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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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