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Executive Summary

A current limitation in the projection of vegetation distribution and functioning into
future environments is the poor understanding of processes which occur at the land-
scape scale (a few km? to thousands of km?). Many of these processes are associated with
disturbances - both natural and anthropogenic - which modify vegetation from its
equilibrium state. This report summarises the findings and recommendations of an
International Geosphere-Biosphere Programme (IGBP) workshop which aimed to
develop an approach to modelling landscape-scale disturbances in the context of global
vegetation change.

The starting point for such modelling is the existing suite of Dynamic Global Vegetation
Moedels {DGVMs), all of which simulate potential vegetation as a function of climatic and
edaphic (soil) constraints. Most DGVMs “grow” vegetation by simulation of basic
physiological processes such as photosynthesis and respiration, and include diurnal
dynamics and seasonal variations in climate. However, none include disturbance and
the associated long-term successional dynamics of vegetation.

There are several important considerations in designing general disturbance models: (i)
whether the state of the vegetation itself affects the occurrence and intensity of distur-
bance {e.g., fire}; (ii) the frequency and spatial extent of the disturbance; and (iii) interac-
tions between disturbances. A further requirement is that, if at all possible, the model be
based on a process-level understanding of the disturbance rather thanon a
parameterisation of data alone. An example is fire, where experience has shown that a
model that relates frequency and extent of fire to the quantity and quality of the fuel load
{vegetation) and the weather is a more effective prognostic tool than an algorithm based
solely on fire data,

In the global context, all major forms of disturbance - drought, grazing, storms, in
addition to fire - will need to be considered. This brings an inevitable requirement for
environmental drivers. The most critical variables for disturbances in most ecosystems
are likely to be variability measures (e.g., extremes) of temperature (both frost and
extreme heat events), moisture, winds (storms), and combinations of these.

Important as natural disturbances are in determining vegetation structure, it is likely that
they will be overshadowed by direct human-driven disturbance in the next few decades.
Thus, the coupling of human land-use and land-cover change models with current
generation DGVMs is necessary to project actual vegetation distribution into future
environments. The development of human land-use models at the global scale is a major
objective of Land Use Land Cover Change (LUCC). These models will include both
social and biophysical driving agents and will operate over a range of spatial and
temporal scales.

In the context of global biogeochemistry, the impact of human land use on the global

carbon cycle, through changes in terrestrial vegetation, is a major research issue. One
approach to simulating this impact is based on bookkeeping models, in which rates of
carbon change are calculated from the rates of land-use change and the associated per
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hectare changes in carbon stocks. Such an approach could be combined with DGVMs to
give a geographically explicit simulation of the terrestrial carbon cycle via a three stage
.. process: i} the DGVM determines potential, equilibrium biomass as a function of climate
i '_and c011 properhes, ii) the biomass is adjusted for the effects of natural disturbance
reglmes, and ii) the biomass is further adjusted to account for current and past human-

A phased PPIO: ch _Wards a more mechamstxc model of land-use/cover change is
: ¥ (1) a mask for current DGVMs based on satellite data of

! tlcal for develc pmg and vahdahng DGVMs that include natural and
The most Important 1mmed1ate requirement is the IGBP DIS 1 kin

er classmcaﬁon at1km resoluhon and validation of the
VM will be facilitated if they are developed mdepend—
ed data, freemg these data for validation, Also, compatrisons
é more effectwe at the regional rather than global scaies,

: P
of d1sturbances31n DGVMS (1) producﬁon of a global database of the nature, extent and
: frequency of natuiral dlsturbances of the world’s major biomes; (i) development of a
generic fire and fire/g grazing odule for inclusion in DGVMs; (iii) production of addi-
tional new datasets, stich as the 1 km land cover database, digital terrain models, cli-
matic datasets which include extremes and storms, and historical land cover databases;
(iv) development of methodologies for disaggregation of land use and land cover data

and for the classification of farming systems; and (v) coordination of major global change -

process and observatlonai studles, such as the IGBP Terrestrial Transects and the LUCC
Case Studies. : :

Preface

This report is the outcome of a workshop co-convened by the GAIM, GCTE, LUCC and
IGBP-DIS programme elements of the IGBP * and funded through the IGBP inter-
element programme scheme. The workshop, held in Manchester, UK, from 1-3 May 1995,
aimed to develop strategies for the incorporation of realistic long-term (decadal) land
cover dynamics, both natural and human-driven, in Dynamic Global Vegetation Models
(DGVMs).

