980). GPP is then 
reduced by soil water availability and temperature lim-
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Figure 2.1–Top: Aggregated potential vegetation classes simulated for the North American region at a half degree latitude-longitude 
resolution and for the United States at a 10 km resolution for current climate conditions. Bottom: Areas where new vegetation classes 
are simulated in future climate conditions by the MAPSS model using the Hadley Centre climate change scenario including sulfate 
aerosols (HADCM2SUL). Areas where there is no change in vegetation type remain white.
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Figure 2.2—Areas where new vegetation classes are simulated in future climate conditions by MAPSS using 3 FAR climate change 
scenarios: OSU, GFDL-R30, and UKMO, in the conterminous United States at a 10 km resolution. Areas where there is no change in 
vegetation type remain white.

sink (sequestration of carbon) to a net source (release of 
carbon) of CO2 (Anderson 1991; Oechel et al. 1993). Soil 
warming would also affect methane fluxes from tundra 
plant communities directly affected by drier soil surfaces 
and the resulting increased surface oxidation. The frozen 
soils of boreal forests contain one of the largest pools of 
carbon (Dixon et al. 1994; Gorham 1991) in the terrestrial 
biosphere: 200–500 Gt of carbon (1Gt = 109 metric tons). 
Goulden et al. (1998) used eddy correlation, chamber, 
and laboratory techniques to measure carbon balance in 
a typical black-spruce boreal forest site in Canada. They 
concluded that the deep soil carbon pool was not in equi-
librium and discussed the possibility that soil C losses 
might be due to climate warming since Oechel et al. (1993) 
already reported such findings. Projected shifts in vegeta-
tion types due to climate warming would probably accen-
tuate soil carbon losses.

Also see Heath and Smith (this volume), Smith and 
Heath (this volume), Birdsey (this volume), and Skog 
and Nicholson (this volume) for additional discussions of 
carbon sequestration in forests and wood products.

CO2 Impacts on Physiological Processes

Elevated CO2 has been documented to increase pro-
ductivity, nitrogen efficiency, and water-use efficiency 
(IPCC 1996; Bazzaz et al. 1996). Wullschleger et al. (1995) 
reviewed 58 studies where a doubling of atmospheric CO2 
concentration resulted in a 32 percent average increase 
in plant dry mass. Norby (1996) studied seven broadleaf 
species under a doubling of atmospheric CO2 concen-
tration over a wide range of conditions, and recorded a 
29 percent increase in annual growth per unit leaf area. 
Eamus (1991) reported reductions of leaf conductance to 
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Figure 2.3—Aggregated potential vegetation classes simulated by MAPSS for current conditions (top) and areas where new vegetation 
classes are simulated by MAPSS using the GFDL-R30 climate change scenario (bottom) at a 10 km resolution (right) and at a half-
degree resolution (VEMAP) (left) in the conterminous United States. Areas where there is no change in vegetation type remain white.

accurately represent the constantly evolving interactions 
between atmosphere, ocean, and land. In reality, there is 
no “average” year and thus equilibrium models such 
as MAPSS simulate vegetation distributions that do not 
and will not have an exact analog in nature (Borchers 

and Neilson 1998). The value of equilibrium projections, 
however, is that they depict theoretical equilibrium states 
or potential natural “climax” that the vegetation might 
evolve toward, a concept that has guided decision-making 
in forest management and silviculture for many years.
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Figure 3.3—Baseline annual precipitation at 50 km scale and 10 km scales.
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Figure 3.4—Baseline annual average temperature at 50 km and 10 km scales.



E NPP NPP NPPB = ∗ −( )100 10 50 10/

d 100 NPP NPP / NPPGQ50 GQ50 50 50= ∗ −( )

d 100 NPP NPP / NPP ,OS10 OS10 10 10= ∗ −( )
d 100 NPP NPP / NPP ,OS50 OS50 50 50= ∗ −( )

d 100 NPP NPP / NPP , andGQ10 GQ10 10 10= ∗ −( )
d 100 NPP NPP / NPPGQ50 GQ50 50 50= ∗ −( )
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Figure 3.5—Vegetation types mapped at 50 km and 10 km scales.
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Figure 3.6—Baseline net primary productivity (NPP) at 50 km and 10 km scales.
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Figure 3.7—Net primary productivity at 50 km and 10 km scales from the GFDL-Q climate scenario.
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ments in the unfettered case. As such it shows a greater 
shift to pine plantations, and as timber prices fall, an 
increase in land moving from forest to agriculture and a 
decrease of investment in pine plantations. 

