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ABSTRACT

Ecosystem scientists have developed a body of theory to predict the behavior of biogeochemical
cycles when exchanges with other ecosystems are small or prescribed. Recent environmental
changes make it clear that linkages between ecosystems via atmospheric and hydrological trans-
port have large effects on ecosystem dynamics when considered over time periods of a decade to
a century, time scales relevant to contemporary humankind. Our ability to predict behavior of
ecosystems coupled by transport is limited by our ability (1) to extrapolate biotic function to
large spatial scales and (2)to measure and model transport. We review developments in
ecosystem theory, remote sensing, and geographic information systems (GIS) that support new
efforts in spatial modeling. A paradigm has emerged to predict behavior of ecosystems based on
understanding responses to multiple resources (e.g., water, nutrients, light). Several ecosystem
models couple primary production to decomposition and nutrient availability using the
above paradigm. These models require a fairly small set of environmental variables to simulate
spatial and temporal variation in rates of biogeochemical cycling. Simuitaneously, techniques
for inferring ecosystem behavior from remotely measured canopy light interception are
improving our ability to infer plant activity from satellite observations. Efforts have begun to
couple models of transport in air and water to models of ecosystem function. Preliminary
work indicates that coupling of transport and ecosystem processes alters the behavior of earth
system components (hydrology, terrestrial ecosystems, and the atmosphere) from that of an
uncoupled mode.

1. Introduction

Conventional use of the term “ecosystem”
implies systems where internal interactions are
more important than external forcing as controls
over system dynamics. Recently, it has become
apparent that connections between spatially
separate ecosystems are pervasive and important.
Ecosystems are connected by hydrology (Peter-
john and Correll, 1984; Costanza et al., 1990;
Richey etal, 1990; Vorosmarty etal, 1990),
aeolian transport (Gosz and Moore, 1989), and
transport by grazers and other organisms (Schimel
et al.,, 1986; Roughgarden et al.,, 1989). Changes in
atmospheric chemistry have made the large-scale
linkage of ecosystems dramatically apparent.
Changes in atmospheric CO, and other green-

house gases are derived from anthropogenic
emissions and altered carbon budgets of eco-
systems worldwide (Houghton et al., 1983) and
have the potential to impact ecosystems remote
from the emission source. Ozone derived from
biomass burning in the tropics achieves levels high
enough to cause damage to plants over large areas;
i.e., areas of burning are “linked” to the unburned
areas (Crutzen et al., 1985).

Linkages via the atmosphere often result in
rather slow changes, requiring decades to a cen-
tury or so. For example, the effects of CO, either
via fertilization or climate change on ecosystems
result in slow changes in production and nutrient
cycling, compared to localized perturbations such
as hurricanes or drought. Similarly, elevated ozone
or increased deposition of N have chronic rather
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than acute effects (Prinz, 1988). The effects
of atmospheric deposition have nonetheless
become visible, although symptoms may require
decades to be fully manifested. Changes due
to biogeochemical linkages of ecosystems are,
however, fast relative to many changes in the
paleoecological record, some of which spanned
1000-10,000 years (Woods and Davis, 1989).
Prediction of future effects of environmental
changes requires the ability to understand the
behavior of ecosystems at large spatial scales and
over long intervals of time.

Traditional ecology and biogeochemistry have
neither measured nor predicted the behavior of
ecosystems at large scales or over long periods of
time, albeit with notable exceptions (Thornthwaite
and Mather, 1955; Tucker et al., 1986; Houghton
et al., 1983; Roughgarden et al., 1989). Few field
studies have had the objective of understanding
the behavior of ecosystems at large spatial scales
(see Sellers et al., 1988 and Yonker et al.,, 1988)
and most large-scale analyses have relied on data
compiled from diverse sources (Meentemeyer,
1988; Vitousek, 1982). Currently, ecosystem
models developed for plot studies are being
used for spatial analysis at subcontinental scales
assuming no interactions via hydrology or the
atmosphere (Schimel et al.,, 1990; Pastor and Post,
1988). Simple models of biophysical interactions
have been attached to atmospheric models to
allow atmosphere-biosphere interactions, but in
these models much of the biology is static (Sellers
et al., 1986; Sato et al., 1989).

While great progress has been made in simulat-
ing the behavior of ecosystems with prescribed
boundary conditions (e.g., material input/output,
climate), understanding the behavior of coupled
systems is in its infancy. Two problems seem
immediately limiting to progress in this area. First,
we have limited ability to extrapolate rates of
biogeochemical cycling to large and heterogeneous
areas (Matson et al.,, 1989). Second, considerable
barriers exist to coupling atmospheric dynamics
and hydrological transport models to models
of production and biogeochemistry. The two
problems are not independent since much varia-
tion in rates of biological processes is due to varia-
tions in climate and hydrology.