The specific objectives of the meeting were:

e to review the global-scale modelling developments involving land cover within

GCTE, LUCC, and GAIM

° to explore sirategies for ensuring the effective coupling of models and model
components simulating the dynamics of change in the Earth’s land cover

° to assess the suitability of current and planned land cover and land use databases
for global vegetation models

° to devise a workplan for the future development of integrated terrestrial models
arising from GAIM, GCTE, LUCC, and IGBP-DIS.

This report is the primary product of the workshop, and is a significant step forward in

devising and implementing strategies for the construction of integrated, dynamic land
cover models,

EI Woodward
Sheffield, UK

W.L. Steffen
Canberra, Australia

{* The LUCC Core Project is co-sponsored by IHDP)
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Background 'i_f:_:-j Workshop Aim

The aim of the workshop was to bring together groups of researchers all of whom had a
major research focus in understanding and modelling how disturbance - both natural and
human-controlled - influences the responses of {errestrial ecosystems to changing climate and
atmospheric composition. Inclusion of this understanding in DGVMs will bring their projec-
tions closer to reality, with the specific aims of improving the linkage of the terrestrial bio-
sphere to the atmosphere in general circulation models and for regional assessments of

-Terrestrial vegetation is sensitive to changes in climate and atmospheric composition.

- Any: future climatic changes, as a consequence of increasing atmospheric concentrations
- of greenhouse gases, are expected to influence both the functioning and the geographical
: distribution of vegetation. The nature and rate of these changes are current objectives of
*.’many international, (¢.g., Global Analysis, Interpretation and Modelling (GAIM); Global

" Change and Terrestrial Ecosystems (GCTE)) and national research efforts. A current
limitation to projecting vegetation into future environments - through a generic research _ vegetation change in its own right.
objective described as developing Dynamic Global Vegetation Models (DGVMs) - is the

poor current understanding of processes which occur at the landscape scale. Two kinds of terrestrial disturbance need to be considered (Figure 1). Changes in atmos-

pheric conditions, as evidenced by increasing atmospheric CO, and changing climate, are
important determinants of land use. In some instances natural vegetation remains the

EE;ES;;I;S:SESSCiiiﬁﬁiﬁiisa?ﬁiﬁg%iiicgnc?nef With nattuzial a::dézu;nan— . dominant land cover, in other cases, particularly when the climate is appropriate for agricul-
tion which is diﬁ:ﬂint from equilibrium-state v ene(;atrilgnugzt;errguiz dzl;tgeier;‘gi‘;igeii_ _ ture or sylviculture, the original natural vegetation is modified by human use. Less extreme
of climatic and edaphic (soil) %onstraints & Y " _ human medifications include the use of grasslands for pasture and selective harvesting of
' : : forests. In general, natural disturbance is seen (Figure 1} as maintaining the current status of

Th cr s E—T —, natural vegetation, while human-driven disturbance leads to the conversion of modification

e removal or modification of “equilibrium vegetation” at the landscape scale very of natural vegetation
often occurs through a process called “disturbance”. Disturbances, which can be either : & ‘
natural or anthropogenic, affect all terrestrial ecosystems. Events such as wildfire, Both natural and human-induced disturbances exert a feedback - currently incompletely
drought, high winds, flooding, frost, and ice can be as important as other environmental e known - on the atmosphere and climate system. Although it is difficult to determine the
and edaphic conditions in determining the structure and function of terrestrial ecosys- impact of such changes in the land cover on the physical climate, there are some early indica-
tems. In some cases, disturbance can dominate the distributions of biomes. For exam- 5 tions that the conversion of forests to agriculture in the mid-latitudes has led to a significant
ple, fire is responsible for maintaining extensive tropical savannas as is flooding in o cooling of the climate through an increase in the winter albedo.

maintaining hydromorphic grasslands. Human-driven disturbances are often seen as
the conversion of natural vegetation into systems managed for the production of food or Within the context of this inter-Core Project workshop, it was recognised that all Programme

fibre, for example, arable crops or plantation forests. In many cases, it is a sequence of k Elements have overlapping interests in the development of a research programme to quantify #

disturbances or an interaction of different types of disturbance that determines the current and future geographical distributions and processes of natural and human-induced
structure and composition of ecosystems. disturbances. In terms of the general description of this research (Figure 1}, GAIM is con-

: cerned with melding all aspects of the atmospheric, oceanic and terrestrial interactions, en

