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ABSTRACT

The structure and function of terrestrial ecosystems depend on climate, and in turn,
ecosystems influence atmospheric composition and climate. A comprehensive, global model
of terrestrial ecosystem dynamics is needed. A hierarchical approach appears advisable
given currently available concepts, data, and formalisms. The organization of models
can be based on the temporal scales involved. A rapidly responding model describes the
processes associated with photosynthesis, including carbon, moisture, and heat exchange

with the atmosphere. An intermediate model handles subannual variations that are closely
associated with allocation and seasonal changes in productivity and decomposition. A slow
response model describes plant growth and succession with associated element cycling over
decades and centuries. These three levels of terrestrial models are linked through common
specifications of environmental conditions and constrain each other.

INTRODUCTION

Climatic change caused by increasing greenhouse gas concentrations may alter earth’s
vegetation and the turnover of dead organic matter on land. The dependence of plant
cell processes and microbial activity on light, temperature, moisture, and nutrients is the
basis for this, but with time the consequences extend to variations in ecosystem attributes
including species composition, biomass, and leaf profiles, and to continental distributions
of vegetation zones or biomes (Larcher 1975, Walter 1979, Woodward 1987).

But land systems partially shape climatic change as they respond to it. Terrestrial
ecosystems influence climate by exchanging moisture and heat with the atmosphere, and
they form land boundary conditions for albedo and roughness. Furthermore, climatic
perturbations can alter terrestrial carbon and nitrogen cycles, leading to further shifts in
atmospheric greenhouse gas concentrations.

The human habitat will vary tremendously if these tightly coupled transients in the
global biogeochemical cycles and in climate unfold as most analyses indicate they will. In
many regions, people will manage ecosystems to meet human objectives in the face of global
change. But a large part of the earth’s landscape will respond without intervention, and
a c.car understanding of these natural responses forms the basis for successful ecosystem
management where humans do choose to control the landscape.

Terrestrial ecosystems and the global systems they interact with are intricate and
tightly coupled. Observational studies are often impractical because of the tine scales
involved (decades to centuries), the vast extent and spatial heterogeneity of ecarth sys-
tems, and because small but critical perturbations to natural levels are causing global
change. Furthermore, many mechanistically important variables cannot be measured di-
rectly. Mathematical models are an important means of contending with these limitations
of direct studies—they are unsurpassed for synthesizing and integrating diverse concepts

and data.



Atmospheric general circulation models and models of the global carbon cycle assuie
that the major features of vegetation and soils are fixed—maps of biome or vegetation
and soil type distributions prescribe these characteristics. But several studies suggest that
terrestrial ecosystem responses to climatic change can violate static vegetation and soil
assumptions (Emanuel et al. 1985a, b, Solornon 1980, Pastor and Post 1988, Prentice and
Fung 1990, Schimel et al. 1990). While major shifts in the locations of biomes such as
grasslands and forests may eventually occur, more subtle variations in the biomass or leaf
area cf ecosystems may be influencing global climate and element cycling already.

A comprehensive, global model of terrestrial ecosystems is needed in climate and ele-
ment cycling studies. This need has been apparent for some time, but only recently have
the necessary concepts, data, and formalisms for such a model become available. In what
follows, we describe some approaches to the developmen: of a global ecosystem model with
particular attention to the difficulties associated with the range of scales involved and data

limitations that require empirical substitutes for more formal relationships.

TERRESTRIAL ECOSYSTEM RESPONSES TO CLIMATIC CHANGE

Terrestrial ecosystems participate in climate and in the biogeochemical cycles at several
scales. The metabolic processes that are responsible for the growth and maintenance of
plants and soil microbes move carbon and water through rapid circuits in plants and soil
and exchange heat and moisture with the atmosphere. But plants establish a parallel
circuit by incorporating some of the carbon they fix by photosynthesis into their tissue,
delaying its return to the atmosphere until it is oxidized by decomposition or fire. This
slower carbon loop, which is matched by cycles of the nutrients required by plants and
decomposers. affects trends in atmospheric CO, and CH, concentrations and imposes a
seasonal cycle on those trends. Furthermore, the structure of terrestrial ecosystems. built
by this slower responding carbon machinery, supports the surface roughness and albedo
boundary conditions of the climate system.