Coupling models of primary production to
models of decompostion in soils created new
behavior modes in ecosystem models, modes
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which are central to our current understanding of
the effects of climate change (Schimel et al., 1990;
Pastor and Post, 1988). It is likely that coupling
models of ecosystems to atmospheric and
hydrological models will similarly allow new
behavior modes in models of the earth system.
Increasing the linkage between components may
increase the realism of simulations. This may lead
to increased predictability if the subsystems act to
constrain each other’s behavior. Alternatively,
mathematical chaos and extreme dependence
on initial conditions could occur (Lorenz, 1963;
Grebogi etal, 1987). Either outcome from
experiments with coupled models would advance
our knowledge of the behavior of the biosphere.

2. Objectives

At a meeting in 1986, Bolin challenged the
ecological community to predict evapotranspira-
tion and CO, exchange for a grid of 200 km?
resolution as a key step in improving earth system
models (Bolin, 1988). Evapotranspiration (ET) is
in a sense a simple problem, since it is constrained
by the amount of precipitation and the energy
available for evaporation. Because of its highly
constrained nature, simple models (Thornthwaite
and Mather, 1955; Running et al., 1989) have
been relatively successful. However, ET rate is
dependent upon the activity and amount of vegeta-
tion, which are not easy to predict. Vegetation
amount is also not readily assessed regionally or
globally. Solving the ET problem either for the
contemporary world clothed in its actual vegeta-
tion cover or for the future under a scenario of
altered greenhouse gases will require dynamic
ecosystem models responsive to variations in
climate and edaphic properties. Solving the ET
problem requires the development of earth system
models.

Success at modeling the earth system will
probably require separation of the above two
problems, (1)simulation of the contemporary
world and (2) prediction of its future course, as
their solutions may have somewhat different
requirements. In this paper, we review several
studies set in motion since Bolin’s articulation of
the ET problem and discuss lessons learned in
those studies. We emphasize the rapid develop-
ment of techniques for both spatial extrapolation
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of ecosystem behavior and coupling ecosystems
via the atmosphere or running water, as well as
important unknowns that persist. Advances in the
understanding of ecosystem responses to changing
resources are basic to solving both of these
problems, and modeling of resource limitation and
interactions is a continual theme in what follows.

3. Control of ecosystem processes

The phrase “ecosystem process” implies pro-
cesses that are the collective result of the activity of
many species (ie., primary production, decom-
position, carbon storage), processes carried out by
a small number of species that affect the entire
system (i.e., nitrogen fixation), and processes that
involve interactions between the biota and physi-
cal forces (e.g., leaching of nitrate, evapotran-
spiration). Herbivory, invasion, succession, and
extinction are also ecosystem processes, involving
interactions between species and between the biota
and the physical environment. The following
discussion focuses on regulation of terrestrial
biogeochemical cycles, even though these eco-
system processes (production, decomposition,
nutrient cycling) have important and reciprocal
interactions with species composition and succes-
sional dynamics of ecosystems (Pastor and Post,
1986; Tilman, 1985).

Net primary production (NPP) and organic
matter balance of ecosystems are controlled by the
interactive effects of climatic and edaphic proper-
ties. Control by the abiotic environment is
modulated by the biochemical composition of
organic matter produced, herbivory, and distur-
bance regime (fire, severe storms, etc.). Fig. 1
shows a simplified schematic based on a current
ecosystem model (CENTURY). In this formulation,
net primary production is determined by water
availability (rainfall plus storage) subject to the
constraint that plants must maintain critical C:ele-
ment (N, P, S) ratios. Thus whole plant C:N ratio
must not exceed ca. 100, and comparable limits
(similar to Redfield ratios; Redfield, 1958) are set
for the other elements. Control by light restricts
growth as light interception nears 100%. While
different schemes are used for production in other
models (ie., West et al, 1981; Pastor and Post,
1986), all embody the same concept: joint regula-
tion by climate and a suite of limiting soil-derived
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nutrients, with light competition acting as a
constraint. This concept is quite different from
assumptions underlying many biophysical treat-
ments (reviewed in Schimel et al., 1991).

Soil properties influence primary production
through nutrient availability and water holding
capacity. The ability of a soil to hold water is
related to its structure, texture, and organic matter
content. Soil water holding capacity is most
strongly controlled by texture or grain size dis-
tribution. Fine grained soils hold more water and,
hence under a common climate, may support
higher NPP than coarse soils. In dry environ-
ments, this pattern may reverse, since coarse soils,
which allow deeper infiltration, may have lower
evaporation and higher transpiration rates than
fine soils (Noy-Meir, 1973; Sala et al., 1988).