A common feature of disturbances is the initial removal of existing vegetation, which : rouite to a general earth system model, with curreni-day data provision by Data and Informa-
allows the potential for new species {0 invade and change the nature of the vegetation. : tion Systems (IGBP-DIS). LUCC, aims to investigate the interacting influences of changing
The new species may migrate naturally from different areas or they may be planted as climate, atmospheric composition and human activities on the land cover, and the use of this

agricultural or sylvicultural species. The arrival and establishment of new species has a o land cover at different scales, GCTE has a major aim in developing a DGVM, which will
number of concerns. In the most extreme case of replacement of natural vegetation by project a representation of actual vegetation info future climates, simulating dynamic ecologi-
agriculture, species diversity may be rapidly reduced. Slower changes occur in cal and agricultural responses to transient changes in climate and CO,. Other IGBP Core

biogeochemical and hydrological properties of the soil, often at small spatial scales. At Projects which are likely to benefit from DGVM and disturbance developments are Biospheric
the global scale the conversion of large areas of natural vegetation to agriculture may Aspects of the Hydrologic Cycle (BAHC) and International Global Atmospheric Chemistry
already be exerting a marked effect on climate. This follows from current experiences IGAQ).

which show that vegetation plays an important part in the global climate, through
influences on energy transfer on the monthly to yearly time scale and over decades
through influences on global biogeochemical cycles, in particular water, carbon, and
nitrogen. -

This report first describes dynamic global vegetation models as a tool for investigating future
changes to the earth’s land surface. It then examines several aspects of natural disturbances -
the importance of landscape phenomena for global vegetation change, approaches for model-
ling disturbances and their application to DGVMSs, and the driving variables and data re-
quiremnents for simulating natural disturbances. The report then focuses on human-driven
changes to land cover and land use, with sections describing the dynamics of land use and
techniques for projecting changes in land cover and land use. Validation issues are also
discussed, and the report concludes with a series of recommendations for future research
directions.

10 : : 11
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atmosphere /climate

ocean

Figure 1

TERRESTRIAL SURFACE

Simplified diagram of the Earth system, focussing on the disturbance
processes (triangular symbols) which connect “natural” {potential} to
actual vegetation. The circular heavy line indicates that natural distur-
bances are an intrinsic part of vegetation dynamics. The straight heavy
lines represent the influences of: i) atmosphere/climate on natural distur-
bances {e.g., storms, fires); ii} human disturbances (e.g., land over conver-
sion) on patural vegetation; and iii) atmosphere/climate on the relationship
between human and natural disturbances.
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DYnamic Global Vegetation Models (DGVMS) i

Introduction

A number of research teams around the world are working towards the completion of a
DGVM. No DGVM is yet completed; however, general approaches to the product are
similar. DGVMs divide the surface of the earth into a series of grid cells of a particular
size - currently and usually a uniform 0.5° grid. Vegetation is represented in each of the
grids in a variety of ways. In some cases (e.g., Potter et al. 1993} vegetation is initialised
using data from satellite remote sensing. This approach can, in principle, be used in a
DGVM as the science to be added would be concerned with ways of changing the initial
vegetation in an ecologically realistic fashion. In other approaches (e.g., Woodward ef al.
1995) a global-scale climatic and soils data base is used to drive vegetation process
models for each grid cell. The process models can be growth models which construct
plants, or models which can define the productivity and structural limits to the growth
of plants. The process models need to be able to respend to at least seasonal variations
in climate, and if linked to a Generai Circulation Model (GCM) will most likely operate
at a one-half to one hour time resolution. In order to predict the yearly and decadal
effects of changing climate on vegetation siructure, there needs to be some form of
memory component to the modelling, which simulates realistic temporal dynamics of
vegetation response to climatic changes. This memory component could be achieved by
plant growth or patch models, but they need to be operable at the global scale. In
addition, the rates of growth need to be sensitive to the shorter-term changes in climate
simulated by the process models. The final component is disturbance, which needs to be
introduced into each grid cell, at an appropriate frequency, with the effect of allowing
new gpecies or functional types of plants to migrate into and establish within the grid
cell.