As plants respond to environmental change, competition for light and resources in-
fluences reproduction, growth, and mortality to different degrees depending on species
characteristics. As a result, the dynamics of species composition, biomass. leaf arca. aud
similar community variables are more complex than the collected responses of individuals
that do not interact. Climatic change affects plant productivity immediately, but the 1m-
mediate responses are modified later h+ changes in composition and community structure.
This adjustment process is similar to secondary succession after disturbances such as fire
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Natural areas are mosaics of patches that were disturbed at different times by fire, wind,

flood, disease, or similar events. Large areas of vegetation reflect disturbance regimes that

are part of their normal households—such systems maintain steady state under ordinary

local disturbances, but are perturbed by changes in disturbance frequency or intensity.
Natural disturbance can quicken the response of vegetated areas to climatic change (Davis
and Botkin 1985), and presumably the harvest of wood or crops can have the same effect.
Climatic change can alter disturbance regimes, for example warmer or drier conditions can
increase fire frequency, causing forests to be replaced by prairie (Grimm 1984).

The abundance of taxa surrounding an area determines the availability of propagules
for local recruitment. At this level, climatic change can alter the regional distributions of
taxa. Such changes are well documented for the past 20,000 years (Davis 1981, Huntley
and Birks 1983, Webb 1986, 1987). Trees migrated with remarkable speed in response to
Quaternary changes, but the time needed for large-scale spread and regional population
changes may be 1,000 years or more (Davis et al. 1986, Bennett 1986, Davis 1987) and can
presumably limit the rate of vegetation response to rapid, large climatic changes.

Vegetation and soil are tightly coupled systems Soil water holding capacity and nu-
trient availability in the soil-water solution influence primary production. Although some
aspects of soil formation are slow enough to be considered constant through plant com-
munity changes, nutrient turnover depends on litter characteristics so that variations in
species composition can affect plant growth and further alter composition (Aber et ¢l 1982,
Pastor and Post 1986).

Thus, in the face of climatic change, terrestrial ecosystems have a certain inertia
(Smith 1965), comprised of several components: (1) patches of vegetation adjust to cli-
matic change when the available flora is held constant (Type A Responce of Webb 1986),
(2) nutrient cycles adjust to changing environmental conditions and vegetation character-
istics, (3) the spatial mosaic of vegetation adjusts to climatically induced changes in the
frequencies of fire and other natural hazards, and (4) succession further alters ecosystem

structure and function as species establish and compete (Type B Response of Webb 1986).

HIERARCHICAL GLOBAL ECOSYSTEM MODELS

Intuitively, we might develop a global model of terrestrial ecosystem dynamics by
combining descriptions of each of the physical, chemical, and biological processes involved
In such a scheme, longer term changes are derived by integrating rapid responses. But
we cannot simply integrate models that describe the rapid processes of CO, diffusion.

photosynthesis, fluid transport, respiration, and transpiration in cells and leaves in order to
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estimate productivity of whole plants and ecosystems. The nature of the spatial averaging
implied and the selection of parameters and processes to consider is difficult because of
nonlinearities and heterogeneity. For example, photosynthesis models traditionally assume
uniform biochemical concentrations over an entire plant, a condi‘ion rarely found outside
of the laboratory. Furthermore, computational error accuniulates when sinall deviations
are multiplied by scaling factors or accumulated over long time periods.

To progress in the development of terrestrial ecological models, we choose processes to
treat in different models based on the phenomenological scales involved. As is common
in the more physically-based sciences, terms in fundarnental equations are included or
ignored depending on the temporal an«! spatial scales of interest. We expect the best global
ecosystem analysis from a carefully organized suite of models, each describing processes
that operate at different rates and with differing degrees of spatial variation. It is useful
to organize models at three time scales and relate these in various ways for different kinds
of analyses.

The most rapid responses, from minutes to days, involve gas and water vapor ex-
changes, the biochemical rcactions of photosynthesis, and the microbial activity that de-
composes dead organic matter, These processes, which are responsible for the rapid circuit
of carbon through terrestrial ecosystems, quickly equilibrate to climatic variations and to
changes in atmospheric CO; concentration.

At the slow extreme of response times, the life cycles of individual plants and plant
community interactions due to shadiug and competition for nutrients an water determine
the dynamics of species composition, biomass, leaf area, and similar community variables
over decades and centuries. It is this long-term aspect of vegetation dynamics that can
lead to responses that resemble secondary succession.

On intermediate time scales, biotic activity, allocation, system structure, and leaf
display change during a year in response to seasonal climate. These intermediate variations
are associated with carbon allocation and other processes that are closely correlated with
climatic variables.

Models of the rapidly responding components of terrestrial ecosystems assume that the
major characteristics of the system remain constant and can be associated with large grid
cells, as in atmospheric general circulation models. Inputs at this level include the full suite
of climatic drivers as well as summary, static information about the state of vegetation
and dead organic matter. Outputs include the heat and moisture balance over the land
surface: some models also calculate a net carbon flux into plants.

