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Abstract

Understanding the distribution and function of Arctic and boreal ecosystems under
current conditions and their vulnerability to altered forcing is crucial to our assess-
ment of future global environmental change. Such efforts can be facilitated by the
development and application of ecological models that simulate realistic patterns of
vegetation change at high latitudes. This paper reviews three classes of ecological
models that have been implemented to extrapolate vegetation information in space
(e.g. across the Arctic and adjacent domains) and over historical and future periods
(e.g. under altered climate and other forcings). These are: (i) equilibrium biogeogra-
phical models; (ii) frame-based transient ecosystem models, and (iii) dynamic global
vegetation models (DGVMs). The equilibrium response of high-latitude vegetation to
scenarios of increased surface air temperatures projected by equilibrium biogeographi-
cal models is for tundra to be replaced by a northward shift of boreal woodland and
forests. A frame-based model (ALFRESCO) indicates the same directional changes, but
illustrates how response time depends on rate of temperature increase and concomi-
tant changes in moisture regime and fire disturbance return period. Key disadvantages
of the equilibrium models are that they do not simulate time-dependent responses of
vegetation and the role of disturbance is omitted or highly generalized. Disadvantages
of the frame-based models are that vegetation type is modelled as a set unit as
opposed to an association of individually simulated plant functional types and that
the role of ecosystem biogeochemistry in succession is not explicitly considered.
DGVMs explicitly model disturbance (e.g. fire), operate on plant functional types, and
incorporate constraints of nutrient availability on biomass production in the simula-
tion of vegetation dynamics. Under changing climate, DGVMs detail conversion of
tundra to tree-dominated boreal landscapes along with time-dependent responses of
biomass, net primary production, and soil organic matter turnover—which all increase
with warming. Key improvements to DGVMs that are needed to portray behaviour of
arctic and boreal ecosystems adequately are the inclusion of anaerobic soil processes
for inundated landscapes, permafrost dynamics, and moss-lichen layer biogeochemis-
try, as well as broader explicit accounting of disturbance regimes (including insect
outbreaks and land management). Transient simulation of these landscapes can be
further tailored to high-latitude processes and issues by spatially interactive, gridded
application of arctic/boreal frame-based models and development of dynamic regional
vegetation models (DRVMs) utilizing plant functional type schemes that capture the
variety of high-latitude environments.
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Introduction

Terrestrial ecosystems of the Arctic and adjacent boreal
regions are expected to be highly sensitive to directional
climate change and to play a significant role in biospheric
feedbacks to global climate (Foley etal. 1994; Bonan et al.
1995; Ciais etal. 1995; Betts etal. 1997, Cramer 1997;
Claussen 1998; Ganopolski etal. 1998; Levis etal. 1999).
Their sensitivity arises from complex interactions (in-
cluding threshold relationships) among ecosystem struc-
ture and function, soil and permafrost processes, and
regional climate. In turn, biophysical and biogeochemical
dynamics of these landscapes play a strong role in the
global climate system through control over surface-
atmosphere exchange of energy, carbon, and radiatively
active trace gases (Bonan et al. 1995; Barry 1967; Reeburgh
& Whalen 1992; Pielke & Vidale 1995; Randerson etal.
1999; Eugster et al. 2000; McGuire et al. 2000; and see other
papers in this issue). Biophysical feedbacks are illu-
strated by spring albedo differences between tundra and
boreal forest which strongly influence the energy
absorbed at the surface at high latitudes, which in turn
affects regional and global atmospheric circulation. As a
result, potential future large-scale changes in boreal
forest extent are expected not only to influence regional
temperatures in the Arctic, but also to have climatic
effects extending to the tropics (Bonan et al. 1992; Thomas
& Rowntree 1992). Because arctic and boreal systems are
characterized by large carbon stocks, altered vegetation
dynamics, including changes in disturbance rates,
additionally have potentially large biogeochemical feed-
backs to the climate system through loading of global
atmospheric pools of biogenic radiatively active gases
(e.g. CO,, CHy).

Driven by scenarios of increasing atmospheric levels of
greenhouse gases (GHGs), recent transient climate
experiments with atmosphere—ocean general circulation
models (AOGCMs) estimate potentially large, rapid
climate changes at high latitudes of the Northern
Hemisphere (Mitchell etal. 1995; Kattenberg etal. 1996).
For three AOGCMs, across Alaska, for example, these
changes range from 1.0 to 3.5°C increases in annual
mean surface air temperatures over the next 30-50 years,
with larger changes in winter than in summer, and —20 to
+30% changes in summer precipitation (from simula-
tions with increases in both GHGs and sulphate aerosols;
Mitchell etal. 1995; Boer et al. 2000; Dai et al. 2000).
Changes in surface solar radiation inputs and growing
season humidity accompany these simulated changes in
thermal and precipitation regimes. While there is
considerable uncertainty in these climate experiments
associated with driving GHG and sulphate emission
scenarios and model estimates of climate sensitivity, such
climatic changes and concomitant changes in atmo-

spheric CO, levels have the potential to severely alter
the distribution of tundra and boreal forests, the extent of
permafrost and flooded landscapes, the storage of carbon
in peat soils, and the emission of methane and other trace
gases from these systems.

For these reasons, understanding the distribution and
function of arctic and boreal ecosystems under current
conditions and their vulnerability to altered forcing is
crucial to global assessments of future environmental
change. This can be facilitated by the development and
application of ecological models that simulate realistic
patterns of vegetation change at high latitudes. The
primary objective of this paper is to provide an overview
of such models as a means towards extrapolating high-
latitude vegetation processes in space (e.g. zonally across
arctic and adjacent domains) and time (over historical
and future periods, e.g. under climate change and other
forcings). In addition, we review results from model
experiments evaluating the sensitivity of the distribution
and structure of arctic and boreal vegetation to altered
forcing. Finally, we discuss needed improvements to
models to adapt them specifically to high-latitude
domains.

Global and regional vegetation modelling

Classes of vegetation models

In the next sections, we review the capabilities of and
results from three classes of models: (1) equilibrium
biogeographical models, (2) frame-based transient eco-
system models, and (3) dynamic global vegetation
models (DGVMs). These models (i) operate at a coarse
spatial resolution (not, with some exceptions, at the
resolution of individual plants), (ii) represent vegetation
at the level of biome or plant functional types, rather than
the species level, and (iii) have been or can readily be
applied across multicontinental domains.

This is not a complete set of models that have
been applied to the question of vegetation change in
the high latitudes. Others include patch or gap models
that simulate horizontal and vertical interactions of
individual plants that give rise to succession (Shugart
1984; Shugart & Smith 1996). These models have
traditionally been limited to a specific region and
correspondingly restricted pool of potential species.
They are often also limited to interactions among a
single structural lifeform (e.g. trees) and to processes
selected to represent a specific ecosystem type (rather
than inclusive of mechanisms key to controlling com-
munity dynamics across multiple environments). As a
result, global or zonal generalization of these models has
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been hindered. Nonetheless, there has been recent
progress in gap models towards (a) ‘unified” patch
models for boreal forests (Bonan 1992; Shugart etal.
1992) and temperate forests (Bugmann & Solomon 2000),
where identical model structure is applied across
different biogeographical regions, and (b) the use of
plant functional types in place of individual species (e.g.
Huston & Smith 1987; Smith & Huston 1989; Bugmann
1996). These developments have led to incorporation of
patch models in some DGVMs; we revisit patch models
in the discussion of DGVMs (see below).

Generic approach for regional and global modelling

In general, regional and global ecological models are
developed with the intention of extrapolating site
dynamics to broader scales. Site or plot process studies
contribute to our understanding of which environmental
variables exert primary control over processes of interest.
Integration of such studies across landscapes, continents,
and the globe leads to generalization of these relation-
ships at broad spatial scales. At larger scales, some
relationships tend to become dominant relative to others
that are important at finer scales, resulting in a distilla-
tion of processes represented and data inputs required
by global models relative to site-level models. This is
often because their corresponding drivers show strong
gradients at coarser scales (e.g. temperature and pre-
cipitation trends across continents).