The proposal of a DGVM is clearly very ambitious and some of the inherent problems of
the approach are only just becoming realised. A major issue which has been a concern in
GCMs is the relatively coarse 0.5° scale of the typical DGVM grid. This scale is approxi-
mately 50 km by 50 km, and many vegetation processes and disturbances can occur
within this scale. These sub-grid scale phenomena could be described by a simple
distribution function (Emanuel 1996). However, operation at a 1 km by 1 km scale might
allow all of the processes to be modelled explicitly rather than parameterised. The
greater resolution would greatly increase the computing requirements, but this could
probably be resolved. A major advantage of the smaller scale would be the capacity to
model some (but not all) of the disturbance events at the scale at which they occur. This
would diminish the problem of averaging non-linear processes and would allow a
validation or comparison potential with the 1 km remote sensing data base soon to be
available from IGBP-DIS. A finer scale of operation would have the potential to blur the
boundaries between adjacent cells and allow the vegetation boundaries to be tailored
more exactly with topographic boundaries - a feature which may improve the capacity to
predict processes of species migration. The finer scale of resolution may also ease the
description of soil properties which are not easily aggregated.

13



A problem yet to be resolved is the implied change in both spatial and temporal scaling
within a DGVM. For example, DGVMs may explicitly model processes at the scales of
leaves, canopies, whole stands and biomes. Each step may entail new limiting processes
which need to be either explicitly modelled in the DGVM, or which need to be emerging
properties at each scale change. For example, at the leaf level, a doubled CO, concentra-
tion can lead to a 40% increase in the rate of photosynthesis, but at the biome scale the
major effect of CO, enrichment is seen in semi-arid regions, as a consequence of in-
creased vegetation water use efficiency (Woodward, personal communication). Some of
these scaling problems will be incorporated when DGVMs are incorporated in GCMs, as
this will provide a fully interactive environment, ie., from climate to vegetation and
vegetation to climate. However, planetary boundary layer models may need fo be
incorporated in DGVMs to aggregate spatially heterogeneous processes of energy
exchange.

The importance of landscape scale (km) phenomena

DGVMs represent the surface of the earth as a series of grid cells of a particular size. At
any fime the vegetation in each of these cells is described in most models by a single
state vector - i.e. , it is of a particular type and successional stage. This vector can be
elaborated to represent a series of different stages but this will carry additional computa-
tional load and paramelerisation effort. Thus, the tendency has been to represent the
vegetation in each cell as a single point model. An important question in developing a
DGVM is how phenomena at a landscape scale affect the dynamics of the vegetation.

Alandscape is an interacting set of contiguous patches covering an area of a few km® to
thousands of km* Many critical processes that dominate the interactions between the
biotic, abiotic and human processes emerge only at this scale (e.g., fire spread, nutrient
redistribution, meta-populations, human settlements). It is at this level that most deci-
sions about environmental management are made {(e.., farming, crop selection, urban
planning).

Currently a gap exists in the modelling of important processes at the landscape scale.
The reductionist tendency in the natural sciences has led to most models being designed
to deal with much smaller scales, e.g., hypothetical points or small patches of vegetation.
A “patch” is an idealised location in which it can be assumed that many individual
Pplants exist and a wide range of interactions such as shading, competition for water and
nutrients efe., occur but which is small enough that every plant fully interacts with every
other plant. Thus, detailed spatial relationships between the individual plants can be
ignored.

Some modellers have tackled larger spatial units by linking together a series of patch
models with a selected set of inter-patch interactions. The heavy computational loads of
this approach mean that the processes and interactions that emerge at landscape scales
via such models have been little explored. Another approach is to define simple rules
about the interactions between the elements of the landscape and to explore the impact
of changing the intensity or frequencies of some of the interactions. This approach is
limited by our ability to define the rules. Experimental studies at the landscape scale are
difficult and observational studies are usually confounded by numerous uncontrolled
variables.

14

Another approach has been to accept the need to synthesise landscape models from
models derived from smaller scales. This approach requires a ‘suite of models of jﬁége
tion change of different resolution. The models are linked in the senge that the ctitput
from a more complex (high resolution) model can be used to parameterise a simpler
model. For example, the biological effects of different fire regimes in a detailed patch
model can be explored and used fo estimate the probabilities of mortality of different -
species. These life-history data can be used to parameterise a simpler model that can be
applied to a gridded landscape. Moore and Noble (1990) have also explored transform-
ing moderately complex models into more mathematically tractable semi-Markov
processes. The semi-Markov representation of the model reduces running of the model

to accessing a look-up-table. This means that they may be incorporated into a geo-
graphical information system (GIS) as another data layer.

