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ABSTRACT Predicting the potential impact of future climatic change on natural vegetation 

requires large-~cale 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 model. (Z) 

Box's model. (3) rule-based vegetation model. and (4) ecophysilogicai-based biome mod

el. • These models which have been widely used to simulate the porential 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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,~tatic biogeographical models is summarized. 'The potential approaches for global 

models of vegetation dynamics which will become an important tool for assessing impacts of fu

ture climate changes on potential \'egetation dynamics and terrestrial carbon storage and for 

managing terrestrial ecosystem sustainably is outlined, 

Key Words dimate change. biogeographical model. climate-vegetation classification mod

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

1 INTRODUCTION 

,\n understanding of past and possible future climate changes will require a clear picture of 

how vegetation chrtnges in the past and mav change in the future (Prentice et aL. 1991, Over

peck et ai. 1 992. Peng f( ai, 1995a), The distribution of potentiai terrestrial vegetation is de

termined not only by direct climatic variables (temperature. moisture. and atmospheric COz 

concentration). and resources (nutrient availability). but also by environmental gradient (to

pography and geology) (Woodward 1987. Stephenson 1990. Prentice et aL. 1992) (Figure 

1), Predicting the potential impacts of future or past climatic change on natural vegetation re

quires large-~cale biogeographical and biogeochemical models (Overpecket al. 1991. Smithet 

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 dynamic biogeographical (ijr gapveget:nion) model. which incorporates explicit rep

resent a tion of key ecological process (establishment. ~ree growth. competition. death. nutri

ent cyciing). hilS been d('\'eloped to capture the tr:,mlent response of vegetation or simple 

biome to changing climate (Shugart and West L:'.su. ::hugan L984. Shugart (990). The first 

such model was the J ABOW A model (Botkin ('{ a/, L 972) . developed for forest;; in New Eng

land. Over the past twenty years. gap (or path) models h:.t\'e been developed for a wide variety 

of forest ecosYStenlS induding brest - tllnc.,;ra tr:"nsition zone (Sirois et ai. 1994). boreal forest 

( Leemans and Pre ~ 'lC,' I <J81. 130nan I 91:5c' . Prentice ~md Leemans 1990). temperate forest 

(Shugart 1rj84). and troIJic,.[ forest (Doyle l~81. ~hulZrat I't aL. 1981), The general ap

proach has been extended to nonforested eco,.;vstems such a~ grassland. shrublands and savan

nas (Coffin and LlUenroth 1989. 1990. : ,J ~l ,). A. number of different forest gap models have 

been used to simulate time - Jependent ch:mg\:s in ~pecies composition and abundance under 

changing climate (5010mon Ll86. OverpecK ('{ ,d, 1 ~)90. PrenticCt'{ (Ii, : 993b. Botkin 1993. 

l3ugmann and Solomon [~95. Sykes and Prentice l CJ95. Price and :\pps [996. in press). Sev

eral obstacles stand in the way of the extensive u,.:e 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 vegetation beyond those at the local scale because of the large number of points 

that would have to be simulated. Dynamics models also require much more mformation on the 

~ilivicai characteristics of species than is easilv a\'aiiable or even known for some areas of the 
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globe (Solomon i 986l. These ecosystem models are resulted in predictions for region scale or 

ecosystem. but ha\'e not yet been applied at the global scale (Smith et al. 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 scale in nature as it ignore any 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 majoritv of the doubled -C02 experiment conducted with 

general circuiation model (GeM) (Houghton ('( ai. 1990). Over the decadesyears. several 

different types of static vegetation models (K" ppen i 936. Holdridge 1917. Box 1981. Pren

tice et al. 1992. :\eilson fl <11. ~ 992. :\eilson i 995) have been used to explore the role of cli

mate in determming the distributlon and structure ot" \'egetation communities. and developed to 

simulation continental to global scale changes in potential nature vegetation. 

In this paper. we focus on the four major types 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 c1imate- ':egetation classification. Global 

bioclimate classification schemes, Koppen 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 recently been improved by Guetter and Kutzbach ( 1990), 

()ne of the most widely used of the bioclimate classification model at a global scale is the model 

of Holdridge \ 19H)' Here we only take the Holdridge Bioclimatic Classification \ HBC) as one 

example (Fig. 1 ). 