Limited by computational demand and availability of
input data, regional and global models are implemented
on coarse grids, e.g. with 5-50-km grid intervals.
However, to simulate continental responses to altered
global forcing adequately, processes operating at finer
(e.g. patch) scales such as succession and disturbance
must also be incorporated. If included, these processes
are commonly parameterized, such that empirical rela-
tionships between grid-scale drivers and cell-averaged
dynamics are developed. An alternative method is a
‘statistical dynamical’ treatment of subgrid processes,
where groups of similar landscape units within a cell are
simulated separately and then combined using an area-
weighted average to give a cell value (Avissar & Pielke
1989; Bonan 1996; Kittel et al. 1996). This approach yields
more accurate cell estimates for highly nonlinear fine-
scale processes, but it is more intensive in terms of data
and computational requirements and so is not commonly
implemented in large domain simulations.

The generic approach of deriving models from
geographical integration of site-level process studies
has led to the successful development of global and
regional vegetation models. Included among these are
equilibrium biogeographical models, which are imple-
mented globally and evaluate potential natural vegeta-
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tion distribution in equilibrium with a given climate
(Class 1, below), and frame-based models, implemented
for a given biome or selected set of biomes and focused
on transition dynamics among vegetation types as
governed by succession and disturbance (Class 2, below).
Global dynamic vegetation models have merged con-
sideration of biogeochemical processes limiting produc-
tion and nutrient recycling into a modelling framework
that determines vegetation structure derived from
equilibrium biogeography models and/or models that
explicitly treat succession and disturbance (e.g. patch
and fire models, or potentially, frame-based models)
(Class 3, below). In the next sections, we consider each of
these classes of models and their application to the
arctic-boreal domain. First, we discuss the use of plant
functional types as an important innovation for general-
izing ecosystem structure and function in global and
regional models.

Plant functional type approach

Modelling the response of vegetation structure and
function at regional and global scales requires strategies
to deal with the complexity of nature. Clearly not every
species can be modelled individually. The concept of
plant functional types (PFTs) has been introduced to
reduce this complexity to a manageable level
(Woodward 1987) and has been strongly promoted
during the past decade as a central tool in modelling
global change effects on terrestrial ecosystems (Steffen
etal. 1992; Smith et al. 1997; Woodward & Cramer 1997a).

The basic rationale for the PFT approach is that
classifying plants functionally rather than phylogeneti-
cally is a more appropriate way to reduce nature’s
complexity from the perspective of modelling global
change. However, the consensus from most analyses of
the PFT approach is that there is no single, universal PFT
scheme that can be used for all modelling applications
(Woodward & Cramer 1997b). Rather, a given PFT
scheme is usually defined by the issue being addressed
and is cast in the framework of the modelling approach
adopted.

The functional type approach is based on the assump-
tions that: (i) species can be readily grouped into
relatively few categories according to key structural
and functional characteristics, (ii) parameterizations of
each functional group adequately represent those of
constituent species with relatively low variance, and (iii)
functional types are the same from continent-to-continent
(i.e. biogeography does not matter). An implication of
these assumptions is that diversity of species within
functional types is not important in terms of critical
aspects of ecosystem function. The validity of this
assumption is now being tested through a rapidly
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expanding international research effort on the functional
role of biological diversity (Chapin etal. 1998; Sala etal.
1998).

Most PFT schemes used in regional and global
vegetation modelling are based on a mix of structural
and functional attributes of plants. Thus, most schemes
begin by differentiating between woody and herbaceous
plants and then classifying them further by attributes
such as leaf longevity (evergreen vs. deciduous), leaf
structure (broadleaf vs. needleleaf), temperature toler-
ance (e.g. warm evergreen, cool conifer), and photosyn-
thetic pathway (e.g. C3 vs. C4 grasses) (e.g. Tablel).
Structural and functional aspects of the classification are
commonly closely linked. For example, differences in
structure in terms of leaf longevity and structure are
related directly to key aspects of ecosystem function,
such as momentum transfer between the land surface
and the atmosphere (via surface roughness), soil organic
matter decomposition rates (via biochemical composi-
tion), and seasonality and rates of primary production,
evapotranspiration, and soil water use.

The need to take into account both feedback and response
aspects of ecosystem function with respect to climate
adds another layer of complexity to the PFT approach
(Walker 1997). Most PFT schemes to date focus on
functional responses of vegetation to environmental
change, such as response to temperature or moisture.
Rather less attention has been given to the classification
of vegetation based on the functional characteristics of its
feedbacks to climate, such as albedo or stomatal
conductance. In addition, very few PFT schemes consider
the functional response of vegetation disturbance such as
fire and insect infestations to climate. These are likely to
be at least as important as physiological effects in
determining the overall response of vegetation to global
change.

Cramer etal. (1999) reviewed the use of the PFT
approach in global vegetation modelling. While PFT
schemes implemented in DGVMs have some significant
differences, they uniformly consist of highly aggregated,
broad functional types (Table 1a). By comparison, Chapin
etal. (1996) and Bugmann (1996) present more detailed
schemes tailored to projecting ecosystem change at high
latitudes (Table 1b; see also Shaver et al. 1997).

Class 1: Equilibrium biogeographical models

Model class description

Equilibrium biogeographical models determine the re-
gional distribution of upland (nonwetland) vegetation
types in equilibrium with a given mean seasonal climate.
Examples of this class of models are BIOME3 (Haxeltine
& Prentice 1996), MAPSS (Neilson 1995), and DOLY

(Woodward etal. 1995), which generally use a combina-
tion of mechanistic and rule-based approaches. For
example, vegetation structural type (e.g. tree, shrub,
grass) or a mix of types is determined numerically as that
which optimizes, e.g. in MAPSS, leaf area index (LAI) or,
in BIOMES3, net primary production (NPP) under a given
soil moisture and light regime. In some of these models,
there is explicit competition among lifeforms for water
and other resources. In addition, thermal and moisture
thresholds (rules) govern the distribution of other plant
functional type characteristics such as warm vs. cold
tolerance, leaf longevity (deciduous vs. evergreen), and
leaf morphology (needleleaf/microphyllous vs. broad-
leaf). In general, disturbance is not considered explicitly;
however, in MAPSS, the effect of fire in controlling the
extent of woody vegetation is accounted for as a function
of mean climate and biomass.

Such models also incorporate direct, physiological
effects of atmospheric CO, concentration on carbon
assimilation and water-use efficiency. However, there
are considerable differences among models in their treat-
ment of CO, effects and gaps in our understanding of
longer term responses, including plant- and ecosystem-
level acclimation to elevated CO, (VEMAP Members
1995; Bazzaz et al. 1996; Neilson et al. 1997). Outputs from
these models include potential natural vegetation type
(generally defined in terms of coexisting PFTs), water
budget terms, and carbon uptake by plants or some
measure of biomass (e.g. LAI).

Simulated response of high-latitude systems to climate
change and elevated CO,

Simulations using equilibrium biogeographical models
under current climate conditions and their response to
altered climate and elevated CO, have been compared
globally (Neilson 1993a; Neilson etal. 1997) and region-
ally (VEMAP Members 1995; Cramer 1997; Yates etal.
2000). Neilson etal.’s (1997) results for arctic and boreal
regions illustrate the simulated equilibrium sensitivity of
high-latitude vegetation (Table2). They compared re-
sponses of BIOME3 and MAPSS to a range of climate-
change scenarios selected from doubled-CO, equilibrium
climate model experiments (Mitchell etal. 1990) and
transient greenhouse-gas simulations (both with and
without sulphate aerosol effects; Kattenberg efal. 1996).
In the high Ilatitudes, these climate scenarios are
characterized by large increases in surface air tempera-
tures.

In both MAPSS and BIOMES, tundra decreased in area
under all climate scenarios evaluated (Table 2). This was
due largely to a poleward shift of boreal forests and
woodlands with higher surface temperatures and a lack
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Table1b Plant functional types for arctic vegetation outlined in Chapin etal. (1996) and for boreal and northern hemisphere

temperate forests in Bugmann (1996). For temperate and boreal forest types, ‘+’=tolerant,

‘7

‘.