Noble {personal communication) has developed a version of the vital attributes model of
Noble and Slatyer (1980) operating on a grid. A simple fire spread model is incorporated
which allows fires to spread from cell to cell depending on the vegetation composition of
the cells. The vital attributes model itself provides a simple but comprehensive descrip-
tion of changes in community composition of a representative stand in response to
disturbances. The gridded version provides the opportunity to explore the differences in
predicted vegetation dynamics between point and landscape versions of the same
model. Preliminary results show that for many vegetation types (i.c., combinations of
functional types that are available at a site) the dynamics predicted by the point and
landscape models differ significantly. Essentially, the landscape version develops a
pattern of community types with patches of fire-prone communities maintained by
frequent fires alongside patches of communities that resist fire spread. The average site
composition can vary significantly between the point and landscape versions even where
overall fire frequency is adjusted to be the same. The amount by which they differ is
very sensitive to both the vegetation type and the fire regime and as yet no simple rules
have been found to describe this sensitivity.

General disturbance models and their application to DGVMs

Most of the models described above can be used to simulate the effects of natural distur-
bances on ecosystem dynamics at the landscape scale. Although modelling such effects
at the global scale is in its infancy, a number of techniques are being developed to
simulate them. An important consideration is whether the state of the vegetation ifself
affects the occurrence and intensity of disturbance. For example, disturbances by
climatic extremes such as wind or frost are essentially independent of biotic influences,
and DGVMs treat such events as external processes. On the other hand, the state of
vegetation has substantial influence on disturbances such as drought, fire, and insect
outbreaks.

Frequency and spatial extent also affect the perceived influence of disturbance on
vegetation. Commonly occurring events are often viewed as intrinsic to the ecosystems
they affect, and models represent these as aspects of climate or the environment. At the
other extreme, rare events are perceived as exirinsic and disastrous. In models, such
infrequent but catastrophic events tend to alter states instantaneously. Between these
common and rare events are sporadic or intermittent disturbances. Models often repre-
sent these randomly occurring events as stochastic forcing functions, perhaps derived
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from disturbance models that treat, among other factors, the dependence of disturbance
on the state of the vegetation.

Interactions between disturbances are important. Interacting disturbances can substan-
tially alter ecosystems, when the same events occurring independently do not. For
example, fire following drought can cause almost complete mortality in a plant commu-
nity when fire alone does little long-term harm to plants. Similarly, repeated disturbance
events can be significant where a single event is not. The first fire in a region may cause
little damage, but a subsequent fire may eliminate virtually all vegetation. In many
instances, regeneration is more sensitive to disturbance than are other aspects of vegeta-
tion dynamics. For example, fire or flooding may kill tree seedlings but not harm
established, large trees of the same species.

It appears feasible to incorporate fire, drought, temperature extremes, and wind into
DGVMs. With improved topographic data, surface hydrologic models can probably be
adapted to treat flooding as well. However, at this stage, insects, herbivory, and disease
are significantly less tenable.

Perhaps the most important natural disturbance, in a global change context, is fire.
Experience indicates that models are a more practical means of treating fire than is an
algorithm based solely on fire data. Generic fire models can simulate the occurrence,
intensity, and extent of natural fire within DGVMs. These fire models can be derived
from numerous models that are now working well for specific regions and ecosystem
types. In a general fire model, the probability of fire occurrence is a function of fuel and
weather as well as the number of days that fires have occurred in the region and the
rates of daily spread of those fires. Fire intensity depends on fuel and the weather at
ignition. Fire temperature largely determines the effects of fire on vegetation.

Derivation and calibration of fire models require data on seasonal fire frequency at any
point and on average fire area for each ecosystem type. Dala on fuel accumulation and
fire weather are also required. In addition to fire frequency, data are needed on the
number of fires on large land units each year. At continental to global scales, remote
sensing data appear to accurately characterise fire occurrence but not intensity, duration,
spread, or the number of fires. Within a DGVM, fuel can be derived from vegetation and
dead organic matter state variables. Fire frequency can be characterised for each biome
from data and will also depend on the state of vegetation. Rates of fire spread are more
difficult to treat.