Seasonal, phenological changes in vegetation are described by models at a second level

that are driven by climatic variables summed over time scales of days to weeks (e.g., degree-
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day sums, photosynthetically active radiation, total precipitation) as well as a productive
potential or target structure of the system toward which the vegetation moves in response
to climatic drivers. Outputs include seasonal changes in leaf area, leaf nutrient content, and
soil water storage. Changes in soil solution chemistry and the soil physical environment
at this time scale are appropriate for driving models of trace gas fluxes.

A third class of models represents annual changes in total net primary production
and ecosystem structure. Inputs include indices that summarize the effects of climatic
conditions on annual plant growth and decomposition (e.g., estimated actual evapotran-
spiration, annual growing degree-days, drought stress indices). Outputs include total net
primary production and its allocation, including total leaf area. Traditionally, total annual
nutrient release through decomposition is calculated with an annual time step.

Interactions between time scales occur in two ways: (1) short-term climatic data pro-
vide the fundamental forcing functions for all three levels, and (2) the longer-term models
determine the surface conditions and vegetation structure used as input to the next, more
rapidly responding representation. Thus all three levels are driven by climatic data and
constrained by calculated ecosystem structure. A level three model converts annualized
indices of climatic conditions and the current ecosystem state into total leaf area and
structure for the next year. Given these total values, the second level calculates the phe-
nology of leaf production and loss, and hence the seasonal pattern of ecosystem structure.
Using these seasonal patterns, the first level converts climatic data into energy and water
balances over very short time steps used in atmospheric models.

Decomposition and nutrient cycling are simulated with a time step of approximately
one month. They depend on litter quality and so require input from level three vegetation
models that describe plant chemistry dynamics. Rates in the decomposition model are
also influenced by temperature and moisture, and so require monthly aggregatcd climate
data. Growth and leaf nitrogen concentration are constrained by nutrient uptake.

[t appears that a general structure can be used to represent respiration and carbon
storage in both forested and grassland portions of the world. Soil organic matter in forests
is dominated by intermediate fractions, with turnover times ranging from about 20 to 100
years, often accumulating in surface horizons. This material may be derived from lignin,
which apparently is not microbially reworked to form stable humus. Its accumulation is

simply a function of its slow decomposition rate.



PERTINENT TERRESTRIAL MODELS AND ANALYSES

While comprehensive global ecosystem models are just now becoming practical, a num-
ber of modeling approaches that comprise their basis have already given important insight
into the potential responses of terrestrial ecosystems to global environmental change.

The natural, equilibrium distribution of vegetation is similar to climate. Plant geog-
raphers use this correlation to relate vegetation classes to climate (e.g.‘, Holdridge 1947,
Box 1981). Woodward (1987) developed an equilibrium model based on the physiolog-
ical limits of plants, and Bartlein and co-workers (Bartlein et al. 1986) related regional
abundances of particular taxa to climatic variables by empirical response surfaces.

Sehsitivity tests of such equilibrium models suggest bounds on climatic change im-
pacts. Emanuel et al. (1985a, b) compared world maps of Holdridge life zones derived
from the climate recorded by 7000 meteorological stations and with simulated temperature
increases for atmospheric CO, concentration twice the reference concentration. Prentice
and Fung (1990) consider shifts in the distribution of carbon in the Holdridge framework
due to both moisture and temperature change. Lashof (1987) did similar exercises with
a vegetation-climate relationship derived from Olson’s world map of ecosystem complexes
(Olson et al. 1983) and meteorological records. Although the transient responses would
be complex (Shugart et al. 1986, Solomon 1986), such tests indicate the sensitivity of the
‘asymptotic distributions toward which transients eventually converge in the absence of
disturbances not included in these equilibrium relationships. |

The experiment described by Emanuel and co-workers indicates greatest changes at
high latitudes where simulated temperature increases are largest and where narrow temper-
ature intervals define Holdridge life zones. Changes are along boundaries and are more ex-
tensive than the uncertainty in determining these boundaries within the Holdridge scheme.
Such speculations indicate some of the challenges agriculture and forestry may face and
bound the broad vegetation changes that might feed back on the global element cycles and
climate.

Past vegetation natterns reflected the climates of their time, so static vegetation models
can be used to describe past vegetation in terms of reconstructed paleoclimates (Ander-
son et al. 1988). This approach assumes dynamic equilibrium (Webb 1986), which is appro-
priate on time scales much longer than the vegetation’s response time (Prentice 1986a, b).
The time scale of interest in studies of human-induced global changes is a few hundred
years, comparable with the time needed for replacement of forest types—static models arc

not sufficient for prediction in this context.



For example, Emanuel and co-workers show conversion of much of today’s boreal forest
to temperate deciduous forest, but this result does not mean that there is likely to be a
gradual, straightforward transition between the two forest types. Higher summer temper-
atures may at first stimulate the growth of boreal conifers, but higher winter temperatures
may be unfavorable for the natural regeneration of some of these taxa at their oceanic
limits. Beyond a certain point, increased summer temperature will reduce growth rates
again; such a warm climate would probably be suitable for temperate trees, but their re-
- cruitment will take time, so production could fall before rising again toward the high level
characteristic of temperate forests.