=moderately tolerant, and

-’ =intolerant. N/A =not applicable (not included in classification). See above references for ecological relationships associated with

each functional type and characteristic traits or model parameter values

Type group

Boreal and temperate forests

Arctic vegetation

Trees (height >snow depth)
Evergreen Evergreen, cold +,

drought +, shade -

Evergreen, cold ~,
drought -, shade +

Deciduous, cold +,
drought ~, shade -

Deciduous

Evergreen

Deciduous

(broadleaf and needleleaf spp.)

Deciduous, cold -,
drought ~, shade +

Deciduous, cold -,
drought ~, shade -

Deciduous, cold -,
drought +, shade +
Shrubs (height <snow depth) N/A

Herbaceous N/A

Non-vascular N/A

Evergreen
Deciduous

Aerenchymatous: sedges
Non-aerenchymatous: grasses and forbs

Peat-forming: Sphagnum moss
Non-peat forming: non-Sphagnum moss
Lichens

Table2 Range of changes in global area of tundra, boreal
forests and woodlands (aggregated and disaggregated), and
temperate (evergreen plus mixed) forests as simulated by two
equilibrium biogeographical models (BIOME3 and MAPSS)
under a range of greenhouse gas-induced climate change
scenarios, including scenarios with and without sulphate
aerosol effects (from Neilson efal. 1997). Area changes are
relative to simulated distributions under current conditions.
Simulations are both with and without direct physiological
CO, effects

Vegetation type Change in area (%)

Tundra’ —67 to —40%
Boreal Forest and Woodland -36 to -5%
Boreal Woodland? —65 to -36%

-36 to +33%
+7 to +58%

Boreal Forest®
Temperate Forests

Includes alpine tundra (most extensive in central Asia), as
well as arctic tundra.

*Boreal woodlands and forests treated separately only in
MAPSS.

of significant land mass north of 75°N latitude (most of
Greenland is specified as an ice sheet in these simula-
tions). That is, arctic tundra was largely ‘pushed off” the
northern edge of Eurasia and North America. In MAPSS,
boreal woodlands also decreased in area with the
northward movement of boreal forests. In spite of their
poleward extension, boreal woodlands and forests
together decreased in area largely due to even greater
poleward expansion of temperate forests (Table 2).

The inclusion of direct CO, effects in these simulations
had little influence on the patterns of change. The direct
effect of CO, on water-use efficiency would not be
expected to play a role in the moist Arctic, so that what
little CO, effect there was likely came from the direct
effect on carbon assimilation (as included in BIOMES3,
but not in MAPSS). Note, however, that these models
include neither nutrient constraints on the response of
photosynthesis and growth to elevated CO,, nor other
related ecosystem and community feedbacks which
likely account for the limited CO, response observed

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18
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experimentally in arctic and boreal systems (Oechel &
Vourlitis 1997).

Limitations

Important limitations of these models with respect to
arctic and boreal systems are their lack of treatment of (i)
flooded landscapes (including anaerobic soil processes),
(ii) permafrost and its role in controlling vegetation
distribution, and (iii), for some models, the mean effects
of disturbance (e.g. fire) on vegetation composition. In
addition, while equilibrium models tell us something
about the direction of upland vegetation change in
response to climate change, they do not simulate
transitions from one vegetation state to another in
response to changing climate and the associated changes
in disturbance regime. Simulations of such transitions
are important for understanding potential near-term
effects (10-100-y time horizons) of global environmental
change across arctic-boreal landscapes. To simulate
time-dependent responses, vegetation models must
consider community and biogeochemical successional
processes that control the rate and nature of transitions.

Class 2: Frame-based transient ecosystem
models

Description

Frame-based transient ecosystem models focus on
transient dynamics of vegetation change by modelling
processes that cause vegetation to switch from one
ecosystem type to another (Neilson 1993b; Noble 1993;
Starfield & Chapin 1996). These models consist of a series
of submodels (frames), each of which simulates transient
changes for a different ecosystem type (e.g. Fig.1). The
processes modelled in each frame are those such as
succession and disturbance (e.g. fire, insect attack, timber
harvest) that determine the probability of switching from
one ecosystem type to another. When this switch occurs,
another frame (ecosystem type) is activated, which then
simulates changes in factors determining a switch to yet
other ecosystem types. Because each ecosystem type is
modelled separately, differences among ecosystems in
rates of succession, transition probabilities, and sensitiv-
ities to climate and disturbance are readily incorporated.
Submodels for each frame can be kept relatively simple
so that the model can be implemented on a grid and run
as a regional or global model.

Application to high-latitude systems

Simulation of the movement of boreal forest into tundra
under climate change using the model ALFRESCO is an

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18
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Upland Conifer
tundra e forest

i ! °~N 7
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Broad-
= leaved
Grassland deciduous
forest
6t=10y

Management policies Forest proximity

Key to frame switches:

——> Normal successional switch

--------- > Switch under hot, dry conditions
—-—-—-—2>  Switch under sustained cold conditions

Fig.1 General structure of a frame-based transient ecosystem
model (ALFRESCO) for high-latitude ecosystems (modified
from Starfield & Chapin 1996). Structure shows major ecosys-
tem types (frames) and transition switches between types un-
der normal conditions and altered forcing (see key to
switches). &t = time step.

example of the application of frame-based transient
ecosystem modelling. This model, operating with a 10-
y time-step, simulates gradual tree invasion of deciduous
or coniferous boreal trees into tundra as a function of
climate, climatically sensitive probabilities of fire and
insect outbreaks, and a prescribed rate of seed input
(Fig.2; Starfield & Chapin 1996; Rupp et al. 2000a,b). The
probability and timing of subsequent transitions among
evergreen and deciduous forests are also functions of
climate and climatically sensitive disturbance, with these
functions, in turn, dependent on ecosystem type.

As a transient model, ALFRESCO captures lags in
vegetation change behind climate change which cannot
be simulated by equilibrium biogeographical models
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Fig.2 Time-dependent responses of tundra in transition to boreal forest as a function of rate of climate warming (increasing summer
surface air temperature, °C/century) as simulated by the frame-based model in Fig.1 (adapted from Chapin & Starfield 1997). (a)
Time lag between initiation of climate change and forest initiation; (b) time required for 80% conversion to forest; and (c) tundra fire
frequency. Two moisture scenarios evaluated in conjunction with temperature changes are: standard (summer precipitation increases
in proportion to temperature based on current climatological relationships) and dry (no change in precipitation).

(Fig.2a; Chapin & Starfield 1997). Applied to a tundra
site, the model showed that the rate of conversion to
forest depended nonlinearly on the rate of climatic
warming (Fig.2b). Conversion time ranged from over
700y for a warming rate of 0.75 °C/century down to 250—
400y (depending on accompanying precipitation
changes) for rates exceeding 5°C/century (Fig.2b).
Above this level of forcing, the response flattened
because of a diminishing response of tree growth to
warming under higher temperatures, as well as a
warming-induced increase in fire frequency that sup-
pressed tree invasion (Fig.2c). An important implication
of these frame-based model results is that biome
composition will not be in equilibrium with climate at
the rates of climatic change suggested for high latitudes.

This class of models allows inclusion of ecosystem
types that occupy a climate space which is currently rare
or absent, but which might become common in the

future. For example, dry boreal grassland was common
during the Pleistocene but occurs today only on dry
south-facing slopes. Under scenarios of a warmer, drier
climate, this grassland might become more widespread
(Chapin & Starfield 1997). Frames for currently absent
types can be conceived and developed based on the
occurrence of these types outside the domain.
ALFRESCO has also been implemented with spatially
explicit interactions among neighbouring cells. In a grid-
based simulation of Alaska, probabilities of disturbance
and vegetation transition were also a function of the state
of neighbouring cells, allowing for spread of fire and
migration of vegetation through seed dispersal in
response to climate (Rupp etal. 2000b). Such contagion
effects are limited by physiographical barriers such as
large bodies of water (ocean bays, large lakes) and
massive, high-elevation mountain systems that are too
cold to support forests and that have too little vegetation

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18
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Fig.3a (caption on next page)

to burn (Rupp etal. 2000a). These barriers are defined
explicitly in a recently developed satellite-derived land-
cover map for Alaska (S. Rupp & M. Macander, unpubl.
map).