With FASOM having all four key timber supply mod-
eling elements as endogenous components, a different 
set of projected adjustments (both temporally and across 
regions) are possible than with TAMM. A range of adjust-
ments is discussed in Chapter 8, where analyses of global 
change mitigation strategies using the FASOM model are 
reviewed.

Model Uncertainties

These two forest sector models are useful in devel-
oping a portfolio of possible impacts of human uses (in 
a commodity sense) on forests under climate change. 

Such factors are not normally considered with most cli-
mate change simulation models. They show how and the 
extent that climate-change influences on U.S. timberlands 
will be mitigated by market feedbacks between the natu-
ral resource base and the production and consumption 
of forest products. This helps place the issue in context. 
As shown in figure 4.2, the prospective impacts on the 
U.S. forest sector of one view of global climate change is 
overshadowed in the near term by other contemporary 
policy concerns such as habitat conservation strategies 
that involve reductions of timber harvest on federal tim-
berlands in the west (e.g. Adams et al. 1996b). This raises 
questions about the timing of the often cited prospective 
catastrophic ecological declines associated with climate 
change and the accompanying specter of economic dislo-
cation within the U.S. forest sector. This scenario needs to 
be examined in light of the extent and speed of changes 
induced by price signals from timber markets. That is, to 
what extent will the expectations of lower prices in the 
future associated with climate-change reduce land man-
agement actions taken in the next decade?

Figure 4.2—Softwood lumber price index under different views of the future including one prospective view of climate change. (The 
CEA projection represents the results from an alternative macro economic forecast developed by the Council of Economic Advisers in 
1994.) Source: Haynes et al. 1995.
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Introduction

Quantitative estimates of carbon inventories are needed 
as part of nationwide attempts to reduce net release of 
greenhouse gases and the associated climate forcing. Nat-
urally, an appreciable amount of uncertainty is inherent in 
such large-scale assessments, especially since both science 
and policy issues are still evolving (Brown and Adger 
1994; Klabbers et al. 1996; IPCC/OECD/IEA 1997a). Deci-
sion makers need an idea of the uncertainty in carbon 
estimates in order to consider tradeoffs between known 
effects, possible outcomes, and preferred consequences. 
While an ultimate goal of assessments is to minimize 
uncertainty, a more immediate concern is to adequately 
quantify existing uncertainty. The goal of this chapter is 
to present some useful considerations for the interpreta-
tion and subsequent use of information from probabilistic 
assessments of uncertainty.

Forests store a large portion of the carbon in terrestrial 
ecosystems; therefore the extensive and largely managed 
timberlands of the United States represent a potential 
for producing offsets to carbon dioxide emissions (Bird-
sey 1992; Heath et al. 1996; Sohngren and Haynes 1997). 
Carbon content is a function of the state of forests: size, 
age, composition, productivity, and area, for example. 
These, in turn, are dependent on histories of management, 
utilization, weather, disturbance, and land use. Finally, 
all of these variables can be manipulated in many ways 
to fit differing scientific modeling approaches, as dem-
onstrated by other chapters in this volume and citations 
therein. Decision makers faced with such complexity are 
likely to want information about uncertainty.

Uncertainty is a natural element of scientific under-
standing and therefore also an element of simulation 
modeling. This is the case for many forest-system models 
where uncertainty is sometimes explicitly quantified, 
sometimes disregarded, but most often discussed in gen-
eral qualitative terms. Uncertainty in models is some-
times poorly characterized because the primary purposes 
of many models are to present best estimates or evaluate 
cause-and-effect relationships, not emphasize what is 
unknown. Additionally, “uncertainty” itself is sometimes 
a poorly defined, or elusive, quantity (Morgan and Hen-
rion 1990; Shackley and Wynne 1996). A complete quanti-
tative estimate of total uncertainty in forest carbon budget 
projections is beyond the scope of this chapter. Fortu-

nately, models of uncertainty are useful, even when they 
do not provide a “bottom line” (Morgan and Henrion 
1990; Cullen and Frey 1999).

Decisionmakers, or anyone using quantitative assess-
ments of uncertainty, will likely face the need for pooling, 
comparing, or otherwise synthesizing such assessments. 
Because such actions are essentially modeling, some 
understanding of the process may be beneficial. Here, we 
particularly emphasize the consequences of summariz-
ing uncertainty, as well as how such summaries can affect 
the perception of uncertainty in subsequent use of the 
information. Our discussion is oriented toward providing 
decision makers with an overview of some links between 
the form assigned to uncertainty and the perception of 
that uncertainty. Examples are presented from our current 
forest carbon budget modeling efforts where we employ 
probabilistic definitions of uncertainty in Monte Carlo 
simulations. The method of summarizing model results 
can affect perceived uncertainty, and summing uncer-
tainty without considering covariability among parts can 
create a false estimate of uncertainty. Details on methods 
of analysis are in Smith and Heath, (in press) and data are 
summarized from Heath and Smith (2000).