Nutrients are derived from three sources,
mineralization of soil organic matter, the atmo-
sphere, and weathering of soil minerals. Mineral-
ization of nutrients occurs as organic matter is
decomposed by microorganisms. A huge literature
exists on this subject, covering its biochemistry,
microbiology, the role of large organisms
(protozoa, microarthropods), and control by the
abiotic environment. In its essentials, decomposi-
tion is controlled by substrate organic chemistry,
nutrient supply, and environmental variables that
regulate microbial activity rates. Substrate organic
chemistry is generally summarized by “lignin” con-
tent. Lignin is a mix of polymers resistant to
microbial decomposition. As lignin content
increases, decomposition rate decreases. Decom-
poser organisms require nutrients for growth,
which may in part be derived from plant substrate.
However, most plant substrates are low in
nutrients relative to microbial tissue; plant
material C:N ratios are 40-100 compared to 6-12
for most heterotrophs. Thus, nutrients are
required from sources in the soil environment and
are largely derived from the turnover of soil
organic matter (C:N of approximately 10) and of
the microbial population itself. Plant material with
high lignin or low nutrient content constitutes a
sink for nutrients, slowing down nutrient turnover
and reducing plant nutrient availability; low lignin
or high N material behaves in the opposite fashion.
In practice, the organic chemistry of plant litter is
often summarized by the lignin:N ratio (Melillo
et al., 1984; Parton et al., 1987).

Soil organic matter is central to nutrient cycling

Tellus 43AB (1991), 4



GLOBAL INTERACTIONS WITH THE ATMOSPHERE AND HYDROLOGY

191

STRUCTURAL
C,N,P L/N LIVE
PLANT
C,N,P
DEC
LIGNIN METABOLIC
C,N,P LA
DX PRECIP.
NON
LIGNIN
ACTIVE MINERAL
C,N,P N,P
LIGNIN pec DX D] JLI+cLaY
SLOW
C,N,P
pec X
= 0 N RATIO
PASSIVE Lo'éci'gﬂmc *
C.N,P DECOMPOSITION
PARAMETER

Fig. 1. Schematic of the CENTURY model. Note that flows into soil organic matter are partitioned into 3 pools based

on turnover time (Active, Slow, Passive). Nutrient minera

lization occurs as plant litter (in the Metabolic Pool) and

soil organic matter pools are decomposed. These fluxes are influenced by climate (temperature, precipitation, DEC;
DEC = climatic decomposition parameter) and soil texture. Maximum plant production is set by water availability
and then constrained by nutrient supply and light limitation (i.e., self-shading).

and organic matter storage. Much of the world’s
organic carbon is stored in soils (Schlesinger,
1977) and this organic matter reserve is also a
major reserve of plant nutrients. Although alter-
nate model formulations for decomposition and
soil organic matter formation exist (Fig.2), all
agree that plant debris is progressively decom-
posed into less labile and more nutrient rich forms
(Aber et al., 1978). As the more decomposed forms
are reached, decomposition rate slows, but
nutrient release per unit carbon respired or meta-
bolized increases. Nutrient mineralization may be
dominated by intermediate forms in the decom-
position sequence, with small amounts of available
N derived directly from either fresh litter or stabi-
lized humus (Parton et al., 1987).
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Stabilization of humus appears to be governed
largely by the overall decomposition rate (con-
trolled by temperature and moisture) and by the
formation of organo-mineral compounds. Organic
matter stabilization decreases as mean annual tem-
perature increases (Schimel etal., 1989; Burke
et al,, 1990), with low soil carbon levels and high
mineralization rates in some tropical ecosystems
providing an extreme example. Formation of
organo-mineral compounds is enhanced by
increasing surface activity of soil particles and so
increases with increasing clay content (Parton
etal, 1987; Serensen, 1981; Oades et al., 1987).
Different types of clay minerals also differentially
stabilize organic matter (Strickland et al., 1988). In
general, nutrient turnover (nutrient mineralized/
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Fig. 2. The two most common schemes for simulating decomposition are the litter cohort model of Aber et al. (1987)
and Pastor and Post (1986) and the structural/metabolic scheme used in CENTURY (Parton et al., 1987). The two
schemes are not fundamentally different; the litter cohort model can be mapped onto the pools simulated in CENTURY.
Time contours indicate the changing composition of litter cohorts in terms of metabolic (protein, soluble carbo-
hydrate) and structural (lignin, lignocellulose) components. Only one or two soil carbon pools are simulated in most
litter cohort models; the flow indicated from the last litter cohort into the soil should not be interpreted as a flow into
the active fraction but rather as a flow into humus. In the litter cohort model, fresh plant litter flows into the youngest
cohort. In CENTURY, the litter flow from dying vegetation is partitioned between structural and metabolic pools

depending on the lignin and N contents of the vegetation.

unit organic nutrient) decreases with increasing
clay content but absolute mineralization rate may
increase, because of larger pool sizes (Schimel
et al.,, 1985; Schimel, 1986).

Nutrient availability and water availability are
often correlated within a climatic regime since
both are related to soil texture. This is a critical
conclusion in understanding the steady state
behavior of ecosystems. This correlation could
break down under rapid climate change and
associated disturbance, and so the interaction

between water and nutrient availability must be a
focus of intensive research.