Lines of model development and limitations

Variables modelled within each frame represent ecologi-
cal processes, such as biomass accumulation, which in
turn influence fuel load and disturbance probability. The
influences of soil fertility and permafrost depth were not
included in ALFRESCO because of the limited additional
explanatory power with respect to ecosystem-type
switching; however, these processes may be more impor-
tant for simulating within-ecosystem type dynamics
(Starfield & Chapin 1996). Frame-based models can be
expanded to additionally track these and other landscape
properties that influence carbon exchange (e.g. soil
carbon stocks) and water/energy exchange (e.g. canopy
conductance and albedo). Such functions would provide
additional insight into the nature of time-dependent
ecosystem change and would output those land-surface
properties required to link to climate system models.

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18

An important shortcoming of frame-based models is
that ecosystem types are prescribed, so that vegetation
comprising novel combinations of species cannot be
simulated. The palaeorecord clearly indicates that species
respond individually to climate (Davis 1981; Overpeck
etal. 1992; Pitelka & Plant Migration Workshop Group
1997), so that rapid climate change results in new plant
associations rather than the movement of existing, intact
communities. Models that simulate this vegetation
response to climate realistically must operate on individ-
ual species or plant functional types rather than
ecosystem types or biomes.

Class 3: Dynamic global vegetation models
Model class description

Timescales for changes in ecosystem structure and
composition (e.g. biome shifts) are often several orders
of magnitude greater than those of many physiological
processes (e.g. photosynthesis). It is thus a reasonable
first approximation in projecting global vegetation
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Fig.3 Two generalized examples of DGVM structure, incorporating processes with a range of timescales through a suite of coupled
modules: (a) IBIS (adapted from Foley etal. 1996); and (b) MC1 (Lenihan etal. 1998; Daly etal. 2000). 8t =time step. In (b), soil
WHC =s0il water-holding capacity. In MC1, three models (bold boxes) are linked: a biogeochemistry/hydrology model (derived
from CENTURY), a vegetation composition model (derived from MAPSS), and a fire model (MCFIRE).

response to environmental change to hold structure and
composition fixed for long periods of time and simulate
only the change in function (e.g. Cao & Woodward 1998).
However, structure and function interact, so that
simulation of the transient response of vegetation to
global change on decadal to century timescales requires
an integrated approach.

A new class of global biosphere models, known as
DGVMs, has been developed to simulate transient
changes in both ecosystem structure and function.
DGVMs are a significant advance over earlier separate
biogeographical and biogeochemical models in that they
(i) link vegetation structure and function in an integrated

way and (ii) simulate the transient responses of both
structure and function to changing conditions (Neilson &
Running 1996; Goudriaan et al. 1999).

Two approaches have been taken to develop DGVMs.
The first is to convert equilibrium biogeographical
models to transient models by coupling them with
models that simulate rates of disturbance (e.g. fire
models) and rates of vegetation growth (e.g. biogeo-
chemistry models, discussed below) (e.g. Figure3b).
Examples of recent DGVMs that fully couple biogeogra-
phical and biogeochemical/carbon balance models are
the Sheffield DGVM (Beerling etal. 1997), MC1 (MAPSS-
CENTURY version 1; Lenihan et al. 1998; Daly et al. 2000),

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18
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LPJ] DGVM (Lund-Potsdam-Jena DGVM; Sitch etal. in
prep.), and IBIS (Foley et al. 1996). The second approach
is to scale up (statistically or by brute force) an
individual-based patch model to the global scale and to
couple this model to a biogeochemistry model. Smith &
Shugart (1996) described these two DGVM approaches as
top-down and bottom-up strategies, respectively.
Examples of the second approach are HYBRID v3.0
(Friend etal. 1997) and GUESS (Smith etal. 2000).
HYBRID v3.0 was developed by linking patch, plant
physiology, and soil organic matter models, and GUESS
by replacing generalized relationships among competing
PFTs in the LP] DGVM with patch-based community
dynamics.

The range of dynamics and corresponding timescales
included in DGVM simulations are: (i) short-term
dynamics of photosynthesis and water and energy
exchange (timescale of seconds to minutes), (ii) seasonal
patterns of carbon assimilation (timescale of weeks), and
(iii) long-term changes in vegetation composition due to
competition, mortality, and disturbance (timescales of
years and decades). Most DGVMs incorporate these
processes with widely varying timescales through a
hierarchial suite of coupled modules. However, the
overall structure linking process submodels and the
time-step at which these processes are estimated vary by
model (Fig.3a,b). Several of these models (e.g. Sheffield
DGVM and IBIS) were developed explicitly to be linked
to climate system models.

Most DGVMs simulate the growth of vegetation in a
way following that of stand-alone biogeochemical mod-
els (e.g. BIOME-BGC, CENTURY, and TEM; Running &
Hunt 1993; Parton etal. 1994; Tian etal. 1999). These
models simulate carbon and nitrogen cycling through the
plant-soil system, with carbon assimilation limited by
temperature, light regime, and water and nitrogen
availability and with soil organic matter decomposition
controlled by soil temperature and moisture and bio-
chemistry (C:N ratio, lignin content) of plant inputs to
the soil (Fig.3b). However, representation of nitrogen
cycling varies among DGVMs, affecting the manner and
degree to which nutrient availability constrains plant
growth and vegetation dynamics. DGVMs also incorpo-
rate the direct effects of CO, on plant production.
However, as with the biogeochemical models, DGVMs
differ in their conceptualization of how biogeochemical
processes control these effects (cf. Pan efal. 1998).

The current generation of DGVMs all adopt a plant
functional type approach, usually with seven to 10
different PFTs (Table 1a), which is a smaller number of
types than species used in standard patch models. The
PFTs compete for basic resources under a varying
climate (e.g. historical or future series) and specified or
climatically determined disturbance regime (e.g. fire).

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18

The resulting simulation gives, for each grid cell, a
distribution of those PFTs that can generate significant
biomass. This approach allows the simulation of new
biome types, through the generation of a novel mix of
PFTs, and can project structural changes within a biome,
such as a changing tree:grass ratio in a semiarid tropical
savanna. More well-known descriptive characterizations
of biomes (e.g. ‘tropical rainforest’) can be recovered
from DGVM output by overlaying the PFT mix with
climatic zone. Outputs from DGVMs include dominant
PFTs and their combination into vegetation type, some
measure of foliar cover (e.g. LAI), net primary produc-
tion (NPP), net ecosystem-atmosphere carbon exchange
(NEE), water budget terms, soil and vegetation carbon
stocks, and net nitrogen mineralization.

Disturbance is recognized as an important triggering
phenomenon in determining change to vegetation
structure in DVGMSs. Disturbance mechanisms repre-
sented include age-dependent mortality and, in some
models, fire is simulated explicitly. In MC1, for example,
fire is a function of fuel loading (determined from
biomass production) and ignition as a stochastic function
of monthly climate (Lenihan et al. 1998). Windthrow and
other disturbances are often incorporated as part of a
background mortality rate.