A Forest Carbon Budget Model: 
FORCARB

The model FORCARB was developed to estimate carbon 
budgets for U.S. forests (Heath and Birdsey 1993; Plant-
inga and Birdsey 1993; Birdsey and Heath 1995; Heath et 
al. 1996). Carbon budgets, as used here, are essentially esti-
mates of size for various pools of carbon inventory as well 
as net changes over time. Net change in carbon inventory 
is referred to as flux. FORCARB is linked to a system of 
models (Mills and Haynes 1995; Birdsey and Heath 1995) 
developed as part of the periodic Resources Planning Act 
timber assessments (Haynes et al. 1995). Inputs to FOR-
CARB from other models include landscape-scale projec-
tions of age-structure, volume, and area (Mills and Kincaid 
1992), and as such, they implicitly contain a wide array of 
uncertainties. The focus in these simulations was on uncer-
tainty within the FORCARB model, thus all inputs from 
other models were assumed known with certainty.

Functional relationships are used to estimate carbon 
pool sizes for hardwood trees, softwood trees, understory, 
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forest floor, and soil based principally on age and volume 
inputs. An example of such a relationship is shown as the 
solid line in figure 7.1. Here, forest floor carbon inventory is 
estimated from stand age. Subsequent reference to a “FOR-
CARB parameter” refers to this type of functional relation-
ship. Carbon pools are then expanded to total carbon for 
large areas of similar forest-type and productivity within a 
region. These large areas are termed “forest management 
units” (103 to 107 ha with a median of 180,000 ha for the 
1990 inventory). Regional subtotals are formed and, finally, 
summed to a national total. Private timberlands in the 
48 contiguous states are represented by results presented 
here, which include 216 forest management units. Carbon 
budget projections are presented in greater detail in Heath 
and Smith (2000). The basic sequence of a FORCARB simu-
lation is illustrated in figure 7.2.

Uncertainty

Some level of uncertainty is usually a part of any 
model, assessment, or decisionmaking whether or not it 
is an explicitly considered part of the process. A widely 
used and potentially general term such as “uncertainty” 
can be confusing or misleading unless it is adequately 
defined (Hattis and Burmaster 1994; Shackley and Wynne 
1996). At its simplest level, uncertainty can be the state of 
not knowing, or the inability to quantify something with 
a single discrete value. Sources of uncertainty can vary 
widely, and as a consequence, attempts to narrow the def-
inition can require reference to variability, ignorance, sys-
tematic error, unknowns, expert opinion, semantics, or 
misapplication of a model (Morgan and Henrion 1990; 
Hattis and Burmaster 1994; Rowe 1994; Ferson and Ginz-
burg 1996; Cullen and Frey 1999). In earlier literature 
(largely stemming from Knight 1921), scientists were care-
ful to define the risk of an event by a probability based 
on documented frequencies of occurrence. Risk was con-
trasted with uncertainty where such probabilities could 
not be assigned. However, current applications employ a 
range of definitions for uncertainty, including probability; 
furthermore, valid definitions of probabilities can include 
observed frequency or even subjective expectation (Hoff-
man and Hammonds 1994; Reckhow 1994; Dakins et al. 
1996; Schimmelpfennig 1996; Paoli and Bass 1997; Haynes 
and Cleaves 1999). We use a probabilistic definition of 
uncertainty.

An unknown, but unique, inventory of carbon exists 
within a given forest management unit for a particular 
year. Our inability to precisely specify that value is the 
general definition of uncertainty we employ here. This 
concept of uncertainty implies that we can specify a range 

Figure 7.1—An example of a typical functional relationship (or 
FORCARB model parameter) used to project forest floor carbon 
inventory based on stand age (solid line). Probability bands 
illustrate our meaning and use of uncertainty in “FORCARB 
parameters” for this analysis. The bands indicate the 5th, 25th, 
50th (expected value), 75th, and 95th percentiles (bottom to top 
respectively) of the probability distribution around the dependent 
variable. (Relationship is from a Douglas fir forest management 
unit.)

of possible values and an associated likelihood for values 
within that range. This describes a probability distribu-
tion, or more properly, a probability density function 
(PDF). Thus, we use PDFs as convenient quantitative 
and graphical representations of uncertainty (Vose 1996; 
Cullen and Frey 1999). 