In summary, the type of model shown in Fig. 1
and exemplified by CENTURY (Parton et al., 1987)
or LINKAGES (Pastor and Post, 1986) include much
of what we know about regulation of terrestrial
biogeochemical cycles. The models assume that
abiotic and biogeochemical factors interactively
constrain primary production and carbon storage.
Water and N limitations are not independent and
so should be correlated at steady state. Both
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LINKAGES and CENTURY suggest complex behavior
as systems depart from climatic steady state and
climatic and biogeochemical constraints become
uncoupled (Pastor and Post, 1988; Schimel et al.,
1990).

4. Extrapolation

Two basic approaches to extrapolation of
biogeochemical cycling have been developed. We
refer to these as the “remote sensing” approach
and the “geographic” approach. Hybrids exist and
will likely become common.

4.1. Remote sensing

The remote sensing approach was pioneered by
Fung et al. (1987) and is based on a strong rela-
tionship between net primary productivity and
annual integrated light interception (Monteith,
1972). The normalized difference vegetation index
(NDVI), calculated from the red and near-infrared
bands of satellite sensors, is well correlated with
intercepted photosynthetically active radiation
(IPAR), as is its annual integral with annual net
primary production (Sellers, 1985; Running et al.,
1989; Goward et al.,, 1986). The original simple
model of Fung et al. (1987) assumed that NPP
could be calculated from NDVI using an empiri-
cally-derived scaling factor (often referred to as
“conversion efficiency”) to convert light intercep-
tion to biomass production (or CO, uptake). They
calculated respiration from temperature. This
simple model adequately mimicked observed
global seasonal pattern of atmospheric CO, con-
centrations.

The model of Fung et al. (1987) allowed calcula-
tion of a critical flow in terrestrial biogeochemistry
but required empirical calculation of biome-
specific conversion efficiencies. Their approach
suggests an interesting inversion strategy for
the CENTURY/LINKAGES class of models. While
ecosystem models have not conventionally been
parameterized in terms of light interception (in
contrast to biophysical models), light interception
is related to a number of key ecosystem variables.
Sellers (1985) argued that instantaneous NDVI
was an estimate of photosynthetic capacity or
chlorophyll density. Subsequent research has
broadly supported this conclusion. Chlorophyll
density and photosynthetic capacity are strongly

Tellus 43AB (1991), 4

193

related to canopy N, and their time.series (rather
than time integral) may indicate N uptake and
dynamics in the canopy (Field and Mooney, 1986;
Evans, 1989; Schimel et al., 1991). While NDVI
has often been interpreted as leaf area index (LAI,
leaf area/ground area) or biomass, more useful
interpretations may be in terms of chlorophyll
density and, by correlation, N density and
photosynthetic capacity. That NDVI predicts LAI
or biomass in some cases may reflect constrained
ratios of N per unit mass or per LAI within a study
region of biome.

Can light interception be used as an input to
models of ecosystems? Promising results have been
obtained. Running et al. (1989) demonstrated a
successful application of such a technique for a
model of forest photosynthesis and transpiration.
Data from the First International Satellite Land
Surface Climate Project Field Experiment (FIFE;
Sellers et al., 1988) in a Kansas tallgrass ecosystem
show strong relationships between light intercep-
tion and canopy N mass and N allocation
(Schimel et al., 1991).

Long-term success of satellite data-driven
models will depend next on development of algo-
rithms to predict above- versus below-ground par-
titioning of C and N for a given aboveground time
series of light interception. Current models assume
that allocation above and belowground reflects the
relative importance of aboveground (light) and
belowground resources (water, nutrients) as fac-
tors limiting production (Coughenour, 1985). One
simple model assumes that partial derivatives of
production with respect to water, N uptake, and
light are equal (Field, 1991). Well-constrained
solutions to such an algorithm will be difficult if
only light interception (NDVI) is available as an
input. Such a treatment could better be used in a
model where several environmental parameters
are used as inputs, with soil moisture or rainfall
being most useful, as in a hybrid model including
geographic and remotely sensed inputs.

Development of models based on light intercep-
tion will have to consider canopy structure. It is
unlikely that any but the simplest relationships
between light interception and ecosystem state or
function will be preserved across vegetation
physiognomies of diverse architecture and light-
harvesting strategies. Canopy structure is
intimately involved with light competition, which
is a key control over growth in many ecosystems
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(Schimel etal, 1991). Much research in
physiological ecology has focused on the diverse
responses of plants to varying light environments.
A few unifying principles have emerged (Field,
1991; Hirose and Werger, 1987), but their applica-
tion in complex or uneven-aged vegetation is still
unclear. Ecosystem models run as inverse models
using light interception will have to include a
simple representation of canopy structure and
radiative transfer.

