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ABSTRACT Predicting the potential impact of future climatic change on narural vegetation
requires large —scale biogeographical models. There have been two basic approaches to mod-
elling the vegetation response to changing climates: static (time — independent) or dynamic
(time —dependent) biogeographical models. This paper attempts to review and compare four
major types of static biogeographical models: (1) climate —vegetation classification medel,

Box’s model. (3) rule—based vegetarion model. and (4) ecophysilogicai —based hiome mod-
el. , These models which have been widely used to simulate the potential response of vegetation

to past and future climate change. The advantage and disadvantage of these different models

approach are discussed. The recent development of a new generation of
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.static biogeographical models is summarized. . “The potential approaches for global
models of vegetation dvnamics which will become an imporrtant tool for assessing impacts of fu-
ture climate changes on potential vegetation dynamics and terrestrial carbon storage and for
managing terrestrial ecosystem sustainably is outlined.

Key Words  climate change, biogeographical model. climate —vegetation classification mod-

el. Box's model. biome model. simulation. carbon storage

1 INTRODUCTION

An understanding of rast and possible {uture climate changes will require a clear picture of
how vegetation changes in the past and may change in the future (Prenticeer a/ . 1991, Over-
peck et ai . 1992, Penger a/ . 1993a). The distribution of potentiai terrestrial vegetation is de-
termined not only by direct climatic variables (temperature. moisture. and atmospheric CO,
concentration) . and resources (nutrient availability), but also by environmental gradient (to-
pography and geology ) (Woodward 1987, Stephenson 1990, Prentice er a/. 1992) (Figure
1). Predicting the potential impacts of future or past climatic change on natural vegetation re-
quires large —scale biogeographical and biogeochemical models (Overpeck et 2/ . 1991, Smith et
al. 1992, VEMAP Members 1995). There have been two basic approaches to modelling the
vegetation response to changing climates. static (time —independent) or dynamic (time—de-
pendent) biogeographical models (Prentice and Solomon 1990).

The dvnamic biogeographical («r gapvegetarion) model. which incorporates explicit rep-
resentation of kev ecological process (establishment. iree growth. competition. death. nutri-
ent cycling). has been developed to capture the trunsient response of vegetation or simple
biome to changing climate (Shugart and West 1280, Shugart 1984. Shugart 1990). The first
such model was the JABOWA model (Botkin ¢r /. 1972). developed for forests in New Eng-
land. Over the past twenty vears. gap (or path) models have been developed for a wide variety
of forest ecosystens including forest —tundra transition zone (Siroiser af . 1994 ). boreal forest
(Leemans and Prcntice 1987. Bonan 1985. Prentice and Leemans 1990). temperate forest
(Shugart 1984). and tropical forest (Dovie 1981. Shugrat et a/. 1981). The general ap-
proach has been extended to nonforested ecosvstems such as grassland. shrublands and savan-
nas (Coffin and Lauenroth 1989. 1990. (3%{). A number of diffcrent forest gap models have
been used to simulate time —dependent changes in species composition and abundance under
changing climate (Sclomoen 1986. Overpeck ef i . 1990. Prentice er «f . 1993b. Botkin 1993,
Bugmann and Solomon 1965, Sykes and Prentice 1995, Price and Apps 1996. in press). Sev-
eral obstacles stand in the way of the extensive use of currently available dynamics vegetation
models in global change study. For example. it is impractical to use gap —level models to pre-
dict shifts in vegeration bevond those at the local scale because of the large number of points
that would have to be simuiated. Dynamics models also require much more information on the

silivical characteristics of species than is easily avatlable or even known for some areas of the
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globe (Solomon i986). These ecosystem models are resuited in predictions for region scale or
ecosystem. but have not vet been applied at the global scale (Smith ez /. 1994).

Static biogeographical model assumes equilibrium conditions in both the climate and the
terrestrial vegetation and it predicts the distribution of potential vegetation by relation the geo-
graphic distribution of climatic parameters to the vegetation. The equilibrium approach is im-
plicitly large scaie in nature as it ignore anv dynamic processes. It generally requires far less in-
formation and provides estimates of potential magnitude of the vegetation response at regional
to global scales. Moreover. the restriction of equilibrium models to estimating steady — state
conditions matches that of the great majority of the doubled —CO, experiment conducted with
general circuiation model (GCM) (Houghton ¢ af. 1990). Over the decadesyears. several
different tvpes of static vegetation models (K”ppen 1936, Holdridge 1917, Box 1981, Pren-
ticeet al . 1992, Neilsoner @/ . 1092, Neilson 1995) have been used to explore the role of cli-
mate in determining the distribution and structure of vegetation communities. and developed to
simulation continental to global scale changes in potential nature vegetation.

In this paper. we focus on the four major tvpes of static biogeographical models which
have been widely used to predict the large—scale distribution of vegetation under changing cli-
mate conditions. First, we describe the major features and development of biogeographical
models We then summarize the applications of these models to simulatinge the po-
tential response of vegetation to large — scale environment changes and their current limita-
tions. Finally. the recent development of new generation of static biogeographical models and

potential approaches for global models of vegetation dynamics are discussed.