Various vegetation models describe transient responses from different viewpoints. For-
est stand growth and succession models (Botkin et al. 1972, Ek and Monserud 1981,
Shugart 1984) simulate changes based on species attributes and tree interaction assump-
tions that emphasize competition for light. These models borrow many ideas from Iforestry
models (Munro 1974). Non-woody vegetation dynamics can probably be treated within
similar descriptions (Coffin and Lauenroth 1988), and although these models describe small
landscape patches, they simulate community phenomena with considerable generality and
use factors to describe environmental influences that can be evaluated along gradients or
to sample variability within larger landscape units.

The growth equations in these models are based on the following observations (Ek and
Monserud 1981):

1. Through time tree dimensions change according to sigmoid growth
patterns—change in any one dimension (e.g., height) can be modeled as
a sigmoid function (e.g., Richards 1959).

2. Other dimensions (e.g., stem diameter or crown width) are allometrically
related to height.

3. Changes in stand density reflect thinning because of competition.

4. The heights of dominant trees of a given age and species are fairly insensitive

to changes in stand density and are more closely related to potential site
productivity than to other indices (Spurr and Barnes 1980).

Stand models treat a plot of a definite size that is constrained by the assumption that
light availability is independent of horizontal position (Shugart and West 1979). Stand
size can be constrained further in order to achieve realistic simulations of variations such
as gap-phase dynamics, the species replacement sequences initiated by the death of a
large tree (Watt 1947, White 1979, Shugart 1984, Smith and Urban 1988). Shugart and

West (1977) simulated gap dynamics in an eastern Tennessee temperate forest on a 833 mn*
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plot. But in boreal forests, tree crowns are narrow, sun angles are low, and the gap created
by the death of a single tree is insignificant. Leemans and Prentice (1987) found that to
simulate gap procesées, models of these forests must be able to treat 1000 m? gaps for
establishment of light-demanding species (Whitmore 1982).

Conventionally, leaf area is directly related to stem diameter and considered to be
concentrated at the top of the stem, so that the total lcaf area of each tree shades all trees
below. But some more recent models determine leaf area from sapwood cross-sectional
area, allowing for sapwood turnover, and vertically distribute the leaf area of each tree
.Leemans and Prentice 1987). A vertical light profile is computed from the Lambert-Beer
law, again assuming that shading is horizontally homogeneous.

Trees respond according to their species-specific shade tolerance. Environmental effects
enter through factors that multiply growth increment to reflect deviations from best con-
ditions. Usually belowground competiﬁion is modeled only in terms of crowding, but sone
models now include an explicit nitrogen cycle; treating litter production, decomposition,
immobilization, mineralization, uptake, and growth response (Pastor and Post 1986).

Solomon (1986) showed that a stand simulation model treating 76 viable species
can generate qualitatively correct forest types across eastern North America. DBo-
nan et al. (1990) were able to simulate successional patterns on boreal sites from central
Alaska to Newfoundland. These results indicate that a forest stand model can be applied
at different locations by specifying values of low level environmental variables: tempera-
ture, rainfall, light intensity, soil characteristics, etc. These same variables are modified to
analyze environmental change.

Solomon (1986) went on to illustrate responses to climatic changes derived from gen-
eral circulation model solutions with increased atmospheric CQ concentration. He found
that changes in composition brought about substantial changes in biomass that could be
positive or negative, depending on location. This experiment considered only the effects
of increased CO, through climatic change. Using reasonable assumptions about the direct
effects of CO, increase on tree growth, Solomon and West (1986) showed thai . 'imatic
effects are likely to predominate. Pastor and Post (1988) report model experiments similar
to Solomon’s but with explicit treatment of nitrogen cycling. They find that effects of
climatic change through nitrogen dynamics can be as important as direct effects on plant
growth. ‘

These results point to what can be accomplished using stand simulation models to
analyze the consequences of environmental change. By developing solutions that sample
landscape units or environmental gradients, we can use a collection of these models to

analyze the impacts of environmental change on world forests where human intervention
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can be ignored or perhaps introduced into simulations as are natural disturbances. Other
vegetation types can be analyzed when nonwoody plants are incorporated in these or
similar models. ‘

Plant growth data requirements for stand model parameter evaluation are not de-
manding compared to other approaches; however, even these data are not available for
some regions, particularly tropical moist forests of South America and Africa. Huston
and Smith (1987) demonstrate that stand models that treat functional plant types rather
than species can simulate reasonable growth and succession dynamics—these functional
types and their parameter values can be derived from theoretical considerations (Smith
and Huston 1989). It appears that, where necessary, vegetation can be modeled at this
prototypic level until more data are available.