The HBC is a scheme \ Table 1) that uses three bioclimatlc variables (biotempera-

ture. mean annual precipitations and a ratio of potennal e\'aporranspiration to mean annual pre

cipitation) derived from standard meteorological data to express explicitly the rdation of cli

mate patterns and broad - -cale vegetation di~tribution \ referred to a;; life zone). Figure 2 i!lus-
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Figure 1: Relationship between climatic variables (temperature. moisture. CO! concentration) • 

resource (nutrient 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 

changmg 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 biotemperature is defined as the mean value of aU daily mean temperatures abm 

o-C. Biotemperature. which is closely related to the growing degree days CTuhkanen 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 express« 

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. 

- 3-i6 -

; 



tahhJOO belts 

Polar 
IS 

Subpolar 

3 30-

~ 
E 
o 
;; 
ii 

Boreal 

60 =-
Cool 

Temperale 

Cullcal 
II:mpef..llllft! 

t me 

625 

, :;} 

AII.!iudlOal bells 

~. 
'!. 
~. N,val 

~ \.... - .-- -- -- -- ~ -- - -- - -
,<> "l. , ';. 

1; 

,5 

Alpine 
~... .() 

~.I~---'-r.--~j---.-~t:-'---'\ I ~ ~~) "- - - - - - - - - lO 

Subalpine 

Mon'alle 

120 

-----
Premonlane 

2' 0 

1000 .000 000<1 



Table 1 General comparison oc" the fe.atures for four types static bio~eOl!raphical models 

Environmental constraints HOC I30x's Model mOME RBBM 

Biociimatic Variables 

.-\Ir temperature 

\Iean \ T) reqUire require 

\t1 inimum (T ":'lIn) require require require 

\1aximum \ T m~J.) require require require 

Biotemperature" require 

Precipitation 

V[ean \ Pl require require require require 

require 

\laxirnum (Pf1lU.~ require 

Warmest \ PTm.u..; require 

Grow\n~ Degree - \):!v~ 

~~!'1Ulre 

reQUire require 

\Ioi.ture ,valiabllitv 
! 

i I 

PIPET requ~rf' , requlre 

P1=:T! .-\[T 
, 

i I 
WUE I I require 

Vegetation characteristics I I 
Plant life forms I 37 life zones i 90 PITs i 17 biomes 35 LTs , 

Height dominance I I require requtre 

Leaf area mdex (LA!) I I i require 

SoU texture 
, I rerequire 

. biotemperature oefined as the mean value of all daily mean temperature abO\'e 0 C, WUE. water use ef

ficiency. PITs is plant functional types, LTs is landmver types, PT'mu is mean total precipitation of the 

warmest month (mm), PET is potential evapotranspiration (mm), .-\F:T is actul\l evapotranspiration 

(mmi, HBC is Holdrids;e Bioc1imtic C!ossificarion: RBBM is Rule- Ba<eo Biome ,\lodel. 

Box's Model 

.\ unified global expression for the relationship between macroclimte and plant life fo: 

was made by Box (981). To address many of the shortcoming of the previous Climat 

Vegetation Classification modelling studies and overcome the difficulty of exceeding a 1, 

number of plant species potentially occurring in anv region. Box defined a number of p 

~pecies tvpes l termed plant life forms) rather than the small number of vegetation biome 

the HBC iind lumped all higher plant species into 90 functional plant types as defined by e 

,'limate 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 to climate. The climatic factors used in Box's model reflect the plants required cc 

tions for principal climatic constraints (warmth. frost frequencv. :md moisture) and inc 

"orne description of seasonal cycle and the phase relationship hetween seasonal variatiOl 

temperature and precipitation. ~ loreover. Cox's climatic fr.ctOrs differ from Holdridge' s in 

-- TUI --



r • 

\ -. . - "-

. . -' ~ ....... ~, - . 

'_'stimation of drought stress and address seasonally explicit (separately for warmth and mois

ture). The Box's model describes the distribution of functional plant types in a muiti-climen

sional climatic space. The defined climatic limits of each functional plant type defines "en

velopes" in climate space. within which each functional plant type can exist. A simple height

dominance scheme is used to obtain the potential plant types. 

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 <liso imposed a limit on its potential to be 

parameterized appropriate Iv for all plant types and climatic indices. The basis for determining 

climatic limits of functional plant types remains essentially correlative. rather than mechanis

tic. Some of these problem~ have be'.:n o':ercomed by dramatically reducing the number of plant 

types defined and the selection o! climatic vanaoles whose Ir.iluence on plant distribution have a 

more mechanistic interpret anon l BIOt-.lE. Prentice 1'( ,u. : 092. tvlAPSS. Neilson l !':l:; l. 