2 MODELS

Climate — Vegetation Classification Model

The best —known and simplest  method for predicting the equilibrium response of po-
tential vegetation to climate change is the approach of climate—vegetation classification. Global
bioclimate classification schemes « Képpen 1936. Holdridge 1947) are essentially climate classi-
fication defined by the large —scale pattern of vegetation. Koppen's scheme was intended as a
classification of climates. although its boundaries were chosen to coincide approximately with
vegetation boundaries and wereare expressed in terms of aspects of climate that are related to
plants. The Koppen scheme has recentlv been improved by Guetter and Kutzbach (1990).
One of the most widely used of the bioclimate classification model at a global scale is the model
of Holdridge «1947). Here we only take the Holdridge Bioclimatic Classification ¢ HBC) as one
example (Fig. 1).

The HBC is a scheme (Table 1) that uses three bioclimaric variables (biotempera-
ture. mean annual precipirations and a ratio of potennal evapotranspiration 1o mean annual pre-
cipitation ) derived from standard meteorclogical data to express explicitlv the relation of cli-

mate patterns and broad —xcale vegetation distribution (referred to as life zone). Figure 2 illus-
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Figure 1. Relationship between climatic variables (temperature. moisture. CQO, concentration),

Geology g o esmerens

resource (nurrient availability). environmental gradient (topography and geology),

and potential nature vegetation.
trates the Holdridge diagram (Holdridge 1947) . which contains 37 named life zones.

The disadvantage of HBC is that the climatic variables may not be the factor to which
vegetation is actually responding. Furthermore. a difficulty with zonal concepts like the HBC
is that vegetation is defined as an aggregate vegetation type or association. The HBC assume:
that the modern vegetation biomes will remain intact and migrate as whole units with th
changing patterns of climate. However. terrestrial ecosystems are composed of numerou
species which can respond individualistically to changing environmental conditions (Davi
1984, Webb 1987) and whose distribution often cover more then one ecosystem or zone.

The bictemperature is defined as the mean value of all daily mean temperatures abov
0C. Biotemperature, which is closely related to the growing degree days (Tuhkanen 1980)
gives a measure of heat during the growing season that is likely to be more directly related
plant growth than simply mean temperature. The demand of plants for moisture is expresst
through the mean annual precipitation and potential evapotranspiration (PET) ratio. Note th
only two primary variables. e. g. , biotemperature and mean annual precipitation are requir

to define a location within the life zone triangle.
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Table | General comparison of'the_ features for four types static biogeographical models

Environmentai constraints ' HBC ' Box’s Model | BIOME RBBM

Bioclimatic Variables |

1
Alr temperature |

|
i
|

Mean «T) ; ; require require
Minimum (T’ | require i require require
Maximum ( Trmax? ] require : require require
Biotemperature* require :
Precipttation ' i i
Mean (P) require require i require ' require
\Minimum (Pan) | | require !
Maximum (Praxs | require \ '
Warmest (PTma) ‘ | require ! \
Growing Degree — Dayvs i l
~I] ! ! require i
RRINE : ! require require
\Moisture avatability ' i
P/PET : require ; require !
PET/AET |
WUE | require
Vegetation characteristics |
Plant life forms 37 life zones 90 PFTs | 17 biomes IS LTs
Height dominance require require
leaf area index (LLAD) i i require
Soil texture T ! rereguire

* biotemperature defined as the mean value of ailt daily mean temperature above 0 C. WUE, water use ef-
ficiency . PFTs is plant functional types: [.Ts is landcover types: Pt is mean total precipitation of the
warmest month (mm): PET is potential evapotranspiration (mm,: AET is actual evapotranspiration

‘mm): HBC is Holdridge Bioclimtic Classificarion: RBBM is Rule— Based Biome Model.

Box’s Model

A unified global expression for the relationship between macroclimte and plant life fo:
was made bv Box (1981). To address many of the shortcoming of the previous Climat
Vegetation Classification modelling studies and overcome the difficulty of exceeding a I
number of plant species potentially occurring in any region. Box defined a number of p
species tvpes (termed plant life forms ) rather than the small number of vegetation biome
the HBC and lumped all higher plant species into 90 functionai plant types as defined by e
olimate parameters ( Table 1).

Each functional plant type represents a set of plant species (e. g. + tropical evergreen b
—leaf rainforest trees) and is characterized by physiognomic and morphological traits and 1
response 1o climate. The climatic factors used in Box's model reflect the plants required cc
tions for principal climatic constraints (warmth. frost frequency. and moisture) and inc
some descriprion of seasonal cvcle and the phase relationship between seasonal variatior

temperature and precipitation. Moreover. Uox's climaric factors differ from Holdridge's in
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wstimation of drought stress and address seasonally explicit (separately for warmth and mois-
ture). The Box’s model describes the distribution of functional plant tvpes in a muiti—dimen-
sional climatic space. The defined climatic limits of each functional plant type defines ” en-
velopes” in climare space. within which each {functional plant type can exist. A simpie height—
dominance scheme is used to obtain the potential plant tvpes.

Box’s model is in contrast with the Clementsian determinism implicit in the earlier
schemes. The biomes are not taken as given. but emerge through the interaction of constituent
plants. However. the complexity of this scheme has aiso imposed a limit on its potential to be
parameterized appropriately for all plant tvpes and climaric indices. The basis for determining
climatic limits of functional plant tvpes remains essentially correlative. rather than mechanis-
tic. Some of these problems have been overcomed by dramatically reducing the number of plant
rvpes defined and the selection ot climatic varnables whose influence on plant distribution have a
more mechanistic interpretation (BIOME. Prenuce ez w0 . 1892, MAPSS. Neilson i493).