Forest models based on the Botkin formulation are uniquely successful in describing
stand dynamics on time scales ranging from decades to centuries. But a model that
describes population changes for each species or even plant types, as opposed to treating
individuals, may be satisfactory for most continental- to global-scale applicationé. The
computational requirements of population based models can be substantially less than
those of models that track individuals. |

One possibility is to describe the state of plant communities by the number of individ-
uals of each species or plant type in each of a set of arbitrary width layers dividing space
above the landscape unit supporting the vegetation. Again, the patch is sufficiently small
so that light extinction can be assumed to be horizontally homogeneous.

Advancement through height layers is a stochastic process. The probability of transfer
to higher layers is derived from a mean height increment for the population of each plant
type, assumed to be uniformly distributed through each layer. The increment depends on
current leaf area and size as well as environmental conditions including available light, air
temperature, and soil moisture. The structural emphasis on height and the assumption of
homogeneity within height layers for each plant type or species are conducive to incorpo-
rating plant types other than trees for which a growth description based on individuals is
unnatural, |

Parton et al. (1987) describe a general model of organic matter turnover in temperate
grasslands that can serve as a companion to forest stand models. Competition for light is
less importunt in lower stature ecosystems; however, nutrient cycling, moisture demands,
and other belowground processes require careful description in grassland models. The
Parton model considers several classes of dead organic matter that differ according to
their resistance to further decomposition. Immobilization and mineralization of nitrogen

determine its availability for plants. The model is able to simulate broad-scale variations
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in grassla~ds with the specification of only four external variables: annual precipitation,
temperature, soil texture, and plant lignin content. The nutrient cycling scheme used in
the Parton model is consistent with that used by Pastor and Post (1986) in their forest
stand model. Thus a uniform description of belowground processes can apparently be

worked out for use in both grassland and forest models.

LARGE-SCALE APPLICATIONS

Terrestrial ecosystem models need to be organized for use at several levels of geographic
detail and with the rapid and slow modules running in concert or separately. At the most
detailed geographic level, underlying data are organized on a grid of land cells, and models
are solved for each grid cell or with a sampling strategy. Both data and model solutions.
are mapped and managed by a geographic information system. The data requirements and
implementation logistics are very demanding at this level. In regional studies, data and
model results are tabulated against biome or ecosystem extents; while in some applications,
it is useful to average or lump data and model results to global scale.

Continental-scale simulations can be generated by deriving very large sets of patch
model solutions. The region of interest is subdivided. A uniform grid in spherical coor-
dinates is convenient, but arbitrary polygons can be used. Resolutions of about 0.5° are
reasonable (Olson et al. 1983, Emanuel et al. 1985a)—such cells are approximately 50 km
on a side at the equator. .

A set of patch model solutions is generated for each of these smaller units with appro-
priately distributed random environmental variables. Disturbance frequency and intensity
are also specified—these may depend on environmental characteristics such as tempera-
ture or soil moisture as well as the status of vegetation ((ercher and Axelrod 1984). The
solution set reflects specified variances in environmental variables, including disturbance
frequency and intensity, but is complicated by the stochastic processes simulated by patch
models.

For land units small enough to support reasonable resolution, the distributions of basic
environmental variables, such as temperature, rainfall, soil type, and soil texture, cannot be
derived from currently available observations. Rather the distributions of these variables
must be based on geomorphologic features—topography is most important.

There are models for calculating solar intensity at a specified location, elevation, slope,
aspect, and time (Swift 1976, Bonan 1988, Kutzbach and Gallimore 1988). Although basic
‘principles are understood for other reldtions, for example temperature change as a function

of elevation, these have not yet been expressed systematically in schemes suitable for global
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terrestrial ecosystem models. It is important to note that absolute relationships are not
required, rather we need to derive the distributions of environmental variables from the
underlying variability in topography and other structural characteristics.

Useful simulations of vegetation responses can be derived without considering connec-
tions between basic land units. At least three connections, however, are clearly important:
hydrologic transport, the dependence of disturbance frequencies on events in adjacent cells
as in the spread of fire, and the dependence of seed propagation on the abundances of
species in an area and in adjacent areas (Rudis and Ek 1981). The latter two connections
can be expressed without adding complex submodels; however, the large-scale hydrologic
modeling needed to include the first is only now beginning to be addressed (Eagleson 1986).

Global terrestrial ecosystem models require the same geographic data management and
‘analysis capabilities now being demanded by virtually all fields of environmental science.