Recently. the Equilibrium Vegetation Ecology Model \ EVE') of Bergengren and TL:'~~lr

son (1995). which is partially based on the Box scheme. has added a very sophi,,;ticated 

method for determining the relative abundance of functional types in the vegetation cor,l~ur:i

ties. The EVE simulates the distribution of plant communities based on the relative adaptive

ness and competitive abilitv of the llO plant life forms under a given climatic regime. Plant 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 flaws of Box' s scheme: 

( 1) one cannot identify the real plant species that belong to each functional type. and 

hence. cannot determineing if their geography is correct or not. (~) all modelled plant func

tional types respondse to the same eight envi'ronmemal qriables in the same manner 

(Solomon. personal. communication). 

Rule- Based Biome Model (RBBM) 

Rule- based modelling is an oUTgrowth of developments in artificial intellil:;ence 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. Cjuantitatiw models and 

suggested how C\ualitative dvnamic model., could be built. Their ideas were subsequently imple

mented in iI. ruie - ha~ed ecological model for the management o! an estuarine lake (Starfield l't 

aL. 1989). :\ew developments in biogeography are providing it mechanistic conceptualization 

of the biosphere \ "!eilson 1086. 1987. 0!eilson t'( (/i. l~)89. Woodward 1087. Stephmson 

1990 l. 

A rule- bilsed biome model (RBBM) of Neilson f'l <Ii. (1992) was constructed as a set of 

rules based on mechanistic :md conceptual models of biomc ciistriburion descnbed by ~eilson (>( 

uL. (1989). The rules arc e~sentiallv if-then-dse statements similar to the general comput-
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tor chart. The most unique feature of the model is the temperature- based definition of season 

(Table 1), Winter. spring and summer are the principle seasons considered. Temperatur 

thresholds. input as parameters. wen~ used to define the beginning and ending of the seasons 

The entire 1 ~ 11 climatic station networks and their corresponding biome types based on a me 

modified from Ku(chler (1964) and Dice (1943) was used to calibrate the rules for the conte: 

minous CSA. This model is in an early stage of development 

1995) . 

model of MAPSS (Neilse 

. \nother 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 

,m inferred mE'chanistic relationship to the distribution of yegetation. The climatic parametE 

u~ed as models Jrivers \ e. g .• degree-ciays. minimum temperature. snowpack, actual evaI= 

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. lJ nder current climatic conditions. CCVM predicted the Canadian vegetation with ml 

accuracy than the HBC (Holdridge 1947) and Box's model (981), and showed a similar Ie 

of overall predictive accuracy with the BlOME model of Prentice et al. (992). The CC\ 

has been further used to predict the potential vegetation patterns of Canada under the two d 

bled -CO, climatic scenarios (Lenihan and Neilson 1995). 

Ecophysiological- based Biome Model (BlOME) 

The BlOME model (Prentice et aL. 1992) is a ecophysiological- based model for the j 

damental aspects of structure in terrestrial ecosystem. It predicts the global distribution oi 

plant functional types based on a set of limiting climatic conditions (Table 1), usually wi 

spatial resolution of o. 5 C longitude/latitude. The plant functional types of the highest, pi 

defined dominance values combine with each other to yield the biome type of the grid cell. 

model distinguishes 17 biome types for global vegetation. 

In the BlOME model (Table 1). the plant functional types are assigned climate tOlera 

in terms of amplitude and seasonality of climate variables. The cold tolerance of plant typ 

given in terms of minimum mean temperature oi the coldest month (T m,.)' Some plant t 

also have chilling requirements expressed in terms of a maximum mean temperature oj 

coldest month. The heart requirement of plant tvpes is given in terms of annual accumu 

temperature over;) C (a threshold of 0 C used for some plant functional types l. The hea 

quirement of some shrub types is presented bv mean temperature of the warmest rr 

( T m .. ). The mean moisture availabilitv is defined as a ratio of actual evapotranspir 

( AET). and potential evapotranspiration (PET) which basicallv depends on net - radiati 

Like the Box's model. the BlOME model (T:\ble L) IS based on a set of plant func1 
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types. with each plant n'pe described by a set of limiting climatic conditions. However. the 

BlOME model differs irem 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 physiological and ecological mechanisms for the climatic limitation of plant functional 

types are presented by the BlOME model. Biomes are not taken as given as. for instance. in 

the Holdridge c1assificatio·n. but emerge through the interaction of constituent plants. So the 

BlOME model can be applied to the assessment of changes in potential vegetation patterns in 

response to different climate in a equilibrium ~tate. However. the BlOME model does not sim

ulate the transient dynamics of vegetation. :\t best. it provides constraints within which plant 

community dynamics should orerate (Claussen 1994. Claussen and Esch 1994), A potential 

weakness of the BlOME model i, tnat CO, direct cHects on ve~etation are not considered. 