New innovations in remote sensing may also aid
in model inversion (Waring et al, 1987). High
spectral resolution spaceborne spectrometers may
be able to estimate canopy N, lignin, or other con-
stituents directly (Wessman et al., 1988). These
measurements, in combination with estimates
of light interception, may sufficiently constrain
production and decomposition to allow stable and
unique model inversions. For example, forcing an
ecosystem model with measured leaf lignin:N
ratios would constrain its decomposition sub-
model. Lignin content of foliage may also be an
indicator of nutrient availability, given some
evidence suggesting that high lignin content is
found on low nutrient sites. Successful use of
remote sensing in extrapolation of models of
biogeochemistry will require rethinking of tradi-
tional modeling approaches. The key will be to use
plant physiology as the interface ecosystems
between ecosystem properties and remote
measurements. Modeling terrestrial ecosystems
using satellite inputs will require better under-
standing of how plant physiology and chemistry
reflect the balance between above- and
belowground limiting factors.

Remote sensing imposes an awkward combina-
tion of temporal and spatial resolutions on the
ecosystem modeler. Remote observations are
instantaneous measurements, reflecting high fre-
quency changes in vegetation. Prediction of
vegetation activity over short intervals is done
with highly detailed physiological or biophysical
models (i.e., Johnson and Thornley, 1984). On the
other hand, remote sensing provides a view of
vegetation over a large area. This is traditionally
the spatial scale of ecosystem models that have
coarse time resolution and limited ability to
predict the instantaneous state of vegetation, but
that simulate system response to edaphic proper-
ties and other factors that drive spatial variability.
Most efforts to resolve this problem of scale have
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used time-integrated remote measurements (e.g.,
annual [ (NDVI); Goward et al., 1985; Fung et al.,
1987). This, however, throws away seasonal infor-
mation, with potential data on nutrient uptake,
herbivory, and other dynamic aspects of eco-
systems.

Remote sensing has a number of intrinsic limita-
tions. First, the relatively small number of
parameters accessible through remote sensing
makes it likely that only relatively simple models
can be driven by remotely measured inputs.
Second, while remote sensing can aid in under-
standing current variation in ecosystem properties
and in detecting change in ecosystems, models
driven by remote measurements cannot be used to
simulate biospheric response to future change,
although they may provide initial conditions.
Predictive models must derive input from
geographic data bases describing edaphic and
other controls. Nonetheless, models driven by
remote observations will be essential to describe
the current state of the earth, monitor near-term
change, and estimate initial conditions for
predictive modeling.

4.2. The geographic approach

Driving models of biogeochemistry with spa-
tially explicit information on vegetation type and
other ecosystem parameters was pioneered by
Houghton et al. (1983) in their analysis of the
terrestrial contribution to the atmospheric CO,
budget. Developments in geographic information
system (GIS) software and modeling techniques
have allowed increasingly ambitious geographic
modeling (Matthews and Fung, 1987; Burke et al.,
1990), although global data bases on soils, climate,
vegetation, and land management have not kept
pace with either GIS or modeling software
(Stewart et al., 1989).

The geographic approach defines the land sur-
face as an array of cells with homogeneous proper-
ties. These cells may be elements of an uniform grid
(e.g., 0.5° latitude x 0.5° longitude) (Gildea et al.,
1986) or irregular polygons (Burke et al., 1990).
Each cell is associated with tabular data describing
salient ecosystem properties. Other data layers
contain model output. Choice of properties
described for each cell is determined by the
parameter structure of the model. In recent
regional simulations with CENTURY, Burke et al.
(1990) used an irregular grid determined by an

Tellus 43AB (1991), 4



GLOBAL INTERACTIONS WITH THE ATMOSPHERE AND HYDROLOGY

overlay of a climate parameter (potential
evapotranspiration/precipitation; PET/P) on a
map of soil texture. A common climate time series
and soil texture were used within each cell to drive
a model run. Similar approaches have been applied
in forests (Pastor, personal communication) and
in wetlands (Costanza etal., 1990). In future
applications, a climate “data layer” will be a
simulation of atmospheric motion allowing
linkage of cells though matter and energy transfers
despite the otherwise intrinsically 1-D nature of
the ecosystem model.

Aggregation and interpolation are common
problems in developing spatial data bases. Climate
data come from point measurements or climate
model cell centroids and so must be interpolated to
produce spatial surfaces. However, when cells are
defined, these surfaces must then be segmented.
When multiple data layers are interpolated
separately and then overlaid, artificially small cells
(“splinters”) can emerge that are of a size not
warranted given the resolution of the original data.
To reduce this problem, Burke et al. (1990) used
the annual PET/P index to generate cell bound-
aries, rather than monthly climate data (ie,
actual CENTURY inputs) which would have
required overlaying a dozen climate maps for each
parameter. On the other hand, problems also
occur when surfaces are segmented into large cells
if mapped variables are non-linearly related to
responses. In that case, considerable within cell
detail must be preserved or cell nonlinear weighted
averages must be calculated to avoid such aggrega-
tion error in the final estimates. For example, soil
texture is non-linearly related to soil carbon
storage. Fine textured soils have disproportion-
ately high carbon storage and so must be mapped
with care. Soil texture may be averaged within a
polygon, but a weighting function for the average
must weight fine textured soils more heavily than
other types (Burke et al., 1990).