Recently. the Equilibrium Vegetation Ecology Model (EVE) of Bergengren and 1homp-
son (1995). which is partially based on the Box scheme. has added a very sophisticated
method for determining the relative abundance of functicnal types in the vegertation corarmuri-
ties. The EVE simuiates the distribution of plant communities based on the relative adaptive-
ness and competitive ability of the 110 plant life forms under a given climatic regime. Plan: iife
forms represent aggregations of plant species with similar morphology and growth patterns. In
addition. a disturbance algorithm is used to incorporate the dynamic effects of fire on plant
communities.

However. the EVE classification still possesses the fundamental {laws of Box’s scheme:
{1) one cannot identify the real plant species that belong to each functional tvpe, and
hence. cannot determineing if their geography is correct or not. (2) all modelled plant func-
tional tvpes respondse to the same eight environmental variables in the same manner

(Solomon, personal. communication).
Rule — Based Biome Model (RBBM)

Rule—based modelling is an outgrowth of developments in artificial intelligence and expert
systems. an area that is now being applied to ecology (Rvkiel 1989). Starfield and Bbleloch
(1986) first showed how rules might be used to modify conventional. quantitative models and
suggested how qualitative dvnamic models could be built. Their ideas were subsequently imple-
mented in a rule—based ecological model for the management ot an cstuarine iake (Starfield ez
al . 1989). New developments in biogeography are providing a mechanistic conceprualization
of the biosphere ¢ Neilson 1986. 1587. Neilson et «/. 1089. Woodward 1987. Stephenson
1990). v

A rule—based biome model (RBBM) of Neilson et «f . 11992) was constructed as a set of
rules based on mechanistic and conceptual models of biome distribution described by Neilson er

al . (1989). The rules arc essentially if —then —clse statements simifar 1o the general comput-
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er chart. The most unique feature of the model is the temperature— based definition of season
( Table 1}. Winter. spring and summer are the princivle seasons considered. Temperatur
threshoids. input as parameters. weré used to define the beginning and ending of the seasons
The entire 1211 climatic station networks and their corresponding biome rypes based on a mz
modified from Ku(chler (1964) and Dice (1943) was used to calibrate the rules for the conte:
minous USA. This model is in an early stage of development  model of MAPSS (Neilsc
1995).

Another rule — based Canadian Climate — Vegetation Model (CCVM) has been recent
developed by Lenihan and Neilson (1993) for predicting the distribution of vegetation form
tion in Canada under current climatic conditions. The CCVM relies on climate parameters wi
an inferred mechanistic relationship to the distribution of vegetation. The climatic paramete
used as models drivers te. g. . degree—days. minimum temperature. snowpack, actual evar
transpiration and soii moisture deficit) have a more direct influences on the vegetation patter
than those commonly used in equilibrium models. Splitting rules in a binary decision tree clas
fy the potential vegetation at grid cells in a spatial  distribution database. The rules are criti
climatic threshold which physiological constrain the distribution of different vegetation life
form. Under current climatic conditions, CCVM predicted the Canadian vegetation with m
accuracy than the HBC (Holdridge 1947) and Box’s model (1981), and showed a similar le
of overail predictive accuracy with the BIOME model of Prentice ez /. (1992). The CC\
has been further used to predict the potential vegetation patterns of Canada under the two d
bled —CQ, climatic scenarios (Lenthan and Neilson 1595).

Ecophysiological —based Biome Model (BIOME)

The BIOME model (Prentice et af/. 1992) is a ecophysiological —based model for the {
damental aspects of structure in terrestrial ecosystem. It predicts the global distribution o
plant functional types based on a set of limiting climatic conditions (Table 1), usually wi
spatial resolution of 0. 5 C longitude/latitude. The plant functional types of the highest, pi
defined dominance values combine with each other 10 yield the biome type of the grid cell.
model distinguishes 17 biome types for global vegetation.

In the BIOME model (Table 1). the plant functional tvpes are assigned climate tolera
in terms of amplitude and seasonality of climate variables. The cold tolerance of plant tvp
given in terms of minimum mean temperature of the coldest month (T,.). Some plant t
also have chilling requirements expressed in terms of a maximum mean temperature of
coldest month. The heart requirement of plant tvpes is given in terms of annual accumu
temperature over 5 C (a threshold of 0 C used for some plant functional types). The hes
quirement of some shrub tvpes is presented by mean temperature of the warmest m
{ Tass). The mean moisture availability is defined as a ratio of actual evapotranspir
(AET). and potential evaporranspiration (PET) which basicallv depends on net—radiati

Like the Box's model. the BIOME model (Table 1) is based on a set of plant funct

— 330 —



T e et e by

rpe

s

types, with each plant tvpe described by a set of limiting ciimatic conditions. However. the
BIOME model differs rom other bioclimatic schemes in that the climatic limits of each plant
functional type are expressed in terms of fundamental phenomenological constraints. rather
than observed correiations between vegetation and climate. Some ideals of Woodward (1987)
about the physiociogical and ecological mechanisms for the climatic limitation of plant functional
types are presented by the BIOME model. Biomes are not taken as given as. for instance. in
the Holdridge classification. but emerge through the interaction of constituent plants. So the
BIOME model can be applied to the assessment of changes in potential vegetation patterns in
response to different climate in a equilibrium state. However. the BIOME model does not sim-
ulate the transient dyvnamics of vegetation. At best. it provides constraints within which plant
community dvnamics should operate (Claussen 1994. Claussen and Esch 1994). A potential

weakness of the BIOME moadel is that CO. direct etfects on vegetation are not considered.

3" MODEL APPLICATIONS

Application of Biogeographical Model to Global Change Studies .