But some unique features are needed:

1. Values of environmental variables, such as temperature and rainfall, must be
estimated for each land unit by interpolating observations that are usually
of coarser spatial resolution. In continental-scale applications, interpolation

on a sphere is required, and smoothing may be necessary (Renka 1982).

2. Statistical analysis of spatial data on arbitrary landscape units of different
resolutions is required both for the organization of solutions by assigning
joint distributions to environmental variables and to summarize and interpret

model solutions.

3. Collections of solutions must be analyzed to find geographic patterns in vari-
ables such as biomass and to map features that reveal the distributions of

major vegetation types.

CONCLUSION

Those wishing to study interactions between climate and ecosystems must reconcile the
different spatial and temporal scales of atmospheric and ecological processes. The design
of atmospheric general circulation models reflects the fast horizontal transport and short
memory of the atmosphere—integrations are performed at intervals of less than an hour
and at grid points 200 km or more apart. The slowest responding terrestrial ecosystem
models are solved on yearly intervals but on patches about 30 m across. These differences
reflect the inertia of vegetation and the fine spatial scales at which ecosystem processes

act compared to those determining weather.
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There are general circulation models that allow a prescribed vegetation, in terms of
height, structure, phenology, rooting depth, etc., to interact dynamically with the atmo-
sphere (Dickinson 1984, Sellers et al. 1986). Physical vegetation characteristics such as
albedo, leaf-area index, and stomatal aperture vary diurnally and seasonally in response
to atmospheric variables and in turn affect exchanges of energy, water, and momentum.
The task of a global ecosystem model] is to simulate the slower processes by which primary
ecosystem characteristics—taken as constant in climate models——are transformed through
time by changes in climate, including the processes of lateral spread.

We’vu described the components of a hierarchical scheme for simulating global transient
responses of natural terrestrial ecosystems to climatic change. The approach is based
on several core descriptions associated with different temporal and spatial scales that
in our experience simulate the processes that are responsible for terrestrial responses to
environmental changes reasonably well. Substantial data are required to estimate model

parameters for world-scale studies, but these needs are realistic.

REFERENCES

Aber, J. D. , J. M. Melillo, and C. A. Federer. 1982. Predicting the effects of rotation
length, harvest intensity, and fertilization on fiber yield from northern hardwood forests
in New England. Forest Science 28:31-45.

Anderson, P. M., C. W. Barnosky, P. J. Bartlein, P. J. Behling, L. Brubaker, E. J. Cushing,
J. Dedson, B. Dworetsky, P. J. Guetter, S. P. Harrison, B. Huntley, J. E. Kutzbach,
V. Markgraf, R. Marvel, M. S. McGlone, A. Mix, N. T. Moar, J. Morley, R. A. Perrott,
G. M. Peterson, W. L. Prell, I. C. Prentice, J. C. Ritchie, N. Roberts, W. F. Ruddiman,
M. J. Salinger, W. G. Spaulding, F. A. Street-Perrott, R. 5. Thompson, P. K. Wang,
T. Webb IIL., M. G. Winkler, and H. E. Wright, Jr. 1988. Climatic changes of the last
18,000 years: Observations and model simulations. Sctence 241:1043-1052.

Bartlein, P. J., I. C. Prentice, and T. Webb, III. 1986. Climatic response surfaces from
pollen data for some eastern North American taxa. Journal of Biogeography 13:35-57.

Bennett, K. D. 1986. The rate of spread and population increase of forest trees during the
postglacial. Philosophical Transactions of the Royal Society of London B 314:523-531.

Bonan, G. B. 1988. A Simulation Model of Environmental Processes and Vegetation Pm_ﬁ-
terns tn Boreal Forests. Test Case Fairbanks. Alaska. WP-88-63. International Insti-
tute for Applied Systems Analysis, Laxenburg, Austria.

Bonan G. B.. H. H. Shugart, and D. L. Urban. 1990. The sensitivity of some high-latitude
boreal forests to climatic parameters. Climatic Change 16:9-29.

Botkin, D. B., J. F. Janak, and J. R. Wallis. 1972. Some ecological consequences of a
computer model of forest growth. Journal of Ecology 60:849-873.



Box, E. O. 1981. Macroclimate and Plant Form. Junk, The Hague.

Coffin, D. P., and W. K. Lauenroth. 1988. The effects of disturbance size and frequency
on a shortgrass plant community. Ecology 69:1609-1617.

Davis, M. B. 1981. Quaternary history and the stability of forest communities. pp. 132~
153. In D. C. West, H. H. Shugart, and D. B. Botkin (eds.) Forest Succession: Concepts
and Application. Springer-Verlag, New York.

Davis, M. B., and D. B. Botkin. 1985. Sensitivity of cool-temperate forests and their fossil
pollen record to rapid temperature change. Quaternary Research 23:327-340.