To date, GIS-based simulations have been at
regional scales (Gildea et al., 1986; Burke et al.,
1990) or have employed very simple models
(Esser, 1990). Use of this approach at global scales
will require some additional detail. Simulations in
temperate ecosystems have assumed minimal effect
of clay mineralogy; this will not be true for simula-
tions covering both temperate and tropical
ecosystems. Few mapped data on soil P are yet
available, yet this will also be required for tropical
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simulations. Simulation of non-steady state condi-
tions will require information on human land use.
Land use data sets remain primitive and have been
incorporated into global GIS’s at only very coarse
resolutions (Matthews 1983, Wilson and Hender-
son-Sellers 1985). Here remote sensing of initial
conditions and rates of change may prove
invaluable. Simulation of trace gases (e.g., N,O,
CH,) will require additional data, especially on
hydrology and wetlands. Since significant trace gas
production occurs in localized hot-spots where
water or organic matter are concentrated, high
resolution data or statistical descriptions of
topography may be required. The development of
models and data bases must proceed hand-in-hand
since modeling is limited by the availability of data
and data assembly should be guided by model
requirements.

5. Coupling between systems

Linkage of ecosystem models to models of
transport through either the atmosphere or hydro-
sphere is in an early stage of development; no
linkage involving a model with the complexity of
CENTURY Or LINKAGES has yet been completed. A
number of crucial initial steps have been taken.
First, several atmospheric models have shown sen-
sitivity to the inclusion of a model allowing regula-
tion of surface water and energy budgets by
vegetation. Inclusion of the Simple Biosphere
Model (SiB) in a general circulation model of the
atmosphere substantially altered rainfall patterns
in midcontinental areas (Sato et al., 1989). The
mesoscale atmospheric model RAMS simulated an
alteration of winds at the boundary of high and
low evapotranspiration areas which differed in
vegetation cover (Segal etal, 1988). Another
general circulation model of the atmosphere
predicted substantial reduction of rainfall over the
Amazon basin with vegetation removed (Shukla
etal, 1990). These exercises, while preliminary,
show striking sensitivity of the atmosphere to the
state of the biosphere. Similar examples could be
given for the effects of biogenic greenhouse gases
on atmospheric heating (Dickinson and Cicerone,
1986).

While much attention has focused on the effect
of linkage between ecosystems via atmospheric
transport of water or through biogenic greenhouse
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gases, mesoscale to global transport of chemicals
also results in interactions between spatially
separated ecosystems (Melillo and Steudler, 1989).
Ecosystem processes are sensitive to levels of
nutrient addition (Parton etal, 1987) and to
ratios between resources (water:N, N:P), both of
which could be altered if transport patterns change
(Melillo and Steudler, 1989). We have often
thought of atmospheric transport processes
affecting ecosystems over very long time spans
(Schimel et al., 1985), but recent work on forest
decline has made the immediacy of such problems
evident (Aber et al., 1989). Our analysis of nutrient
storage in the U.S. Central Grasslands (Parton
et al,, 1987) showed striking correlation between
annual rainfall and soil nitrogen. This appears to
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be due to a correlation between NH ;- deposition
and precipitation. The source of NH} is
apparently from NH; gas evolved from vegetation,
soils, and herbivore excreta in other parts of the
grassland ecosystem (Schimel et al., 1986). Thus,
the nitrogen cycle of the entire region may be
spatially integrated over pedogenic time via
atmospheric transport of N. We do not know how
the regional atmospheric N cycle has changed as a
consequence of post-settlement agriculture and
grazing management.

Hydrology similarly affects ecosystems through
movement of both water and chemicals.
Sophisticated ecosystem models have been
coupled to watershed scale models of hydrology
(Costanza et al., 1990; Vérésmarty et al., 1989)
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Fig. 3. CENTURY-simulated aboveground net primary production under current climate (right panel) and change in

production 50 years after a change to a doubled-CO, climate for the North American Central Grasslands (Kittel et al.

3

1989). Climate forcing functions for the ecosystem model for the doubled-CO, climate were derived from the Goddard
Institute for Space Studies General Circulation Model (Hansen et al., 1984).
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and show strong linkage via water and nutrient
flow. Although few models of regional hydrology
exist (Band and Wood, 1988), simple hydrological
and nutrient models have been coupled for the
Mississippi watershed and have produced interest-
ing predictions of effects of land use on nutrient
export (Gildea et al., 1986). The use of hydrologi-
cal models require access to appropriately scaled
digital topographic data and algorithms for
converting such data into drainage networks
(Band, 1986). Such algorithms now exist, and high
resolution topographic data are becoming more
available.

Given that large changes in hydrology could
occur as a result of climatic change, this type of
model will be essential for prediction of change.
Changes could occur if export of nutrients
increased or decreased, impacting downstream
environments. A change in export mode from
water to wind transport, which could occur with
drying of midcontinental areas, would have a
major impact on terrestrial, aquatic, and marine
systems. Effects due to altered transport of
nutrients would occur over time spans longer than
those we have been monitoring, but well within a
century or so.