3- MODEL APPLICATIO~S 

Application of Biogeographical Model to Global Change Studies: 

The biogeographical models (EM) have a history of application in simulating the global 

distribution of natural \'egetation under altered climate condition. both past climatic conditions 

associated with the Last Glacial Maximum CLGM) (Hansen et al. 1984, Prentice and Fung 

1990. Guetter and Kutzbach 1990. Prentice et al. 1993a. Esser and Lautenschlager 1993, 

Friedlingstein et al. 1995) and predictions of future climate patterns under doubled -CO~ sce

narios (Emanuel et aL. 1985. Prentice and Fung 1990. Leemans 1992. Smith et al. i 992. 

1993), The BM mocid has also been combined with estimates of carbon storage In both wgeta

tion and soil to estimate current patterns of potential carbon storage under both current and 

changed climate condition (Prentice and Fung 1990. Smith et al. 1993), Here we concentrate 

on the following three aspects of applications. 

(1) Coupling BM with Climate Model 

The climate system consists of several subsystems including the atmosphere. oceans. geo

sphere and biosphere -:ell of which affect and are affected by the circulation and chemical com

position of the atmosphere (Bolin 1984). which interact in a complex nonlinear way at a wide 

rage-of - time scale. The interaction integration of biosphere and atmosphere has been stud

ied intensivelv by coupling the BM with General Circulation Model (Ccrvl) (Henderson -Sell

ers 1991. 1993. Claussen 1994. Ciret and Henderson-Sellers 1995), There are the Simple 

Biosphere models (SiB) of Sellers et al. (1986). and the Biosphere - .-'\tmosphere Transfer 

Scheme (BATS) of Dickinson et al. (1986. 1993) which have been incorporated into the 

GeM. Recently. there is an increasing interest in coupling of so-culled vegetation mode\,; to 

the simulated climate predicted by GCM. The global vegetation c1a~sificati()n have been U~l'J to 

compute distribution ci global vegetation. and potential vegetation ,-hift dul' (0 ;, !,()~~ihll' 

greenhouse gas induceds climate warming from climate simulation in " di:'1!n()~(1C Tllodel (\.: 
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maueie{ ai. l03J. Prentice and Fung 1990. Henderson-Sellers 1991. Claussen and Eschand 

Esch 199-1). 

Perhaps the first attempt to inoorporate continental vegetation as a dynamics component of 

global climate models was reponed bv Henderson - 5ellers (1993 L In this study. a simple 

Holdridge classification was used and the results indicated that the vegetation scheme was to be 

'l 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 our to be rather small. However. Henderson - Sellers (1993) did not study 

the problem or coupling \"t'getation with climate models in great detail. More recently. 

Claussen ( 199-1) has coupled the BlOME mocel of Prentice et al. l 1992) with the ECHAM 

climate model of the i\,1ax - ?Ianck - institut iur :VIeterologie. Hamburg. Germany. He sug

;ested that a biome modei ~houid be coupled with a ciimate in the following two ways: (1) the 

climate models ,hould he mtegrated o':er sever2.i vears:, 2) a biome distribution should be 

'2ompurea from t he corresponding muiti - year simulated climatology. Similarly, the results 1)£ 

:,ensitivity analysis bv Ciret and Henderson - Sellers ( 1995) suggested that the correct time 

step and time scale to employ is very important for coupling of vegetation models into GCM. 

To date there has been little attempt to 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 C02 and the associatec 

prediction of climate change on patterns of net primary productivity and biogeochemical cycle: 

(CENTURY. Parton e{ cd. 1987. 1993. FOREST -bGC. Running and Coughlan 1988. 