The biogeographical models (BM) have a history of application in simulating the global
distribution of natural vegetation under altered climate condition. both past climatic conditions
associated with the Last Glacial Maximum (LGM) (Hansen et al . 1984, Prentice and Fung
1990. Guetter and Kutzbach 1990. Prentice ez a/. 1993a. Esser and Lautenschlager 1993,
Friedlingstein er o/ . 1995) and predictions of future climate patterns under doubled —CO, sce-
narios (Emanuei er a/. 1985, Prentice and Fung 1990. Leemans 1992. Smith er a/. 1992.
1993). The BM modei has aiso been combined with estimates of carbon storage in both vegera-
tion and soil to estimate current parterns of potential caroon storage under both current and
changed climate condition (Prentice and Fung 1990. Smither /. 1993). Here we concenrtrate
on the following three aspects of applicartions.

(1) Coupling BM with Climate Model

The climate system consists of several subsystems including the atmosphere. oceans. geo-
sphere and biosphere — il of which affect and are affected by the circulation and chemical com-
position of the atmosphere (Bolin 1984). which interact in a complex nonlinear wayv at a wide
rage—of —time scale. The interaction integration of biosphere and atmosphere has been stud-
ied intensively by coupling the BM with General Circulation Model (GCM) (Henderson — Sell-
ers 1991, 1993. Claussen 1994. Ciret and Henderson —Sellers 1995). There are the Simple
Biosphere models (SiB) of Sellers er u/. (1986), and the Biosphere — Atmosphere Transfer
Scheme (BATS) of Dickinson ez af/ . (1986. 1993) which have heen incorporated into the
GCM. Recently. there is an increasing interest in coupling of so—-called vegetation models to
the simulated climate predicted by GCM. The global vegetation classification have been uscd to
compute distribution of global vegeration. and potential vegetation shift duc to @ possible

greenhouse gas induceds climate warming from climate simulation in « dingnostce model (1



mauel er o/ . {035 . Prentice and FLing' 1990. Henderson —3ellers 1991. Claussen and Eschand
Esch 1994).

Perhaps the first attempr to ingorporate continental vegetation as a dynamics component of
global climate models was reported by Henderson — Sellers (1993). In this study. a simple
Holdridge classification was used and the results indicated that the vegetation scheme was to be
a stable component of the global climate system without any discernible trends being observed
over the integration period. Differences between simulation with and without interactive vege-
tation turned out to be rather small. However. Henderson—Sellers (1993) did not study
the problem of coupling vegetation with climate models in great detail. More recently.
Claussen (1994) has coupled the BIOME model of Prentice ez al . (1992) with the ECHAM
climate model of the Max — Planck — institut fur Meterologie, Hamburg, Germany. He sug-
gested that a biome model shouid be coupled witn a climate in the following two ways; (1) the
~limate models should be inregrated over severai vears: (2) a biome distribution should be
zomputed from the corresponding muiti—vear simulated climatology. Similarly, the results of
sensitivity analvsis by Ciret and Henderson — Sellers (1995) suggested that the correct time
step and time scale to employ is very important for coupling of vegeration models into GCM.
To date there has been little attempt 1o compare the vegetation simulated by GCM with the na-
ture vegetation distribution based on observation.

(2) Coupling BM with Ecosystem Model

Several ecophysiological —based ecosystem process models have been developed and are be-
ing used to examine potential effects of both increasing atmospheric  CO2 and the associatec
prediction of climate change on patterns of net primary productivity and biogeochemical cycles
(CENTURY . Parton er /. 1987. 1993. FOREST —8BGC. Running and Coughlan 1988,
BIOME — BGC . Running and Gower 1991, GEM. Rastetterer o/ . 1991. 1992, TEM. Raict
et al. 1001, Melilloer /. 1293, FBM- Lekeer ui. 1094, DEMETER. Foley 1994a, 1995).
These models simulate some of the ecosvstem processes including canopy photosynthesis, tran-
spiration. lirterfall. soil moisture. water use efficiency. net primary productivity, and carbor
and nitrogen cvcling at a variety of spatial scales. The explicit consideration of ecosystem C anc
N dynamics in these models allows them to simulate the short—rterm changes in net C flux fo:
a given location. providing estimates of change in net primary productivity (NPP) unde
changing climate conditions. However. they arc unable to simulate long—term changes in the
composition and structure of vegertation in response to changing environmental conditions. E.
quilibrium models of biosphere structure like the BIOME model (Prentice et @/ . 1992) predic:
the major dircctions in potental biome redistribution aiter climate change. The dynamics of e-
cosystem under changing boundary conditions are a function of their structure. and this struc
rure mav also change due to differentce biogeochemical processes. Theretore. coupling the BV
model (model of ecosysrem structure) with the bingeochemical ecosvstem processes (model o
ecosystem function) is the first step of the development towards  dynamics global vegetatior
models. which could capture the transient dvnamics of biosphere in a changing climate,

Recentiv. i weneral terrestrial biosphere modei named DEMETER (Dynamic a :
\ 3 nd Ener



getic Mcdels of Earth's Terrestrial Ecosystem and Resources) has been developed by Foley
(1994a. .055) for this purpose. (Fig. 2. On coupling a sirﬁplé biome model with Linger.
chemical ecosvstem processes. DEMETER is designed to provide a comprehensive. siobai —
scale view of the terrestrial biosphere. including both a structure (predicted perential vegera-
tion) and functional (primary production and carbon storage) perspective. It ha: been 1 1o
predict the potenrtial vegetation patterns. NPP and global carbon storage in vegeration and soil
(Foley 1994a.b. 1995). The results show a good agreement between the simulatior und the
available observations. Plochl et a/. (1995) have coupled an ecosystem structure model
(BIOME. Prentice er a/ . 1992) with a biogeochemical ecosystem process model of the Fank-
furt Biosphere Model (FBM) (Lideke er a/. 1991). The application of the coupled models
under 2 GCM based scenario of changing temperature and precipitation results in major
changes of the biome boundaries ar these high latitudes t=uch as arctic and boreal ecosystems ).