Simulation of linkage of ecosystems through
either hydrology or the atmosphere will require the
sort’ of geographic representation of the world
described in the previous section as an under-
pinning. Relationships will be modulated by initial
conditions at each site. In simulations of the effects
of climate change on carbon storage and NPP in
the North American Central Grasslands (Schimel
et al., 1990; Kittel et al., 1989), we found strong
dependency of the response of a cell to GCM-
simulated climate change on its initial state.
Texture modulated the response, with fine
textured soils having smaller responses than
coarse. While the simulated change in NPP
(Fig. 3) was largely in response to GCM-predicted
changes in precipitation, cells on the climatic
extremes of the ecosystem (mesic and arid) had
larger responses than cells under similar change
regimes in the interior. Similarly, one would expect
soil properties and initial vegetation to influence
runoff of water and export of nutrients, but we did
not simulate these fluxes.

Research on the effects of linking element and
water budgets of remote ecosystems must consider
a range of time scales. For example, current
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research on coupling atmosphere and biosphere
models emphasizes short-term interaction through
water and energy fluxes at time scales of one to
several years. However, many important inter-
actions are likely to take place at time-scales of
decades to a century as steady state biogeochemi-
cal or biogeographic relationships become disrup-
ted. This is especially true for geophysical and
biological processes linked to the carbon cycle.
Analysis of ecosystem change under directional
climate changes requires studying biophysical
interactions with the atmosphere over time scales
of ecosystem change. As time spans increase, inclu-
sion of only the biophysical aspects of vegetation
become less and less appropriate and bio-
geochemical interactions become more important.

6. Validation

Validation of coupled models is extremely dif-
ficult. Traditional techniques of experimental
manipulation are not generally applicable and
many statistical concepts (e.g., replication) are dif-
ficult to apply. The time spans over which interac-
tions occur, 10-100 years, result in challenges
which highlight the value of long-term data sets.
Several approaches to model validation may be
adopted. Obviously, component sub-models must
be individually tested as well as possible in an
uncoupled mode. Study regions must be estab-
lished where data exist, and these areas then used
as benchmarks for model performance. The
Amazon and Mississippi basins and the North Sea
system are example candidates for monitoring
biogeochemical cycles and hydrological transport.
These areas are suitable because they are of a size
relevant to the globe, have many data, and are of
socio-economic importance. Similarly, the North
American Central Grasslands and sub-Saharan
Africa are suitable study areas for ecosystems
linked by atmospheric transport of water vapor,
dust, and chemicals. This is an immense enterprise,
but individual research groups have undertaken
initial stages of such efforts (Burke et al., 1990;
Moore and Melillo, personal communication).

At a minimum, regional and global terrestrial
ecosystem models should reproduce key features of
the geographic distribution and temporal behavior
of ecosystem properties. Remote observations will
play a key role as one of the few data types that are
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Fig. 4. Comparison of CENTURY-simulated NPP (right panel) and the annual integral of the Normalized Difference
Vegetation Index (NDVI), averaged over four years (1983 86), from NOAA AVHRR data. The two fields of data
have a correlation of 0.77 (r, p <0.0001). The NDVI color scale was matched to that of NPP using linear regression.
The correlation is based on a random sampling of the two data fields, using 56 observations; this was done because

the data sets were not gridded identically.
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inherently spatial and which increasingly provide
high temporal resolution information. Remote
observations serve well to estimate relative varia-
tion in both spatial and temporal domains. If
proportional spatial differences in, say, light inter-
ception or canopy N can be established, then
ground measurements can tie the relative data to
an absolute standard. Fig. 4 shows a spatial com-
parison of simulated NPP versus the annual
integral of NDVI derived from AVHRR.

The good correlation between these two
measures, simulated NPP and | (NDVI), is inter-
esting because, while NDVI is a surrogate for
absorption of photosynthetically active radiation,
we know that much of the natural and cultivated
vegetation in this region is either water or nitrogen
limited (Parton et al., 1987). This is indirect sup-
port for the hypothesis cited above that water,
light, and nutrient limitation should be correlated
as a consequence of plant evolutionary strategies
(Field, 1991).

Fig. 5 shows a comparison of aboveground
plant biomass for a site in the northern shortgrass
steppe and the annual integral of NDVI during
a climatic anomaly, a drought in 1986, demon-
strating the utility of remote sensing in the time
domain. It is again interesting that a change in
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NPP due to water or thermal stress is evident
using a remotely sensed measure related to light
interception. This result supports the hypothesis
that plants adjust canopy light interception (leaf
area and N allocation) to balance other limiting
factors (Schimel etal., 1991; Field, 1991). This
analysis and the previous one (Fig. 4) indicate that
important biological dynamics in both time and
space are captured by spectral vegetation indices,
even though physical interpretation and develop-
ment of improved indices remain research topics.
Improvements in sensors, algorithms, and atmo-
spheric correction techniques should increase the
utility of biological remote sensing and its robust-
ness.