The effect of this definition of uncertainty, applied to 
estimating carbon for a given subset of a forest manage-
ment unit, is illustrated in figure 7.1. The broken lines 
are probability bands indicating specific points on depen-
dent variable PDFs–or uncertainties–about exact values 
of carbon per unit area. These probabilities reflect uncer-
tainty in predicting carbon from stand age. Normally 
distributed PDFs were assumed to describe uncertainty 
about FORCARB parameters (details in Heath and Smith, 
2000). No assumption of normality was required for this 
model: its use was simply a convenience for describing 
assumed expected values with symmetrical distributions. 
Analyses would ideally address all sources of uncertainty 
relevant to policymakers’ questions about forest carbon 
inventory and flux. However, as mentioned above, a prag-
matic first step is to focus on uncertainty internal to FOR-
CARB. Therefore, uncertainties presented here are limited 
to this portion of the potentially much larger system of 
models that describe forests.
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International Negotiations to 
Stabilize Greenhouse Gases

In June 1992, representatives from 172 countries gath-
ered at the “Earth Summit” in Rio de Janeiro to discuss 
environmental issues. The United Nations Framework 
Convention on Climate Change (FCCC) was adopted to 
achieve “. . . stabilization of greenhouse gas concentra-
tions in the atmosphere at a level that would prevent 
dangerous anthropogenic interference with the climate 
system. Such a level should be achieved within a time 
frame sufficient to allow ecosystems to adapt naturally 
to climate change, to ensure that food production is not 
threatened, and to enable economic development to pro-
ceed in a sustainable manner.” The nonbinding goal of 
the Convention was “to return emissions of greenhouse 
gases to their 1990 levels by the end of the decade.” 
The United States responded to the FCCC in 1993 with 
the “Climate Change Action Plan,” a collection of about 
40 individual programs covering emissions reductions, 
energy efficiency, and productivity enhancements includ-
ing forestry activities.

At the first Conference of the Parties to the FCCC in 
1995, it was concluded that voluntary commitments were 
inadequate and would not be met by most developed 
countries. Negotiators then agreed to the need for specific 
limits on greenhouse gas emissions beyond the year 2000. 
The U.S. position on mitigation of greenhouse gas con-
centrations was clearly stated at the second Conference of 
the Parties in 1996. Three elements were seen as necessary 
for ratification of a treaty: 1) realistic and binding targets; 
2) flexibility in implementation; and 3) the participation 
of developing countries. 

The third Conference of the Parties, held in Kyoto, 
Japan, in December 1997, produced an agreement known 
as the “Kyoto Protocol” that contained the first two ele-
ments: 1) binding targets, and 2) flexible implementation. 
The U.S. President promised to negotiate an amendment 
to the agreement covering the participation of developing 
countries prior to submitting the agreement to the Senate 
for ratification. Under the terms of the agreement, the 
United States is bound to reduce emissions of greenhouse 
gases 7 percent below 1990 levels by 2008-2012. This is a 
substantial reduction given that emissions are expected 

to rise substantially during this period due to population 
growth and economic expansion. Various countries and 
groups of countries have different reduction targets (and 
increases in some cases). 

The role of forestry and land use change has been con-
troversial throughout the international negotiation pro-
cess. There are different opinions around the globe on 
whether forestry activities should be counted or not. A 
country’s position depends on factors such as whether 
their forests are currently or prospectively a net source or 
sink for carbon dioxide (CO2), whether carbon (C) stock 
changes in forests can be measured and verified, and 
the relative emphasis that should be placed on reducing 
emissions versus increasing sequestration. Some coun-
tries expressed concern that forest responses to “natural” 
factors such as increased atmospheric CO2 (which may 
increase growth) would allow a country to claim credit 
for greenhouse gas reductions that are not associated with 
specific activities.

The Kyoto Protocol attempted to reconcile the diversity 
of viewpoints on land use change and forestry. According 
to article 3.3 of the Protocol, land-use change and forestry 
activities that can be counted toward the emissions reduc-
tion target include afforestation, reforestation, and defor-
estation since 1990 if the changes in stocks can be verified. 
According to most interpretations of the Kyoto Protocol, 
forest management activities alone are not sufficient to 
allow an area of forest to count toward the emissions 
reduction target. Article 3.4 provides an opportunity for 
nations to propose including additional activities such as 
forest management. The agreement does include sustain-
able forest management as part of a general statement 
supporting sustainable development and protection and 
enhancement of sinks. 