More recently, the VEMAP ¢ Vegeration Ecosvstem Modeling and Analysis Project )
(VEMAP Members 1995) has coupied the three biogeographical models (BIOME2. Haxeltine
and Prentice 1995, DOLY. Woodward ez a/ . 1995, and MAPSS, Neilson 1995) with three
biogeochemical ecosystem process models (BIOME —BGC. Running and Gower 1991, CEN-
TURY. Partoner a/. 1987, 1993, and TEM. Melilloet ¢/ . 1993), and compared the simu-
lations of these coupled models in a continental —=xcale study of terrestrial ecosystem response to
climate change and doubled —CO,. The VEMAP study is limited by the models that only
made projection about equilibrium conditions: . however. it provides a first necessary frame-
work for coupling the large —scale biogeograpogic models with biogeochemical models.

{3) Application of BM to reconstruction of paleovegetation patterns and paleo —carbon stor-
age

On the one hand. the BM model (such as BIOME model) provides the tool required o
transiate past climate simulation into simuiated valeovegetation patterns. wllowing more de-
tailed comparison with reconstructed past vegetation from paleodata. and further estimarion of
carbon storage of the past terrestrial. The giobal BIOME model (Prentice e </ . 1992) is now
widely used for this purpose (Claussen and Esch 1964. Prentice et o/ . 1993a. Esser and Laut-
enscnlager 1993. Sclomon er o/ . 1993).

On the other hand. the global BIOME model of Prentice e @/ . ¢1992) has been success-
tully used to reconstruct the paleovegeration {rom the pollen data m Europe ar 5000 vr P
(Prentice e «/ . 1996, Guioter «f . 1996) ana since last 13.000 ye BP (Penger wf . 1993a),

Prentice e ul . (1996) have deveioped 1 method of "hiomization’ 1o attribute 1 biome to
cach pollen assemblage. Each pollen taxon is a=signed 1o one of the plant functionai tvpes such
as defined in the BIOME model ¢ Prentice e i . 19923, .\ likelthood index is ealeulated for
cach plant functional type and translated in terms of biome according to the combinations de-
tined for the BIOME model. Finaily for cach hiome. we obtain an index defined as the sum of
percentage square root of all the taxa potentiaily present in the biome. These indices are com-
pared and the biome for which the index 1= maximum is attributed to the spectrum. The

method was validated by application to a set of more 2900 surface poilen specera (representing



contemporary vegetation}. then applied to a set of more 200 pollen spectra representing mid -
Holocene (about 6000 vr BP).

Using the new 'biomization’ method of Prenticeet a/ . (1996). Penget al . (1995a) hav
reconstructed the temporal and spatial shifts of terrestrial biomes from the pollen data in Et
rope since last 13.000 yr BP. The distribution of biomes reconstructed from pollen agres
well ) with results obtained from the modern climate using the BIOME model «
Prentice et al . (1992). These pollen —based biome reconstructions then were used to transla
directly into the climate parameters needed for calculating the vegetation and the soil carbc
storage considering a good correspondence between climate and biome. ’

Shifts in the distriburion of terrestrial vegetation are accompanied by changes in the rel
tive carbon storage on land. Usually. the use of BM to estimate terrestrial carbon budget is
two step process. because the models do not directly simulate carbori pools and fluxe
The models are used to define potential patterns of vegetation and associated soil pro.pert
based on simple climate indices. Traditionailv. the calculation of carbon pools are done by m-
tiplying the area extent of each cover type (e. g. . vegetation type. ecosystem type, biome.
life zone) by estimates of carbon densities in vegetation and soils (Adamset al. 1990, Prent
and Fung 1990. Smithet a/. 1992, Prenticeet a/. 1993a). Generally these estimate are sc

ly dependent on the vegetation or biome type and do not vary geographically within any
type (e.g. all tropical rain forests have the same value). The results are likely a rough appr
imation of reality. and can be improved by the use of process—based ecosystem models (Raz
et al . 1991, Potterer al . 1993, Melilloer a/. 1993, Partonet a/. 1987, 1993), which s
ulate patterns of net primary productivity and carbon dynamics for a given vegetation and
mate. However, these models usually need to be parameterized by a large number of envir
mental inputs, which are not often available from paleodata. An alternative method is the
of an empirical biospheric model, such as the Osnabriick Biosphere Model (OBM) (E
1987, 1991) and statistic models (Penger a/. 1995a.b). These models which need as ir
only three environmental parameters. which are easily derivable from paleodata or from G
simulations. Moreover. it improves estimations of carbon density of the various ecosyste
For these reasons. it has been widely used to estimate past terrestrial carbon dynamics ir
sponse to past climatic changes (Penger a/. 1994. Penger u/. 1995a.b.c, Esser and Lau
schlager 1993)

4 Current MODEL LIMITATIONS

The scientific questions relating to the potential response of terrestrial vegetation to g
climate change create arise new problems for the development and application of large —
biogeographical models (BM). The following points reflect the major current limitations ¢
model and need to further overcome them.