Davis, M. B., K. D. Woods, S. L.. Webb, and R. B. Futyma. 1986. Dispersal versus
climate: Expansion of Fagus and Tsuga into the upper Great Lakes region. Vegetatio
67:93-103.

Davis, M. B. 1987. Invaéion of forest communities during the Holocene: Beech and hem-
lock in the Great Lakes region. pp. 373- 394. In A. J. Gray, M. J. Crawley, and
P. J. Edwards (eds) Colonization, Succession, and Stab:lity. Blackwell, Oxford.

Dickinson, R. E. 1984. Modeling evapotranspiration for three-dimensional global climate
models. pp. 58-72. In J. E. Hansen, and T. Takahashi (eds.) Climate Processes
and Climate Sensitivity. Geophysical Monograph 29. American Geophysical Union,
Washington, D.C.

Eagleson, P. S. 1986. The emergence of global-scale hydrology. Water Resources Research
22:65-14S

Ek, A. R, and R. A. Monserud. 1981. Methodology for modeling forest stand dynam-
ics. pp. 177-184. In D. E. Reichle (ed.) Dynamic Properties of Forest Ecosystems.
Cambridge University Press, Cambridge.

Emanuel, W. R., H, H. Shugart, and M. P. Stevenson. 1985a. Climatic change and the
broad-scale distribution of ecosystem complexes. Climatic Change T7:29-43.

Emanuel, W. R., H. H. Shugart, and M. P. Stevenson. 1985b. Response to comment:
Climatic change and the broad-scale distribution of ecosystem complexes. Climatic
Change T:457-460.

Grimm, E. C. 1984. Fire and other factors controlling the Big Woods vegetation of Min-
nesota in the mid-nineteenth century. Ecological Monographs 54:291-311.

Holdridge, L. R. 1947. Determination of world plant formations from simple climatic data.
Science 105:367-368.

Huntley, B., and H. J. B, Birks. 1983. An Atlas of Past and Present Pollen Maps for
Europe: 0-13,000 Years Ago. Cambridge University Press, Cambridge.

Huston, M., and T. Smith. 1987. Plant Succession: Life historv and competition. Ameri-
can Naturalist 130:168-198.

Kercher, J. R., and M. C. Axelrod. 1984. A process model of fires, ecology, and succession
in a mixed-conifer forest. Ecology 65:1725-1742.

13



HHN\“ E oo

ulzbach, J. E., and R. G. Gallimore. 1988. Sensitivity of a coupled atmosphere/mixed
layer ocean model to changes in orbital forcing at 9000 years B.P. Journal of Geophys-
ical Research 93:803-821.

Larcher, W. 1975. Physiological Plant Ecology. Springer-Verlag, New York.

Lashof, D. A. 1987. The Role of the Biosphere in the Global Carbon Cycle: Evaluation
Through Biospheric Modeling and Atmospheric Measurement. Ph.D. Dissertation, Uni-
versity of California, Berkeley.

Leemans, R., and I. C. Prentice. 1987. Description and simulation of tree-layer composition
and size distributions in a primeval Picea-Pinus forest. Vegetatio 69:147-156.

Munro, D. D, 1974. Forest growth models. A prognosis. pp. 7-21. In J. Fries (ed.)
Growth Models for Tree and Stand Simulation. Research Notes 30. Department of
Forest Yield Research, Royal College of Forestry, Stockholm.

Olson, J. S., J. A. Watts, and L. J. Allison. 1983. Carbon in Live Vegetation of Ma-
jor World Ecosystems. ORNL-5862. Oak Ridge National Laboratory, Oak Ridge,
Tennessee.

Parton, W. J., D. S. Schimel, C. V. Cole, and D. S. Ojima. 1987. Analysis of factors
controlling soil organic matter levels in Great Plains grasslands. Suvil Science Society
of America Journal 51:1173-1179.

Pastor, J., and W. M. Post. 1986. Influence of climatc, soil moisture, and succession on
forest carbon and nitrogen cycles. Biogeochemistry 2:3-27.

Pastor, J., and W. M. Post. 1988. Response of northern forests to CO,-induced climate
change. Nature 344:55-58.

Prentice, I. C. 1986a. \ egetation response to past climatic variation. Vegetatio 67:131-141.

Prentice, I. C. 1986b. Some concepts and objectives of forest dynamics research. pp.
32-41. In J. Fanta (ed.) Forest Dynamics Research in Western and Central Europe.
PUDOC, Wageningen, The Netherlands.

Prentice K. C., and I. Y. Fune. 1990. The sensitivity of terrestrial carbon storage to
climate change Nature 346:48-51.

Renka, R. 1982. Interpolation of Data on the Surface of a Sphere. ORNL/CSD-108. Oak
Ridge National Laboratory, Oak Ridge, Tennessee.