The relationships between climate forcing func-
tions, NPP, and light interception are quite linear,
and so their spatial extrapolation using optical
remote sensing may be fairly straightforward.
However, similar relationships between climatic
and edaphic controls, biophysical responses, soil
carbon storage, and trace gas evolution are non-
linear (Burke et al., 1990); consequently, spatial
variation in these processes will be much more
difficult to infer from remotely sensed data.

Finally, recent and earlier paleorecords may
provide information against which to test models.
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Fig. 5. Comparison of aboveground biomass, precipitation, and the annual integral of NDVI for 1985-1988, showing
the effects of a drought in 1986, for the Central Plains Experimental Range in northeastern Colorado. The data sets
were highly correlated with each other (NDVI versus rainfall, r = 0.95; NDVI versus biomass, r = 0.99). The biomass
estimates are from stratified sampling of the shortgrass landscape (Lauenroth and Milchunas, personal communica-
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This is a critical test, since it compares the model
to a real long-term data set. However, this may be
problematic since the paleorecord does not always
record variables that match those in extant simula-
tion models. In addition, successful comparison
of biological data to the paleorecord can be mis-
leading with respect to the task of prediction of
future states. Models of ecosystems based on eco-
system response to slowly changing environments
may predict key features of the paleorecord but not
ecosystem response to the unprecedented rates of
change which are occurring as a consequence of
human activity.

When seeking to validate models of global
change, we should attempt to subject these models
to many tests, seeking to determine areas of
strength and weakness as well as whether to accept
or reject a model in toto.

7. Conclusions

The problem of spatial representation of
ecosystem processes in simulation models are
being addressed by current research. Pilot efforts
using models of gas exchange (water and CO,)
driven by remote observations have been carried
out at local and global scales (Running et al., 1989;
Fung etal, 1987). A growing body of theory
relates light interception by growing vegetation to
ecosystem dynamics. Developing technology for
better remote estimation of the state and chemistry
of vegetation canopies will allow refinement of
models driven by light interception. Sophisticated
models driven by remote observation should
allow timely assessment of ecosystem dynamics
worldwide in the Earth Observing System (EOS)
era. Simultaneously, models driven by geographic,
edaphic, and land use data and climatic data or
GCM output are being developed to allow
analysis of past long-term changes (i.e., longer
than the satellite record) and prediction of future
changes. These simulation models rely on mapped
data of edaphic and other properties to describe
spatial variability in model parameters (i.e., Esser,
1990). .

Both classes of models are based on a growing
body of theory relating plant (Field and Mooney,
1986; Tilman, 1985) and ecosystem (Pastor and
Post, 1986; Melillo et al., 1984; Parton et al., 1987;
Schimel etal, 1990, 1991; Eisele etal., 1989)
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behavior to limitation by multiple resources
(water, light, nutrients). While many realizations
of the basic theory exist, agreement is growing on
a core paradigm. This paradigm suggests a small
set of critical environmental variables that must
be included in data bases for extrapolative
and predictive models. These include climate
parameters, soil texture, and phosphorus level. A
terrestrial ecosystem model based on these
theoretical concepts will, at a minimum, allow
consistent exploration of responses of the biota to
environmental change. However, there are many
probable sources of error. These include ignorance
of rates of community and biogeographic response
to rapid climate change, of interactions through
altered plant architecture, and of ecosystem
response to land use change. Better geographic
data describing rates of change in the forcing func-
tions, including climate, atmospheric chemistry,
and land use, are urgently required.

It is critical to ask the question “how do connec-
tions between ecosystems via the atmosphere or
hydrosphere cause behavior that is different from
that predicted assuming weak interaction?” It
is implicit in much ecological research that
ecosystems are more strongly controlled by inter-
nal interactions than by coupling to other systems.
This is in part a problem of scale; few long-term or
large scale studies have been conducted of
biogeochemical cycling. The time scale at which
biogeochemical coupling between systems is evi-
dent, decades to a century or so, is poorly under-
stood. We may know more about process and
dynamics over paleoecological time (100-10,000
years) than we do about changes at a time scale of
a century or so. Evidence from studies of herbivory
(Schimel etal., 1986), atmospheric deposition
(Melillo and Steudler, 1989; Aber et al., 1989),
population dynamics (Roughgarden, 1989), and
land surface climatology (Sato et al., 1989; Dickin-
son, 1987; Pielke and Avissar, 1990) suggests that
the assumption that internal regulation far exceeds
external regulation is false over time scales of
decades to a century or so. Studying interactions
between ecosystems at landscape to global scales
will require new measurement approaches for
empirical studies and new types of models. More
importantly, we need a conceptual framework
within which to analyze ecosystems as part of a
linked whole (i.e., the biosphere or earth system),
rather than as separate entities (grasslands, forests,
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wetlands, etc.). While the nature and reality of
ecosystems and boundaries between them has been
argued ad nauseam, the idea of ecosystems as
interacting regions within the biosphere may in
fact be a less problematic concept.
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