(1) The static biogeography model cannot simulate the 'time course’ of veget

changes during a period of rapid climate change. This is « limitation of all static biogeogray
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models when applied to conditions when the rate of change vegeration response. Because they
do not incorporate migrational or successional processes (Prentice and Solomon 1990). Dynam-
ic (transient) vegetation models must represent many more processes explicitiv. and develop-
ment of global vegetation dvnamics models wiil be a new challenge. However, the static bio-
geography model can be used to indicate probable trajectories of vegetation change and provide
a necessary framework for modelling of dynamic vegetation process at a global scale (Prentice et
al . 1992). '

(2) Climate— Vegeration Classification models (e. g. , HBC) usually predict the distribu-
tion of physiognomic units (e. g. . maior vegetation formation. plant functional type. or life
zone ) at high —levels in the organization of vegetation. The use of these models in global
change studies has been criticized by Davis (1989) and Graham and Grimm (1990) for ignor-
ing the individualistic response of species o climate change observed in the fossil records ( Webb
1987). Modelling the individualistic response of species is an important approach to under-
standing the vegetation response to changing climate (Lenihan and Neilson 1993). However.
for purposes of linking the vegetation models to climatic models such as GCM. and of coupling
it with biogeochemical models such as a carbon and nitrogen cvcle model. it is negessary to
model vegetation at the scale at which it most directly interactions with the atmosphere.

(3) The BM often have been limited to potential natural vegetation. Land use changes
modify ecosystem properties more rapidly than would naturally occur (Ojima er al. 1994).
There is a convincing body of data about the potential distribution of anthropogenically derived
ecosystems. such as agronomic and forest crops. as a function of bioclimatic constraints. This
type of information can be embedded into a predictive models of potential natural vegeration.
thereby giving the potential for land use as well (Leemans and Solomon 1993. Cramer and
Solomon 1993). Although Eecosystems structures which are affected bv human effects
cannot be described bv biogeographical models alone. these models require the inclu-
sion of a specific land — use models. which must be derived from. sociceconomic variables
such as population growth (Ojima er af . 1994).

(4) Another current limitation for most of these models is that they do nor incorporate
biogeochemical processes. especially carbon and nitrogen cvcling, Therefore. one major prob-
lem in application of these models to simulating the potential response of vegeration to a dou-
bled—CO, climatic change i their inability to address the direct response of CO, on vegetation
(Norby ¢t ai . 1992, Mooney ¢t «l . 1991). The more recent achievement of incorporating
the effects of CO. on the NPP. the leaf —arca—index (ILAD). the water balance. and competi-
tive between (; and C. plants (FHaxeluine and Prentice 1995, Neilson 1995. Woodward ef af .

1995) seems to provide a promising dircetion,
5 RECENT DEVELOPMENT

To overcome the limitation of BM described above. the new generation of biogeograph v

models. which predict the dominance of various plant iife forms in different environmenrs.



used . and these models are being to couple with biogeochemical ecosystem models for simula:
ing the terrestrial ecosystem response 10 climate change and doubled —CQO,(VEMAP Member
1995). We highlight here the major features of three new biogergraphy models: BIOME
( Haxcitine and Prentice 1995). MAPSS (Neilson 1995) and DOLY (Woodward et al
1395) . which were used by VEMAP study (VEMAP Members 1995). The vegetation di:

crimination criteria and ecophysiological process for these models are showed in Table 2.
Table 2 Vegetation discrimination criteria and ecophysiological

process in the new generation of static biogeogaphy models

; BIOM 2 = MAPSS 1 DOLY
Haxeltine ana Prentice Netlson ¢1995) l Woodward et af . (1995)
(1093) .!
Vegelation Definition:
Fvergreen: veciduous o tolerance, cailling, sold tolerance., summer cold tolerance. low
annuai C balance. drought irought, summer C balance 1 temperature limit, drought
Needieal, broaaieat sold tolerance. GDD cold tolerance. GDD, i cold tolerance. GDD
- ; summer drought ] ) A
Tree/shrub ' precipitation seasonality LAI | NPP, LAI, moisture balance
Wood/non—woody |  annuai C balance. FPC | understory light | LAI. moisture balance, NP
C4/C, plant : temperature ! soil temperature ] growing season temperature
Continental/ manume winter temperature Winter —summer temperature | growing season temperature

‘ difference

Ecophysioiogical Process:: |
PET/ET t equilibrium i aerodynamic

\
‘ | |
|

Peman— Montieth

(Marks 1990) (Monteith 1981)

Stomatai conductance ! impitcit via soil water soil water potential, VPD | soil water content, VPD. st
; content nitrogen. photosynthesis
Productivity tndex NPP (Faruhar —{sllatz) zai area auration NPP (Farquhar, N uptake
L AIVFPC water balance. temperature - vater balance. temperature : water balance. light. nitrog
Soil water lavers two lavers one taver i three lavers

DD is growing degree days: LAl s leaf area index: NPP is net primary productivity: FPC is foliar projected cover:
PET is potenual evapotranspiration: ET is evapotranspiration: VPD s vapor pressure deficit. (source: modified fron
VEMAP Members 1393)

BIOME?2. BIOME? (a new version of the BIOME model) has been developed by Ha
tine and Prentice (1995). In BIOMEZ2. ccophysilogical constraints. which are based largel:
the BIOME model of Prentice et af . (1992). are applied first 1o select which plant funeti
tvpes can occur in a given set of climatic conditions. The moacl then identifies the quantite
combination of plant functional tvpes that maximizes whole ccosystem NPP. Gross Prir
Production ¢GPP) is calculated on a monthly times step ax a linear function of absorbed ph
synthetically active radiation and is reduced by limiration of moisture and low temperat

,

Plant respiration is simply estimated as 502 of the non—water —limited GPP. A two—!
hvdrology model with a daily time step allows simulation of the competitive balance bets
woody vegetation and grass. including the effects of =oil texture. based on the differen:
rooting depth. The prescribed CO, concentration hax a direet effects on GPP through the

rosvnthesis algorithm . and affects the compennive halance berween (. and C, plants.