The language, terminology, and accounting methods 
contained in the agreement are somewhat vague, and can 
be interpreted in different ways. Definitions of key terms 
such as “reforestation” are not stated, which becomes a 
problem for implementation because there are many dif-
ferent definitions in use throughout the world. The pro-
posed accounting system is vague. For example, it is not 
clear whether harvested timber should be counted as a 
forest sink and if so, under which circumstances it could 
be counted.

To address these issues, the FCCC asked the Intergov-
ernmental Panel on Climate Change (IPCC) to establish 
an expert panel to develop a special report on the land 
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use change and forestry provisions of the Kyoto Proto-
col. That group reviewed definitions, accounting issues, 
and activities that could potentially be included within 
the terms of the Protocol, and documented the various 
options for eventual reconciliation during the ongoing 
Conferences of Parties.

This chapter addresses options in the United States 
forestry sector to reduce emissions of greenhouse gases 
and to increase the rate of carbon sequestration in forest 
ecosystems. We summarize the various options that have 
been proposed in the literature, review the methodologies 
used to analyze options and compute baseline estimates, 
evaluate the potential for implementing various options 
and the expected changes in emissions or sequestration, 
and review costs and other considerations in implement-
ing mitigation policies.

Summary of Forestry Options 
to Reduce Emissions or 
Enhance Sinks

Numerous forestry options to mitigate atmospheric 
buildup of CO2 have been proposed. These options are 
categorized below according to whether their primary 
or direct effect is on emissions reduction, sink enhance-
ment, or a combination of emissions reduction and sink 
enhancement. Each of the options has indirect effects so 
that the three categories are not mutually exclusive. For 
example, forest management activities not only affect C 
storage in forest ecosystems, but affect the kind of prod-
ucts that may be produced from harvested wood, which 
in turn impacts energy use in two ways: 1) burning of 
byproducts to substitute for fossil fuel, and 2) substitution 
of wood products for similar products that use different 
amounts of energy in the production process (Marland et 
al. 1997).

Emissions Reduction

Reducing emissions is the most direct way to stabilize 
greenhouse gas concentrations in the atmosphere. Activi-
ties involving trees and forests may also achieve emission 
reductions indirectly, for example, by substituting one 
product for another, or by reducing demand for energy. 
In this section we identify the various forestry options 
for reducing emissions and the logic behind their poten-
tial inclusion as part of a comprehensive accounting for 
greenhouse gas sources and sinks.

Substitute Wood Products for More 
Energy-Intensive Products

Some wood products used in construction can be man-
ufactured with less energy than non-wood substitutes 
such as aluminum and concrete (Skog et al. 1996). To the 
extent that such substitution is practical and economic, 
an increase in these wood products and a corresponding 
decrease in their substitutes reduces energy demand and 
associated emissions. The effectiveness of product substi-
tution is based on a number of factors such as relative 
costs of inputs and elasticity of demand.

Reduce Demand for Energy in Growing Timber, 
Harvesting, and Wood Processing

Energy is used in establishing plantations, managing for-
ests, harvesting timber, and manufacturing wood products. 
Efficiency of energy use can be increased through engineer-
ing at each step in the manufacturing process. Adoption of 
more energy-efficient practices depends on economic evalua-
tion (U.S. Congress, Office of Technology Assessment 1991).

Reduce Biomass Burning (Wildfires)

Protecting forests from wildfire maintains standing 
biomass or allows biomass to increase. In some cases, par-
ticularly in the Western United States, fire protection has 
resulted in overstocked stands and large amounts of bio-
mass in dead and dying trees, posing a substantial risk of 
catastrophic wildfire or other natural disturbance such as 
an insect or disease outbreak (Sampson and Clark 1996). 
Both the long- and short-term consequences of fire pro-
tection must be considered in evaluating this option.

Sink Enhancement

Sink enhancement technologies are designed to offset 
emissions by storing more C in forest ecosystems and 
wood products. Because much of the forest area in the 
United States is managed for timber products on recur-
ring cycles of harvest, regeneration, and growth, there are 
opportunities to increase the average amount of stand-
ing biomass while still producing wood products. The 
harvested C that ends up in wood products and landfills 
is usually counted as an addition to the total amount of 
C sequestered. During the manufacturing process, wood 
waste that is burned for energy is sometimes counted to 
the extent that wood fuel is substituted for fossil fuel.

Afforest Marginal Cropland and Pasture

Conversion of cropland and pasture to forest, either 
by tree planting or natural afforestation, usually increases 
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