High-latitude response to altered climate and
increasing CO,

A recent intercomparison of the response of four DGVMs
to transient climate and CO, change showed consider-
able differences among models globally in terms of both
function (NPP and total vegetation biomass) and vegeta-
tion distribution (Cramer et al. 1999). Results for the high
latitudes, however, were the most consistent of any zone,
probably due to the overriding importance of tempera-
ture in influencing the response of these ecosystems. In
response to warming, the models all projected (i)
increasing NPP and biomass in the high latitudes
(Fig.4a) and (ii) northward movement of tundra into
the arctic desert and, in turn, forests and woodlands into
tundra zones (as shown for LPJ in Fig.4b; see also
Cramer et al. 1999; plate 6). Some models predicted that
needleleaf evergreen trees would dominate these new
northern forests while others indicated dominance by
boreal broadleaf deciduous trees. This disagreement is
probably due to differences in the sensitivity of DGVMs
to climatic parameters. This result was not found in
many earlier global experiments with equilibrium mod-
els because those models did not specify boreal broadleaf
deciduous forest as a separate vegetation type (however,
see Cramer 1997). In LPJ, the greatest change from 2000
to 2100 was for the southern limit of the boreal evergreen
forest in central and western Eurasia to be replaced by
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temperate deciduous forests and grasslands (Fig.4b).
Accompanying the transition from, for example, tundra
to tree-dominated landscapes, the DGVMs also detailed
the time sequence of responses of plant and soil
processes, including carbon, water, energy, and trace
gas fluxes to the atmosphere. For example, by 2100,
simulated NPP in Siberia north of 65°N increased by 1.5
10 times preindustrial conditions, depending on model
and location (Cramer et al. 1999).

Limitations

Because they were developed for the global domain (and
accompanying coarse grid implementation), DGVMs
carry with them some of the same limitations specific
to high-latitude environments as in the equilibrium
biogeographical models. DGVMs need to incorporate
processes associated with inundated landscapes and
saturated, anaerobic soils and dynamic interactions
among permafrost, climate, and vegetation cover.
Permafrost dynamics are under development for LPJ
(S. Venevski & S. Sitch, pers. comm.); IBIS includes the
effect of frozen soil water on soil porosity (Foley etal.
1996). Because boreal and arctic landscapes are highly
heterogeneous, adequate simulation of the contribution
of inundated vs. upland terrain and of permafrost
landforms to grid-cell carbon and vegetation dynamics
requires treatment of subgrid processes in DGVMs
through their parameterization or a statistical dynamical
approach (see p. 3 of this paper). Inclusion of these
processes will require input datasets that differ from the
standard land-cover and soil texture data generally
required by global models. Additional inputs include
(i) those that describe subgrid topographic and depth-to-
bedrock controls over drainage, and (ii) extent of and
depth to permafrost (e.g. Brown 1998; Brown et al. 1998;
Ferrians 1998; Leibman 1998).

An additional limitation with respect to treatment of
high-latitude ecosystem physiology is that extant
DGVMs do not consider the role of moss and lichen
explicitly in tundra and boreal forest biogeochemical
dynamics, including N-fixation by some lichens
(Sveinbjornsson & Sonesson 1997). In addition, with
respect to all environments, DGVMs will benefit from
improved understanding from laboratory and field
experiments of short- and long-term effects of CO, on
(i) plant physiology (especially in regard to water vs.
nutrient limitation, allocation of C and N to short vs.
long-lived tissues, and acclimation), (ii) N-fixation, and
(iii) ecosystem C-N cycle interactions (including impacts
of atmospheric N deposition) (Cole & Heil 1981; Schimel
1995; Bazzaz et al. 1996; Oechel & Vourlitis 1997; Pan et al.
1998; Mooney etal. 1999).

Population biology lag effects related to seed source
distance and dispersal mechanisms, which would influ-
ence the northward migration of trees, were not included
in the DGVMs evaluated by Cramer efal. (1999).
Although the importance of such effects is still a matter
of debate, they could be a significant factor in overall
vegetation response to rapid climate change (Pitelka &
Plant Migration Workshop Group 1997; see also Huntley
1997 for review of past rates of migration in arctic and
boreal regions from the palaeo-record). These effects
could be incorporated by using some features of frame-
based spatial models.

DGVMs are designed to give broad-scale simulations
of time-dependent ecosystem change that are consistent
across continents. Thus, DGVMs only provide simula-
tions of vegetation response for any particular region,
such as the high latitudes, that are coarse both spatially
and ecologically (in terms of plant functional types). For
finer-scale simulations of vegetation change, more
detailed dynamic regional vegetation models (see be-
low), biome-specific frame-based models, or patch
models are required.

Future model improvements and adaptation for
high-latitude ecosystems

Disturbance ecology and land-use/cover change

A number of important improvements to the perfor-
mance of DGVMs with respect to natural disturbance
and land-cover change are currently under development
or planned for the near future (Woodward & Steffen
1996). Compilations of continental-scale data in the high
latitudes suggest that human-induced changes in dis-
turbance regimes already have a major impact on the
terrestrial carbon cycle in this part of the globe (Kurz et al.
1995; Auclair & Bedford 1997). Fire is probably the most
important disturbance in boreal systems. However,
because of increasing human activities in these regions,
fire modules in DGVMs need to incorporate the effects of
changing land-use (e.g. forest harvest, fire suppression)
on the probability of fire outbreak. Other disturbance
factors, such as insect attack (Holling 1992), are also
likely to be key determinents of the future of these
systems. Patch-scale forest insect infestation models (e.g.
Logan et al. 1995; Powell et al. 1996), linked to forest stand
models, are being adapted for landscape- and century-
scale simulations of insect-host—climate change interac-
tions (J. Powell & J. Logan, pers. comm.). Modelling of
insect outbreaks and other disturbance regimes across
the boreal zone is limited by poor understanding of
current disturbance frequency and extent and their
response to climate variability. The development of
regional databases of fire (e.g. Murphy etal. 1999), insect
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outbreaks, windthrow, and other disturbance factors
based on field and remotely sensed observations and
understanding their relationships with climate, vegeta-
tion, and other drivers are crucial areas of research
necessary to improve disturbance modules in DGVMs
(Woodward & Steffen 1996).

All current DGVMs simulate potential vegetation only.
However, the most important driver of change in
vegetation structure globally over the next several
decades at least will be land-use change. There are
global models which project human-driven changes to
land-use and cover (e.g. IMAGE; Alcamo 1994; Alcamo
etal. 1996) but none are yet incorporated into a DGVM
framework. Given current projections, accounting for
land-use change is less important for the Arctic than for
most other parts of the world, but still has significant
consequences for the boreal zone (Chapin & Danell
2000).

Dynamic regional vegetation models

The generalized framework of DGVMs can be adapted to
provide more detailed simulations for particular regions
by (i) incorporation of processes that are specific to and
important for that domain, such as, in the case of high
latitude systems, permafrost dynamics and anaerobic
processes for poorly drained soils, and (ii) adoption of an
expanded PFT scheme tailored to the region’s particular
vegetation characteristics, such as in Chapin etal. (1996)
and Bugmann (1996) for the pan-arctic/boreal domain
(Table 1b). For example, a species of special interest, such
as an endangered species or a valued timber species,
either of which could influence the probability of
logging, could be modelled as a PFT in its own right.
While species-based rather than PFT-based, LINKAGES
(Pastor & Post 1986) is an example of a DRVM consisting
of linked patch and biogeochemistry models implemen-
ted to evaluate climate change responses of a specific
region (eastern U.S.).

Summary

Mechanistic global and regional vegetation models
provide the means for extrapolating our understanding
of ecosystem processes in space and time. Both regional
and global implementations of equilibrium biogeogra-
phical models have had a key role in indicating the
direction of structural changes in equilibrium with
altered forcing (i.e. new potential ‘climax’ natural
vegetation). Under climate scenarios dominated by
increased surface air temperatures, these models simu-
lated replacement of arctic tundra by northward shifts of
boreal woodlands and forests, whose southern reaches
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were in turn replaced by temperate mixed and deciduous
forests.

Simulation of transient vegetation dynamics is also
crucial to understanding potential change because
ecosystems have inherent lags and threshold responses
and are expected to exhibit complex responses to
multiple forcings (climate, CO,, land-use, N deposition,
etc.). Recently developed DGVMs and frame-based
models provide the tools for evaluating response times
and transitional states. ALFRESCO, a frame-based
model, indicated the same directional changes as the
equilibrium models, but portrayed how response times
depend on the rate of temperature increases and
concomitant changes in moisture regime and fire return
period.