MAPSS. A new biogeographical model. Mapped Atmosphere — Plant — Soil System
(MAPSS). has been recently developed by Neilson «1995) to predict changes in vegetation
LAI. site water balance and runcif. as well as changes in biome boundaries. The MAPSS
combines a process — based water balance model with a physiologicaily conceived rule — based
model of Neilson et a/. (1992) to simulate both water and thermal balance constraints on veg-
etation life — form (e. g., tree, shrub. or grass: evergreen or deciduous:. broadleaf or
needlleaf) and biome physiognomy (e.g. . forest. savanna. or shrub—steppe).

A two—layer hydrology module with a monthly time step then aliows simulation of leaf
phenology, LAl and the comperitive balance between grass and woody vegetation. A produc-
tivity index. derived frc m leaf area duration and AET. is used to assist in the determinartion
of leaf form. phonoiogy. and vegetation tvpe. Stomaral conductance is explicitly included in
the water balance calculation and water competition occurs between the woody and grass life—
forms through different cancpy conductance characteristics as well as rooting depths. The di-
rect effect of CO, on the water balance is simulated by reducing maximum stomatal condne-
tance. Presently, only a simple fire model has been incorporated in shrub and tree savanna sys-
tems. Biotic interactions. such as grass—tree competition. can alter the state of the ecosystem
and have also been incorporated in the MAPSS. However. there is no representation of effects
CO, on the competition of C; and C, plant.

DOLY . Based on the Farquharer a/ . (1980) and Penman—Monteith (Montheirh 19%1)
models. the Dynamic Global Phvtogeography Model (DOLY) (Woodward ez a/ . 1995) simu-
lates photosynthesis and AET at a dailv time step. Maximum assimilation and respirartion rates
are caiculated as a function of temperature and nitrogen. The eifects of CO), concentraticn on
NPP and AET are modelled explicitly. The maximum sustainable LAl for a location 1. esti-
mated from long — term average annual carbon and hydrologic budgets. as the highesr LAl
that is consistent with maintaining the soil water balance. DOLY used an empirical statisrical
procedure. implemémed after the biogeochemical process calculations. 0 derive the vegera-
tion. This procedure takes account of both ecophysiological constraints and resource limitation:
effects. based on their cbserved outcome.in a range of present climate. Estimates of
NPP. LAI. AET. and PET are combined with bioclimatic variables (absolute mininium tem-
perature. growing degree days. annual precipitation) and a previously defined vegetation clas-
sification to develop a biogeographgy model using multiple discriminare function analvsis. as in
work by Rizzo and Wiken (1092). Increasing CO. reduces stomatal conductance and in.rzases

NPP. but does not affect the competition of C, and C, plant.
6 FUTURE RESEARCH

One of the high prioritv activities of the International Geosphere — Biosghere Programme



features of the DGVM are that (1) it is able to predict the transient changes in the veget
structure and function. changes in land use. and consequent changes in direct and in
feedbacks to the atmosphere over time and space, and (2) it could provide predictions ¢
variable which link the land surface 1o the atmosphere while being responsive to the :
spheric changes predicted by the GCM.

Currently . there are no global —scale biogeography models available that simulate bot
distribution of plant life form and biogeochemical cycle (e. g. carbon and nitrogen) in res
to changing environmental conditions. Large—scale simulations of vegetation dynamics ¢
generatec Ly deriving very large sets of patch models solution. The primary framewc
DGVM has been outlined by Prentice ez a/. (1989). The potential approaches for It

model deveiopment are summarized in Figure 3.

Climate Scenarios /—_\

Biogeography Models

r/

Generai Circulation Models
(GCMs)

Y

Coupling
Scaling Down

(Top-down)

L Coupling
:Regional Climare .
Prediction

Dvnamic Global Vegetation
Model (DG

(oupling

caling Up (Bottom-up)

Linking

Path Models Bingeochemistry Models

Figure 3: Schematic representation of the potential approaches
of the Dynamics Models of Global Vegetation (DGVM) coupiing with GCMs.

biogeochemistry . biogeography. and patch models.

(1) Bottom —up: The approach involves the scaling—up of path models using a sta
sampling procedure to provide regional and global cover. This approach would require a
alized path model . which is able to simulate the dynamics of all biome types (e. g. tundr

real forest. temperature grassland. tropical rain forest. tropical savanna). This gene
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path model would use a plant functional types rather than addressing species composition. to
provide temporal patterns of plant growth and biogeochemical cycling.

(2) Top—down: The second approach is to use the current static (equilibrium biogeo-
graphical models which relates the large — scale patterns of climate and vegetation « HBC,
Holdridge 1947. BIOME. Prentice ez a/. 1992). The top—down approach of DGVM devel-
opment would modify these global vegetation models by defining the plant functional tvpes -
which make up each of the ecosystem or biome currentiy used to describe vegetation pattern/
composition within global models. These piant functional types would then be assigned param-
eters relating 1o rates of growth. mortality. dispersai and other process. which influence the
transition dynamics of vegertation in response to changing environmental conditions.