The incorporation of flooding and drought into DGVMs is based on climatic data, but
requires higher spatial and temporal resolution data than are required to characterise
climate as it affects other vegetation processes. Biology strongly mediates drought.
Thus, DGVMs must inherently treat components of the water balance that determine
drought condifions. Topography must be specified with sufficient resolution to charac-
terize run-on and run-off from each land unit represented within global models. Cur-
rently available topographic data lack the spatial resolution required to simulate inunda-
tion on flat, low-lying areas where hydromorphically-maintained ecosystems occur.
Similarly, data on soil characteristics are in many instances too coarse to simulate
drought patterns and their influence on vegetation. Progress on continental-scale runoff
and river basin models is encouraging; however, again these models are spatially too
coarse to simulate detailed influences of drought and flooding,.
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Several initiatives can expedite a broader understanding of natural disturbance £ :

terrestrial ecosystems and its inclusion in DGVMs. First, an assessment is needed to -7
identify significant types of disturbance within each biome and their effects on the extent * ="

of the biome and its major plant functional fypes. This review activity can be coordi-
nated by a post-doctoral researcher interacting with specialists for each biome. The
assessment can draw heavily on organised field study areas, including the IGBP Terres-
trial Transects (Koch ef al. 1995 (IGBFP Report No. 36)), and in addition to qualitative
summaries of disturbances, should assemble available data on the occurrence and
intensity of disturbances and their impacts on vegetation and patterns of recovery.

A general fire model that can be incerporated into a DGVM can be assembled over the
next 18 months to two years by adapting existing regional fire models. The task requires
a review of existing models, focussing on groups that are developing wildfire models,
and then the formulation of a general model drawing on the approaches and implemen-
tations identified by the review. The work must also involve interaction with those
groups developing DGVMs to ensure the compatibility of the wildfire model.

It is important to test the modules incorporated in DGVMs at a representative selection
of sites. The IGBP Terrestrial Transects are ideal for such tests. As part of the recom-
mended review of disturbance that will include these transects, data should be assem-
bled to allow simulation of disturbance responses. It is particularly timely to analyse the
importance of treating surface hydrology in DGVMs. To facilitate such tests, high-
resolution digital elevation models should be developed for each IGBP transect.

Natural disturbances: Driving variables and data requirements

As noted above, there is a strongly perceived need for the development of a generic fire
model which could be readily applied to any area of the terrestrial surface. In addition,
this generalised fire model would need to have the capacity to project human-modified
fire regimes. An important underpinning for this effort is the collection and dissemina-
tion of appropriate data sets, such as the currently developing IGBP-DIS global fire
frequency data base.

A global emphasis on natural disturbance indicates a need to consider all major forms of
disturbance, which include other forms such as wind-blow, drought and grazing in
addition to fire. This brings an inevitable requirement for environmental drivers. Not
all required driving variables for disturbance models are climatic, but indeed many of
them are. Also, the models of interest in the IGBP context should be sensitive to climate
change, and hence there is a particular interest in those disturbances that indeed are
driven by climate. In addition to well-known climatic parameters such as temperature
and precipitation, global-scale fields of humidity, or preferably dew point temperature or
water vapour pressure deficit are also important requirements for most DGVMs which
are currently being developed.

Useful climatic drivers need to be found by identifying the optimal compromise between
data needs and data availability. No new monitoring programs are likely to be set up for -

climatic variables in the near future, although satellite-based systems may allow better
spatial coverage for some variables. Data availability is therefore constrained by what is.
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frequently observed by the standard meteorological networks, combined with the limits
of techniques for gridding (interpolation) that are available. Data needs are a function
of: (i) the type of disturbance being considered; and (if) the nature of the functions and
processes being built into the particular model component. To a large extent, however, 3
the development of the disturbance model is going to be data-driven, and the availability i
of the climatic data is therefore necessary to be clarified at an early stage of model
development.

Climatic data will have to be used either for calibration/validation of the model or for !
analysis of future scenarios. This implies that we need independent but consistent data
sets for the past (observations) and the future {models) - in other words, the model-

derived data should be of a kind that is comparable to the observations.

The most critical variables for disturbances in most ecosystems are likely (o be variability
measures {£.., exiremes) of:

e Temperature: frost and extreme heat events,
° Moisture: floods,
® Winds: storms,

o Combinations of these: weather conditions with high risk of droughts (high tem-
perature, low rainfall), fires (dry conditions + available fuel} or insect outbreaks
(various particular weather conditions).

Extremes can be identified generally on the basis of the likelihood of recurrence for the
particular event. More pragmatically, they can be identified as average annual minima/
maxima, or extremes observed over defined longer periods {¢.g., 30 years, perhaps also
defined as a particular period such as 1961-1990). Each of these variables has its own
particular confines of availability.