DGVMs additionally (i) simulate time-dependent
functional responses of ecosystems (e.g. nutrient and fire
dynamics) and so account for their role in vegetation
dynamics, and (ii) allow for shifting composition of
vegetation types as PFTs remix under novel environ-
mental conditions. Under changing climate and CO,,
DGVMs have simulated the time course of high-latitude
vegetation change from arctic tundra to tree-dominated
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Fig.4 Simulated Northern Hemisphere
high-latitude (north of 50°N) vegetation
responses to transient climate forcing
and increasing CO, from (a) four
DGVMs in terms of tree biomass changes
from 1900 to 2100 (adapted from Cramer
etal. 1999). Although small relative to
tree biomass, grass/tundra biomass (not
shown) was also present in the simula-
tions. (b) Change in distribution of ever-
green and deciduous-dominated forests/
woodlands, grasslands/tundra, and de-
serts from 2000 to 2100 for the LP] model
(courtesy S. Sitch, Potsdam Institute for
Climate Impact Research). Models are
among those in Tablela. Transient cli-
mate forcing was from Hadley Centre
Coupled Model 2 experiments with in-
creasing greenhouse gases and sulphate
aerosols (HADCM2 SUL; Mitchell etal.
1995).
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landscapes. This transition was both affected by and in
turn influenced changes in biomass, net primary produc-
tion, and soil organic matter turnover, which all
increased with warming. Some DGVMs showed emer-
gence of boreal broadleaf deciduous forest, a vegetation
type not zonally dominant today.

The global implementation of DGVMs has, at least
initially, forced limited representation of processes key to
dynamics of specific regions, such as the high latitudes.
Crucial improvements to DGVMs needed to portray the
behaviour of arctic and boreal systems are the inclusion
of anaerobic soil processes for inundated landscapes,
permafrost dynamics, moss-lichen processes, and a
broad accounting of disturbance regimes (e.g. fire, insect
outbreaks, and land management). Also needed are
parameterization and driving variable datasets required
for modelling these processes and implementation of
techniques to account for their subgrid representation.
Modelling further tailored to explore the transient
response of high-latitude landscapes can be accom-
plished by large domain (e.g. zonal) and spatially
interactive gridded application of arctic/boreal frame-
based models and development of DRVMs more
adequately detailing key processes and plant functional
types specific to the pan-arctic and boreal domain.

Acknowledgements

This paper was developed as part of a workshop on Circumpo-
lar Extrapolation of Arctic-Boreal Feedbacks to Climate, spon-
sored by the National Center for Ecological Analysis and
Synthesis (NCEAS), the National Science Foundation (NSF),
NASA, and the NSF Long-Term Ecological Research (LTER)
Network. Additional support was provided by VEMAP spon-
sors: NASA, USDA Forest Service, and the Electric Power
Research Institute (EPRI). Thanks to Dominique Bachelet,
Harald Bugmann, Dave McGuire, Ron Neilson, Stephen Sitch,
Ben Smith, Martin Sykes, and Ian Woodward and reviewers Jon
Foley and Steve Running for valuable comments and discussion
and to Gaylynn Potemkin and Mike Shibao for assistance in
manuscript preparation. Circumpolar results from LP] (Fig. 4b)
were provided courtesy of Stephen Sitch, Potsdam Institute for
Climate Impact Research (PIK). Thanks to Ben Felzer for
providing coupled climate model experiment results for Alaska.
The National Center for Atmospheric Research is sponsored by
NSF. This work contributes to BAHC (Biospheric Aspects of the
Hydrological Cycle), GCTE (Global Change and Terrestrial
Ecosystems), and IGAC (International Global Atmospheric
Chemistry) Core Projects of the International Geosphere-Bio-
sphere Programme (IGBP).

References

Alcamo ] (ed.) (1994) IMAGE 2.0: Integrated Modeling of Global
Climate Change. Kluwer, Dordrecht.

Alcamo ], Kreileman GJJ, Bollen JC etal. (1996) Baseline
scenarios of global environmental change. Global
Environmental Change, 6, 261-303.

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18

Auclair AND, Bedford JA (1997) Century trends in the Volume
balance of boreal forests: implications for global CO, balance.
In: Global Change and Arctic Terrestrial Ecosystems (eds Oechel
WC et al.), pp. 452-472. Springer, New York.

Avissar R, Pielke RA (1989) A parameterization of heteroge-
neous land surfaces for atmospheric numerical models and its
impact on regional meteorology. Monthly Weather Review, 117,
2113-2136.

Barry RG (1967) Seasonal location of the arctic front over North
America. Geographical Bulletin, 9, 79-95.

Bazzaz FA, Bassow SL, Berntson GM, Thomas SC (1996)
Elevated CO, and terrestrial vegetation: implications for and
beyond the global carbon budget. In: Global Change and
Terrestrial Ecosystems (eds Walker B, Steffen W), pp. 43-76.
Cambridge University Press, Cambridge.

Beerling DJ, Woodward FI, Lomas M, Jenkins AJ (1997) Testing
the responses of a dynamic global vegetation model to
environmental change: a comparison of observations and
predictions. Global Ecology and Biogeography Letters, 6, 439-450.

Betts RA, Cox PM, Lee SE, Woodward FI (1997) Contrasting
physiological and structural vegetation feedbacks in climate
change simulations. Nature, 387, 796-799.

Boer GJ, Flato G, Reader MC, Ramsden D (2000) A transient
climate change simulation with historical and projected
greenhouse gas and aerosol forcing: experimental design
and comparison with the instrumental record for the 20th
century. Climate Dynamics, 16, 405-425.

Bonan G (1992) A simulation analysis of environmental factors
and ecological processes in North American boreal forests. In:
A Systems Analysis of the Global Boreal Forest (eds Shugart HH
et al.), pp. 404-427. Cambridge University Press, Cambridge.

Bonan GB (1996) Sensitivity of a GCM simulation to subgrid
infiltration and surface runoff. Climate Dynamics, 12, 279-285.

Bonan GB, Pollard D, Thompson SL (1992) Effects of boreal
forest vegetation on global climate. Nature, 359, 716-718.

Bonan GB, Chapin FS III, Thompson SL (1995) Boreal forest and
tundra ecosystems as components of the climate system.
Climatic Change, 29 (2), 145-167.

Brown ] (1998) Circumpolar active layer monitoring (CALM)
program: Description and data. In: Circumpolar Active-Layer
Permafrost System (CAPS), Version 1.0 (compiled International
Permafrost Association, Data and Information Working
Group) (CD-ROM). National Snow and Ice Data Center,
University of Colorado at Boulder, Boulder, CO.

Brown ], Ferrians O] Jr, Heginbottom JA, Melnikov ES (1998)
Circum-arctic map of permafrost and ground-ice conditions.
In: Circumpolar Active-Layer Permafrost System (CAPS), Version
1.0 (compiled International Permafrost Association, Data and
Information Working Group) (CD-ROM). National Snow and
Ice Data Center, University of Colorado at Boulder, Boulder,
CO.

Bugmann H (1996) Functional types of trees in temperate and
boreal forests: Classification and testing. Journal of Vegetation
Science, 7, 359-370.

Bugmann HKM, Solomon AM (2000) Explaining forest biomass
and species composition across multiple biogeographical
regions. Ecological Applications, 10, 95-114.

Cao M, Woodward FI (1998) Dynamic responses of terrestrial
ecosystem carbon cycling to global climate change. Nature,
393, 249-252.

Chapin FS 1III, Starfield AM (1997) Time lags and novel



16 T. G. F. KITTEL etal.

ecosystems in response to transient climatic change in arctic
Alaska. Climatic Change, 35, 449-461.

Chapin FS III, Danell K (2000) Scenarios of biodiversity change
in the boreal forest. In: Scenarios of Future Biodiversity (eds
Chapin FS III ef al.), in press. Springer, New York.

Chapin FS III, Bret-Harte MS, Hobbie SE, Zhong H (1996) Plant
functional types as predictors of the transient response of
arctic vegetation to global change. Journal of Vegetation Science,
7, 347-358.

Chapin FS III, Sala OE, Burke IC etal. (1998) Ecosystem
consequences of changing biodiversity. Bioscience, 48, 45-52.

Ciais P, Tans PP, White JWC etal. (1995) Partitioning of ocean
and land uptake of CO, as inferred by §'°C measurements
from the NOAA Climate Monitoring and Diagnostics
Laboratory Global Air Sampling Network. Journal of
Geophysical Research, 100 (D3), 5051-5070.