Richards, F. J. 1959. A flexible growth function for empirical use. Journal of Ezperimental
Botany 10:290-300.

Rudis, V. A., and A. R. Ek. 1981. Optimization of forest spatial patterns: Methodology
for analyzis of landscape pattern. pp. 241-256. In R. L. Burgess and D. M. Sharpe

(eds.) Forest Island Dynamics in Man-Dominated Landscapes. Springer-Verlag, New
York.

Schimel, D. S., W. J. Parton, T. G. F. Kittel, D. S. Ojima, and C. B. Cole. 1990. Grassland
biogeochemistry: Links to atmospheric processes. Climatic Change. (in press).

14



i
vaill Ll

Sellers, P. J., Y. Mintz, Y. C. Sud, and A. Dalcher. 1986. A simple biosphere model
(SiB) for use within general circulation models. Journal of the Atmospheric Sciences
43:505-531.

Shugart, H. H., Jr., and D. C. West. 1977. Development of an Appalachian deciduous
forest succession model and its application to assessment of the impact of the chestnut
blight., Journal of Envirenmental Management 5:161-179.

Shugart, H. H., and D. C. West. 1979. Size and pattern of simulated forest stands. Forest
Science 25:120-122.

Shugart, H. H. 1984. A Theory of Forest Dynamics. Springer-Verlag, New York.

Shugart, H. H., M. Y. Antonovsky, P. G. Jarvis, and A. P. Sandford. 1986. CO,, clin_}atic
change and forest ecosystems. pp. 475-521. In B. Bolin, B. R. Doos, J. Jiger,
and T. A. Warrick (eds.) The Greenhouse Effect, Climatic Change, and Ecosystems.
SCOPE 21. John Wiley, Chichester, U.K.

Smith, A. G. 1965. Problems of inertia and threshold related to post-glacial habitat
changes. Proceedings of the Royal Society B 161:331-342.

Smith, T. M., and D. L. Urban. 1988. Scale and resolution of forest structural pattern.
Vegetatio 74:143-150.

Smith, T. M., and M. Huston. 1989. A theory of the spatial and temporal dynamics of
plant communities. Vegetatio 83:49-69.

Solomon, A. M. 1986. Transient response of forests to CO,-induced climate change: Sim-
ulation modeling experiments in eastern North America. Oecologia 68:567-579.

Solomon, A. M., and D. C. West. 1986. Atmospheric carbon dioxide change: Agent of
future forest growth or decline? pp. 23-38. In J. Titus (ed.) Effects of Changes in
Stratospheric Ozone and Global Climate. Volume 3. U.S. Environmental Protection
Agency, Washington, D.C.

Spurr, §. H., and B. V. Barnes. 1980. Fores¢ Ecology. 3rd Edition. John Wiley, New York.

Swift, L. W., Jr. 1976. Algorithm for solar radiation on mountain slopes. Water Resources
Research 12:108-112.

Walter, H. 1979. Vegetation of the Earth. Second Edition. Springer-Verlag, New York.

Watt, A. S. 1947. Patterns and process in the plant community. Journal of Ecology
35:1-22, ‘

Webb, T., III. 1986. Is vegetation in equilibrium with climate? How to interpret late-
Quaternary pollen data. Vegetatio 67:75-92.

Webb, T., III. 1987. The appearance and disappearance of major vegetation assemblages:
Long-term vegetational dynamics in eastern North America. Vegetatio 69:177-187.

White, P. 8. 1979. Pattern, process, and natural disturbance in vegetation. Botanical
Review 45:229-299,



Whitmore, T. C. 1982. On pattern and process in forests. pp. 45-60. In E. I. Newman
(ed.) The Plant Community as a Working Mechanism. Elackwell, Oxford, U.K.

Woodward, F. I. 1987. Climate and Plant Distribution. Cambridge University Press,
Cambridge, U.K.

ACKNOWLEDGEMENTS

Sections of this paper are drawn from discussions and reports of the National Research
Council’s Committee on Global Change, Working Group on Integrated Global Change
Modeling. The paper also reflects ideas and approaches developed while W. R. Emanuel
participated in an extended workshop on global vegetation modeling at the International
Institute for Applied Systems Analysis during Summer 1988. Several sections are the
result of close collaboration and joint writing with I. Colin Prentice, Uppsala University,
and with Thomas M. Smith, University of Virginia. The section on forest stand models
was derived in part fromn material prepared jointly with Robert A. Monserud, USDA Forest
Service, Moscow, Idaho. The authors appreciate reviews by Wilfred M. Post and Robert
V. O’Neill, colleagues at the Oak Ridge National Laboratory.

f—t
o



(K]

R

LETR ‘t:ﬂ_ I

o

et