(3) Linking path models with ezosystem models of biogeochemical processes: pPath mod-
els have been iinked with biogeochemical models that simulate the dynamics of carbon. nitro-
gen. hvdrologic cvcies and fire disturbance Price er «/ . 1996). The ecosystem models require
informarion on features of the vegetation structure such as leaf area. biomass. litter input. and
litter quality (e.g., C/N). These parameters can be provided by the path model. In return.
the biogeochemical model provides a description of certain environmental conditions on the
path. such as NPP, the availability of nitrogen. soil carbon and moisture.

(4) Coupling BM and DGVM models with process — based biogeochemical models;
mMany currently available biogeochemical ecosystem process models are able to capture the es-
sential process of trace gas fluxes between atmosphere and ecosystems. as well as the associated
changes in net primary productivity. When used in changing climate conditions. one of the
most serious limitations of these models is due to the fact that the structure of the ecosystem it-
self is prescribed from a global database. Significant shifts of the major global vegetation tvpes
of global are likely 10 occur under altered climatic conditions. Hence. the assumption of stable
ecosystem structure could fail. To overcome this problem. it is necessary to couple an ecosys-
tem structure model with a biogeochemical ecosystem process model. A continental—scale cou-
pling of three biogeographical models (e. g. . BIOME2, MAPSS, and. DOLY) with the three
biogeochemical models (e. g. BIOME—BGC, CENTURY . and TEM) has been recently car-
ried out by VEMAP study. However. an important limitation of the VEMAP anaiysis is that
the models only make projections about equilibrium conditions (VEMAP Member 1995).

(3) Coupling DGVM with GCM: The DGVM ultimately should be able to be coupled to
the GCM. Sirce no DGVM exist at the present. consequently, the previous coupiing of the
GCM with vegetation experiments is limited by equilibrium with climate (Henderson — Sellers
1993. Claussen and Esch 1994. Ciret and Henderson —Sellers er u/. 1993). Dv aggregating
the individual path models to the regional level. the DGVM wiil link 1o the GCM made
througn a nested mesoscale model and a soil — vegetation — atmosphere — transfer (SVAT)
model. which invoives instantaneous fluxes of warter vapor. heat and momentum. These mod-
els are being developed in response to needs by specifving the broad —scale transfer characteris-
tics of land surfaces. Sellers ez a/ . (1992) and Bonan (1994) have made a significant step to-

wards a more integrated GCM to biosphere modelling. They have constructed the SVAT that



sunuated PRotosvnIhesis. respiration- and canopy conductance and have coupled it to the GC)
for investigating the short —term biogeochemical and biophysical interaction between the arma.
sphere and terrestrial biosphere. We expect a model of SVAT on time scales of 10— 1000 year.
that includes all the critical ecosystem processes —physical, chemical and biological operating o

this time scale
7 SUMMARY

Many efforts have made to develop the large—scale static biogeographical model (BM) i
recent vears. (Generally speaking, there are four classes of static biogeographical models whic
have been developed 1o simulate the distribution of potential vegetation f. rom a continental 1o
global scale. The simplest model is the Climate — Vegetation Classification Model (Koppe
1936, Holdridge i£17) based on correlations between potential vegetation distribution and cl
mate. The second tvpe of static biogeographical model is the Box’s Model (Box 1981) . bas
on correlations between the distribution of plant life forms and climate variables that descril
the seasonality of climate. The Equilibrium Vegetation Ecology Model (EVE) of Bergengr:
and Thompson (1995) has revised the Box’s Model to include the competition and fire di
turbance between life forms. A third class of models is a rule —based biome model (RBBM
that was constructed as a set of rules—based on mechanistic and conceptual models of bior
distribution described by Neilson ez al. (1992) and developed recently by MAPSS mox
(Netlson 1595). The fourth class of models is an ecophysilogical —based BIOME model (Pre
tice et al . 1992) which is being developed by incorporating the ecophysiological mect
nisms that control the distriburion of plant functicnai tvpes {BIOME 2. Haxeltine and Prent
1995, DOLY . Woodward et u/ . 1595).

These biogeographical models (BM) have proven useful tools in assessing the potential i
pacts on future vegeration distribution resniting from changes in global climate patterns as p
dicted by general circuiation models (GCM) for ~ tdoubling of CO,. Moreover, BM, which |
been used to reconstruct the valeovegetation natterns from paleodata and further estimate
carbon storage of Pmttsrrestrial. do have an important role in the study of the past gle
changes.

However. the major limitations of BM are equilibrium approached and often have b
limited to potentiai natural vegetation. The model does not simulate the ’time course’ of ve
tation response to a rapid climate change, including plant succession and carbon and nirro
cyeling. The new generation of BM. based on ecophysiological constrains and resource lim
tion {water and light). may overcome part of the above limitations. and are being 1o ¢t
with biogeochemical ecosystem models for simulating the responses of ecosystem structure
function to climate change.

The future development of DGVM will rely greatly not only on path dynamics mod
but also on the development of parameters for the plant functional tvpes provided by the L

—scale biogeographical models. It is expected that during the coming years the DGVM. wi
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can predict transient changes in vegetation structure and eomposition. in land —use. and
consequently in direct and indirect fecedbacks to the atmosphere over time and space. will be-
come an important tool for understanding mechanisms of vegetation dynamics and for sustain-

ably managing terrestrial ecosystem.
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