Claussen M (1998) On multiple solutions of the atmosphere-
vegetation system in present-day climate. Global Change
Biology, 4, 549-559.

Cole CV, Heil RD (1981) Phosphorus effects on terrestrial
nitrogen cycling. In: Terrestrial Nitrogen Cycles (eds Clark FE,
Rosswall T), pp. 363-374. Swedish Natural Science Council,
Ecological Bulletin, Stockholm.

Cramer W (1997) Modeling the possible impact of climate
change on broad-scale vegetation structure: Examples from
northern Europe. In: Global Change and Arctic Terrestrial
Ecosystems (eds Oechel WC et al.), pp. 381-401. Springer,
New York.

Cramer W, Shugart HH, Noble IR etal. (1999) Ecosystem
composition and structure. In: The Terrestrial Biosphere and
Global Change: Implications for Natural and Managed Ecosystems
(eds Walker BH et al.), IGBP Book Series 4, pp. 190-228.
Cambridge University Press, Cambridge.

Dai A, Wigley TML, Boville B, Kiehl JT, Buja L (2000) Climates of
the 20th and 21st centuries simulated by NCAR Climate
System Model. Journal of Climate, in press.

Daly C, Bachelet D, Lenihan JM, Neilson RP, Parton W, Ojima D
(2000) Dynamic simulation of tree-grass interactions for
global change studies. Ecological Applications, 10, 449-469.

Davis MB (1981) Quaternary history and the stability of forest
communities. In: Forest Succession: Concepts and Applications
(eds West DC et al.), pp. 132-153. Springer, New York.

Eugster W, Rouse WR, Pielke RA Sr etal. (2000) Land-
atmosphere energy exchange in Arctic tundra and boreal
forest: available data and feedbacks to climate. Global Change
Biology, 6 (Suppl. 1), 84-115.

Ferrians O (1998) Permafrost map of Alaska. In: Circumpolar
Active-Layer Permafrost System (CAPS), Version 1.0 (compiled
International Permafrost Association, Data and Information
Working Group) (CD-ROM). National Snow and Ice Data
Center, University of Colorado at Boulder, Boulder, CO.

Foley JA, Kutzbach JE, Coe MT, Levis S (1994) Feedbacks
between climate and boreal forests during the Holocene
epoch. Nature, 371, 52-54.

Foley JA, Prentice IC, Ramankutty N et al. (1996) An integrated
biosphere model of land surface processes, terrestrial carbon
balance, and vegetation dynamics. Global Biogeochemical
Cycles, 10, 603-628.

Friend AD, Stevens AK, Knox RG, Cannell MGR (1997) A
process-based, terrestrial biosphere model of ecosystem
dynamics (HYBRID v3.0). Ecological Modelling, 95, 249-287.

Ganopolski A, Kubatzki C, Claussen M, Brovkin V, Petoukhov V
(1998) The influence of vegetation-atmosphere-ocean inter-
action on climate during the mid-Holocene. Science, 280, 1916—
1919.

Goudriaan ], Shugart HH, Bugmann H etal. (1999) Use of
models in global change studies. In: The Terrestrial Biosphere
and Global Change: Implications for Natural and Managed
Ecosystems (eds Walker BH et al.), IGBP Book Series 4, pp.
106-140. Cambridge University Press, Cambridge.

Haxeltine A, Prentice IC (1996) BIOME3: an equilibrium
terrestrial biosphere model based on ecophysiological con-
straints, resource availibility and competition among plant
functional types. Global Biogeochemical Cycles, 10, 693-710.

Holling CS (1992) The role of forest insects in structuring the
boreal landscape. In: A Systems Analysis of the Global Boreal
Forest (eds Shugart HH et al.), pp. 170-195. Cambridge
University Press, Cambridge.

Huntley B (1997) The response of vegetation to past and future
climate changes. In: Global Change and Arctic Terrestrial
Ecosystems (eds Oechel WC et al.), pp. 290-311. Springer,
New York.

Huston MA, Smith TM (1987) Plant succession: Life history and
competition. American Naturalist, 130, 168-198.

Kattenberg A, Giorgi F, Grassl H etal. (1996) Climate models —
Projection of future climate. In: Climate Change 1995. The
Science of Climate Change. Contribution of Working Group I to the
Second Assessment Report of the Intergovernmental Panel on
Climate Change (eds Houghton ]JT et al), pp. 285-357.
Cambridge University Press, New York.

Kittel TGF, Ojima DS, Schimel DS etal. (1996) Model-GIS
integration and data set development to assess terrestrial
ecosystems vulnerability to climate change. In: GIS and
Environmental Modeling: Progress and Research Issues (eds
Goodchild MF et al.), pp. 293-297. GIS World, Fort Collins,
CO.

Kurz WA, Apps M], Beukema SJ, Lekstrum T (1995) 20th
century carbon budget of Canadian forests. Tellus, 47B, 170—
177.

Leibman M (1998) Russian permafrost map, bibliography, and
index. In: Circumpolar Active-Layer Permafrost System (CAPS),
Version 1.0 (compiled International Permafrost Association,
Data and Information Working Group) (CD-ROM). National
Snow and Ice Data Center, University of Colorado at Boulder,
Boulder, CO.

Lenihan JM, Daly C, Bachelet D, Neilson R (1998) Simulating
broad-scale fire severity in a dynamic vegetation model.
Northwest Science, 72 (Special Issue), 91-103.

Levis S, Foley JA, Pollard D (1999) Potential high-latitude
vegetation feedbacks on CO,-induced «climate change.
Geophysical Research Letters, 26, 747-750.

Logan JA, Bolstad PV, Bentz BJ, Perkins DL (1995) Assessing the
effects of changing climate on mountain pine beetle dynamics.
In: Proceedings of the Interior West Global Climate Workshop, 25—
27 April 1995 (ed. Tinus RW), pp. 92-105.

McGuire AD, Clein-Curley JS, Melillo JM et al. (2000) Modelling
carbon responses of tundra ecosystems to historical and
projected climate: sensitivity of pan-Arctic carbon storage to
temporal and spatial variation in climate. Global Change
Biology, 6 (Suppl. 1), 141-159.

Mitchell JFB, Johns TC, Gregory JM, Tett S (1995) Climate

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18



MODELLING ARCTIC AND BOREAL VEGETATION 17

response to increasing levels of greenhouse gases and
sulphate aerosols. Nature, 376, 501-504.

Mitchell JFB, Manabe S, Meleshko V, Tokioka T (1990)
Equilibrium climate change — and its implications for the
future. In: Climate Change. The IPCC Scientific Assessment (eds
Houghton JT ef al.), pp. 131-172. Cambridge University Press,
New York.

Mooney HA, Canadell J, Chapin FS III etal. (1999) Ecosystem
physiology responses to global change. In: The Terrestrial
Biosphere and Global Change: Implications for Natural and
Managed Ecosystems (eds Walker BH et al.), IGBP Book Series
no. 4, pp. 140-189. Cambridge University Press, Cambridge.

Murphy PJ, Mudd JP, Stocks BJ et al. (1999) Historical fire
records in the North American boreal forest. In: Fire, Climate
Change and Carbon Cycling in the Boreal Forest (eds Kasischke
ES, Stocks BJ), Ecological Studies Series, pp. 274-288.
Springer, New York.

Neilson RP (1993a) Vegetation redistribution: a possible bio-
sphere source of CO, during climatic change. Water, Air, and
Soil Pollution, 70, 659—-673.

Neilson RP (1993b) Transient ecotone response to climatic
change: some conceptual and modelling approaches.
Ecological Applications, 3, 385-395.

Neilson RP (1995) A model for predicting continental-scale
vegetation distribution and water balance. Ecological
Applications, 5, 362-385.

Neilson RP, Running SW (1996) Global dynamic vegetation
modelling: coupling of biogeochemistry and biogeography
models. In: Global Change and Terrestrial Ecosystems (eds
Walker B, Steffen W), pp. 451-466. Cambridge University
Press, Cambridge.