. Extremes of temperature are found in temperature records and can be gridded to
relatively high resolution on a global scale. It is important to distinguish weather
generators (which require data being provided in the form of statistical measures of
variability} from gridded observed time series (which, within certain limits, can be
used as replacements for weather stations). This gridding of time series data is a
new development - we currently assume that this is feasible to a resolution of 5-10
km, but only with time steps between 7 and 10 days (ongoing project, currently not
resolved). Time series data of this kind will be needed for identification of the tem-
perature extremes, but also for the combined effects such as drought or fire condi-
tion assessments. Gridding will provide different levels of plausibility for different
regions, depending on station density and regional weather variability.

. Extremes of moisture availability are not appropriately described by rainfall meas-
urements alone. Instead, they require hydrological models to be applied to both
rainfall and other weather variables, in a Digital Elevation Model (DEM) context, to
generate risk assessments for either floods or drought conditions. Precipitation,
however, can be derived from weather stations in a similar way to temperature
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(gridding or weather generator) - it must be noted that the spatial variability is higher
for precipitation than for temperature and hence more stations are used for plausi-
ble grid estimates.

o Wind data are highly sensitive to local conditions around the observation station,
and many of those are biased because of the location of these stations near large
surfaces of grass and concrete (international airports). Wind is also a variable with
highly skewed frequency distributions, and gridding techniques that can acount for
this skewness are probably not available. The only exception is perhaps wind data
from agrometeorological or forest meteorological research stations which could be
vsed for assessments of disturbances at those sites.

d Data for the fire module can be derived from the other sources mentioned above
{details obviously depend on the method being used to simulate fires).

Scenarios of future changing climatic variables as input for the DGVM can be developed
using several methods. It is important to note that cutrrently no GCM is known to be
capable of directly reproducing the present pattern of extreme weather events at the
Earth’s surface - there is hence little to be expected for future climate scenarios from
these models. However, it is possible to derive scenarios by investigating more funda-
mental trends from climate simulations {or from other considerations), and to apply
these to one of the several weather generators now available. This could be done, for
example, by prescribing changed or unchanged ranges between mean and maximum
temperatures, efc. This theme shall not be explored in greater depth here, but it must be
mentioned that an important requiremnent for any weather generator is physical consist-
ency, such as algorithms that produce rainfall not only at the rates and intensity being
prescribed in the parameterizations, but also at times when humidity and temperature
are in ranges that are consistent with the vecurrence of rainfall.
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necessary to develop geographically-referenced, multi-temporal models of 13*1.'('_1 ﬁgé _éﬁd -

Human Land Use Iand cover change which interact with DGVMs.

The development of human land use models at the global scale isa major objective of R
LUCC. The primary emphasis of LUCC is to gain a better understanding of the driving
agents of land use and land cover change. These driving agents include both socially-
and biophysically-derived and mediated factors which operate over a range of temporal
and spatial scales (Figure 4). Large-scale social and biophysical driving forces which
operate at global scales influence land use changes, which actually operate at much finer
scales. In practice, land-use/cover change occurs at the scale of the unit of production,
but may be manifested regionally, or globally. This scale-dependency inherent in the
analysis of land-use/cover change is a key issue for building quantitative and accurate
LUCC models. To do this it will be necessary to match the scaling of social driving forces
with biophysical driving forces. In other words, hierarchical LUCC models will need to
be explicitly integrated with hierarchical DGVMs if we are [o get the LUCC models right.
LUCC models need the feedback from the physical and biological environment, which is
a major point of cooperation and collaboration with GCTE and GAIM.

As described in the previous sections, DGVM development is dependent on incorporat-
ing models of natural disturbances into the current process-based models of plant and
vegetation function and structure. In addition to the time needed to develop generic
models of disturbance, and to accumulate the data needed to drive these models in
current-day validations or tests, there is a need to define and incorporate the rules and
complexities of landscape-scale processes. After these significant developments have
been achieved, DGVMs will be capable of projecting potential vegetation into future
climates. However the necessity for projecting actual vegetation into the future will
require the incorporation of human land use and land cover models into the DGVMs.

The impact of humans on natural vegetation is clear to see following deforestation.
However, many more effects occur with long term consequences and impacts on second-
ary vegetation. For example, soil carbon levels in the central USA decreased by 50 %
during the first 50 years of cultivation and started to increase during the last 40 years
(Figure 2). The increases during the last 40 years were primarily due to increased C
inputs into the soil that results from extensive fertilizer inputs, improved tillage practices
and improved plant varieties. Model projections into the future and model simulations

—— of the past, using CENTURY (Parton ef al. 1994), are sensitive to assumed land use
patterns, which need to be reconstructed from a variety of historical land data from the
last 100 years. The type of information needed to run the model included plant yield
data, and information on the crop varieties and rotations, tillage practices and crop
harvest practices (Figure 3). This type of information is necessary to simulate properly
the carbon input levels and soil temperature and water, which conirol the turnover rate
of soil organic matter. Soil trace gas flux models also require this type of information
since CH, and N,O fluxes are influenced by fertilizer application, soil N mineralisation
rates and soil tillage practices.

Alikely approach is shown diagramatically in Figure 5. Land use and cover change in
multiple ways., They can change as a result of: (i) independent changes in biophysical
drivers; (ii) human activity, either directly or indirectly; (ili) be mediated through the
biophysical realm; or (iv) through a more complex chain of human activity and
feedbacks from the natural environment. Thus, LUCC operates in tandem with changes
in the natural environment, and in fact the interactions between land-use/cover change
and vegetation mutually influence each other and must be accounted for in building
LUCC models. A limited example of such a LUCC model is incorporated in the IMAGE
2 model (Alcamo 1994). This model aims to address climate change and evaluate
relevant policies; changes in land use and cover are important aspects.

The problem of scaling is clearly demonstrated in examples from tropical deforestation, a
major agent of vegetation change globally {see Skole ef al. 1994). In the Brazilian Ama-
zon for instance, the problem of land cover change is complex and cuts across many
scales of analysis. In the case of deforestation, regional trends are influenced by large-
scale external forces but mediated by local-scale conditions. A three-level, interdisciph-
nary approach io the study of deforestation in Brazilian Amazonia seems appropriate.

Different ecosystem models have been developed for simulating the long term dynamics
of carbon and nutrients in natural and managed ecosystem. These models could be used
to simulate the fate of C, N and P in plant-soil systems during the last 300 years for
global managed and unmanaged ecosystems. The major limitation in using these
models is the lack of historical land use data. These data need to include a thorough
description of the agricultural farming systems and forestry management systems used
during that time period and a spatially explicit time series description of the land use
patterns. We also need to know the frequency of major disturbances for unmanaged
ecosystems (e.g., hurricanes, large wind storms and fire frequency).

The overall approach to developing a generalised global model of land-use change
would start with direct measurements of the rate, location, spatial pattern, and temporal
characteristics of deforestation. Satellite remote sensing is a promising tool for objec-
tively making these measurements at different spatial and temporal scales, from large-
scale assessments of regional trends to local-scale analysis of complex dynamics. Al-
though regional-scale satellite data alone might form the basis {or empirical models with
Hmited predictive capability (e.¢., spatial trend or diffusion modelling), mapping of
deforestation at scales of 1:100,000 to 1:500,000 with remotely sensed data would estab-
lish the regional context for integration with socio-demographic data from agricultural
and demographic census documents. Such integration would provide useful informa-
tion on land use, tenure, and management.

This regional consideration of the impacts of land use change on ecosystem processes
indicates both the necessity for including human land use effects for appropriate projec-
tions of ecosystem behaviour and the complexity of information required to project
future or past land use effects on ecosystem activity. The requirement for completing a
DGVM with actual vegetation, and at the global scale, can only be satisfied by a global-
scale treatment based on models of past, current and future understanding of changes in
human land use activities. One ultimate goal of these models will be to discriminate the
effects of natural disturbances from human-caused disturbances. To do this, it will be
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Figure 2 The effects of land use (cultivation) on soil organic carbon in the Central

Great Plains of North America (modified from Donigian et al. 1995)
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At a second level of analysis, case studies and field investigations could be carried out in
conjunction with multi-temporal, high-resolution satellite data at 1:50,000 to 1:100,000
scale fo gain insight into local-scale dynamics of deforestation, abandonment, and
secondary growth turnover. These case-study analyses would use survey research and
statistical data from census documents to define the parameters that control local land-
use strategies, which would in turn illustrate how changes in land use affects changes in
land cover. Complementary to this view is the work of Moran et al. (1994) and of Hecht
{1993}, which describes the important role that local conditions play in determining land
use and individual economic strategies.

The causes of deforestation may also significantly relate to external institutional and
economic factors; thus, an elucidation of driving forces cannet be made with satellite
data and field studies alone. In Brazil, the f