Neilson RP, Prentice IC, Smith B, Kittel T, Viner D (1997)
Simulated changes in vegetation distribution under global
warming. In: The Regional Impacts of Climate Change. An
Assessment of Vulnerability (eds Watson RT et al.), Special
Report of the IPCC Working Group II, Annex C, pp. 439-456.
Cambridge University Press, New York.

Noble IR (1993) A model of the responses of ecotones to climate
change. Ecological Applications, 3, 396—403.

Oechel WC, Vourlitis GL (1997) Climate change in northern
latitudes: Alterations in ecosystem structure and function and
effects on carbon sequestration. In: Global Change and Arctic
Terrestrial Ecosystems (eds Oechel WC et al.), pp. 381-401.
Springer, New York.

Overpeck JT, Webb RS, Webb T III (1992) Mapping eastern
North American vegetation change of the past 18 ka: No-
analogues and the future. Geology, 20, 1071-1074.

Pan Y, Melillo JM, McGuire AD et al. (1998) Modeled responses
of terrestrial ecosystems to elevated atmospheric CO,: a
comparison of simulations by the biogeochemistry models of
the Vegetation/Ecosystem Modeling and Analysis Project
(VEMAP). Oecologia, 114, 389-404.

Parton WJ, Schimel DS, Ojima DS, Cole CV (1994) A general
model for soil organic matter dynamics: sensitivity to litter
chemistry, texture and management. In: Quantitative Modeling
of Soil Forming Processes (eds Bryant RB, Arnold RW), Soil
Science Society of America Special Publication, pp. 147-167.
ASA, CSSA and SSA, Madison, WI.

Pastor J, Post WM (1986) Influence of climate, soil moisture and
succession on forest carbon and nitrogen cycles.
Biogeochemistry, 2, 3-28.

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18

Pielke RA, Vidale PL (1995) The boreal forest and the polar front.
Journal of Geophysical Research, 100 (D12), 25755-25758.

Pitelka LF, Plant Migration Workshop Group (1997) Plant
migration and climate change. American Scientist, 85, 464-473.

Powell JA, Logan JA, Bentz BJ (1996) Local projections for a
global model of mountain pine beetle attacks. Journal of
Theoretical Biology, 179, 243-260.

Randerson ]T, Field CB, Fung IY, Tans PP (1999) Land and
Biosphere Studies — Increases in early season ecosystem
uptake explain recent changes in the seasonal cycle of
atmospheric CO, at high northern latitudes. Geophysical
Research Letters, 26, 2765-2768.

Reeburgh WS, Whalen SC (1992) High latitude ecosystems as
CH, sources. Ecological Bulletin, 42, 62-70.

Running SW, Hunt ER Jr (1993) Generalization of a forest
ecosystem process model for other biomes, BIOME-BGC, and
an application for global-scale models. In: Scaling Physiological
Processes: Leaf to Globe (eds Ehleringer JR, Field CB), pp. 141-
158. Academic Press, San Diego, CA.

Rupp TS, Chapin FS III, Starfield AM (2000a) Modeling the
influence of topographic barriers on treeline advance at the
forest-tundra ecotone in northwestern Alaska. Climatic
Change, in press.

Rupp TS, Starfield AM, Chapin FS III (2000b) A frame-based
spatially explicit model of subarctic vegetation response to
climatic change: comparison with a point model. Landscape
Ecology, 15, 383-400.

Sala O, Chapin FS III, Gardner RH, Lauenroth WK, Mooney HA,
Ramakrishnan PS (1998) Biodiversity and global change. In:
Global Change and the Terrestrial Biosphere: Implications for
Natural and Managed Ecosystems. A Synthesis of GCTE and
Related Research (eds Walker BH et al.), IGBP Book Series 4, pp.
304-328. Cambridge University Press, Cambridge.

Schimel DS (1995) Terrestrial ecosystems and the carbon cycle.
Global Change Biology, 1, 77-91.

Shaver GR, Giblin AE, Nadelhoffer KJ, Rastetter EB (1997) Plant
functional types and ecosystem change in arctic tundras. In:
Plant Functional Types (eds Smith T et al.), IGBP Book Series 1,
pp. 153-173. Cambridge University Press, Cambridge.

Shugart HH (1984) A Theory of Forest Dynamics: the Ecological
Implications of Forest Succession Models. Springer, New York.

Shugart HH, Leemans R, Bonan GB (eds) (1992) A Systems
Analysis of the Global Boreal Forest. Cambridge University
Press, Cambridge.

Shugart HH, Smith TM (1996) A review of forest patch models
and their application to global change research. Climatic
Change, 34, 131-153.

Sitch S, Prentice IC, Smith B, Kaplan ] (in press) LP] — a coupled
model of vegetation dynamics and the terrestrial carbon cycle.
In Press.

Smith B, Prentice IC, Sykes MT (2000) Representation of
vegetation dynamics in modelling of terrestrial ecosystems:
comparing two contrasting approaches in European climate
space. Global Ecology and Biogeography, in press.

Smith TM, Huston MA (1989) A theory of the spatial and
temporal dynamics of plant communities. Vegetatio, 83, 49-69.

Smith TM, Shugart HH (1996) The application of patch models
in global change research. In: Global Change and Terresstrial
Ecosystems (eds Walker B, Steffen W), pp. 127-148. Cambridge
University Press, Cambridge.

Smith T, Shugart HH, Woodward FI (eds) (1997) Plant Functional



18 T. G. F. KITTEL etal.

Types. IGBP Book Series 1. Cambridge University Press,
Cambridge.

Starfield AM, Chapin FS III (1996) Model of transient changes in
arctic and boreal vegetation in response to climate and land
use change. Ecological Applications, 6, 842-864.

Steffen WL, Walker BH, Ingram JSI, Koch GW (eds) (1992) Global
Change and Terrestrial Ecosystems: the Operational Plan. IGBP
Report 21. The International Geosphere-Biosphere
Programme, Stockholm.

Sveinbjornsson B, Sonesson M (1997) Photosynthesis and
respiration in mosses and lichens. In: Global Change and
Arctic Terrestrial Ecosystems (eds Oechel WC et al.), pp. 113-
128. Springer, New York.

Thomas G, Rowntree PR (1992) The boreal forests and climate.
Quarterly Journal of the Royal Meteorological Society, 118 (505),
469-497.

Tian H, Melillo JM, Kicklighter DW, McGuire AD, Helfrich J
(1999) The sensitivity of terrestrial carbon storage to historical
climate variability and atmospheric CO, in the United States.
Tellus, 51B, 414-452.

VEMAP Members (1995) Vegetation/Ecosystem Modeling and
Analysis Project (VEMAP): Comparing biogeography and
biogeochemistry models in a continental-scale study of

terrestrial ecosystem responses to climate change and CO,
doubling. Global Biogeochemical Cycles, 9, 407—437.

Walker BH (1997) Functional types in non-equilibrium systems.
In: Plant Functional Types (eds Smith T ef al.), IGBP Book Series
no. 1, pp. 91-103. Cambridge University Press, Cambridge.

Woodward FI (1987) Climate and Plant Distribution. Cambridge
University Press, Cambridge.

Woodward FI, Cramer W (1997b) Plant functional types and
climatic changes: Introduction. Journal of Vegetation Science, 7,
306-308.

Woodward FI, Cramer W (eds) (1997a) Plant functional types
and climatic change. Journal of Vegetation Science, 7, 306-454.

Woodward FI, Smith TM, Emanuel WR (1995) A global land
primary productivity and phytogeography model. Global
Biogeochemical Cycles, 9, 471-490.

Woodward FI, Steffen WL (1996) Natural Disturbances and Human
Land Use in Dynamic Global Vegetation Models. IGBP Report 38.
International Geosphere-Biosphere Programme, Stockholm.

Yates DN, Kittel TGF, Cannon RF (2000) Comparing the
correlative Holdridge model to mechanistic biogeographical
models for assessing vegetation distribution response to
climatic change. Climatic Change, 44, 59-87.

©2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 1-18