BIOME- SGC. Runnin~ 2.nd Gower 1991. GEi\1. Rastetter ('{ al _ 1991. 1992. TEM. Raid 

t'tal. l~91. ~[elilloe[ai. ,993. FBM. LekectLll. ;094. DEMETER. Foley1994a.1995L 

These models simulate some of the ecosystem processes including canopy photosynthesis. tran· 

~piration. lirterfall. soil moisture. water use efiiciency. net primary productivity. and carbor 

and nitrogen cvcling at a \'ariety of spatial scales. Tl:e explicit consideration of ecosystem C anc 

:--J dynamics in these models allows them to simulate the short - term changes in net C flux fOI 

a given location. providing estimates of change in nct primary productivity (NPP) undel 

changing climate conditions. However. t hey are unable to Simulate long - term changes in thl 

,:omposition and structure of vegetation in re~p()nse to changing environmental conditions. E· 

quilibrium mociels of bio~phere ~tructure like the GI()ME model (Prentice et al. 1992) predic' 

the major ciircctions in potentIal biome redistributlon ilrter climate change. The dynamics of e· 

cosystem under changing boundary conditions ;,rC:l function of their structure. and this struc· 

ture rna'! al~o change due to differenrcc biogeocilemicai fJrocesses. Therefore. coupling the Bl'v 

model (mocielof ecosysrem structure) with the biogeochemical eco,;ystem processes (model 0 

ecosystem function) i,; rhe first "rep of the de\'elopmenr rowards dynamics global vegetatior 

models. which could capture the tr:ms;cnt dynamiCs of biosphere in a changing climate. 

Recent 1\' . ;, ~eneral tc~rcstrlal bio"fJhere r.~~;QCl named DEMETER (Dynamic and Ener 

... :.i52 



getic iI:lcdeb of Eanh' s T erresmai Ecosvstem and Resources) has been deveiolJed hy Fr)lev 

(199cla. ;J95) ior this purpose. (Fig. ~ .\. Un coupling i\ simple biome modei Wit:l bi()I!'~'J

chemicai ecosvstem processes. DEMETER is designed to provide a comprehemlw, ,,106::i

scale view of the terrestrial biosphere. including both a structure (predicted V',Tc:raial wgetil

tion) and functional (primary production and carbon storage) perspective. It ha~, been' ::"',J to 

predict the pOtential vegetation patterns. :\PP and global carbon storage in vegetation a:'d ;oil 

(Foley 199.Joa.b. 1995), The results show a good agreement between the simulation "nd the 

available observations. Plochl et ul. (1995) have coupled an ecosystem Structure model 

(BlOME. Prentice t!l al. 1992) with a biogeochemical ecosystem process model of the f ank

furt Biosphere Model (FBM) (lUdeke,-{ <1/. ~ 99 i ). The application of the coupled models 

under a GCM based scenario of changmg temperature and precipitation results in major 

changes of the biome boundaries at these r,jcd) btitudes \ :'lIch as arctic and boreal ecosystems). 

\10re rl:centlv. the VEM.:\P I \. egetanon [cosv,.;tem Modeling and Analysis Project) 

IVEMAP ~lembers 1995) has coupled the ttuee biogeographical models (BlOME2. Haxeltine 

and Prentice L995. DalY. Woodward a al. 1995. and MAPSS. Neilson 1995) with three 

biogeochemical ecosystem process models (BlOME -BGC. Running and Gower 1991. CEN

TURY. Parton et al. 1987. 1993. and TE?v1. Melillo et al. 1993). and compared the ~imu

lations of these coupled models in a continental- ~cale 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) .-\pplication of BM to reconstruction of paleovegetation patterns and paleo - carbon ~tor-

age 

On the one hand. the BM modd (~uch as BlOME model) provide'!' rhe tool required to 

transiate past climate simulation into simlliated ualeovegetatiun patterns. ;,[Iowing more de

tailed comparison with reconstructed past \"egetatlon from paleodata. and further e~timatl()n oi 

carbon storage of the past terrestrial. The global BlOtv'lE model (Prentice .'1 til. l ~)~)~) i5 now 

widely used for this purpose (Claussen and Eo:ch 1994. Prentice ,'I al" I CJ9:1a. E~ser and Laut

enscnlager 1993. Solomon f't al. 1993). 

On the other hand. the global BlOME mooelof Prentice ('/ ill. (1 ~)~):!) Ilas been "ucce~~

fully useo to reconstruct the paleovegetatlon from the pollen d;lta ttl Europe at 1;(1111) vr BP 

(Prentice "I ul. 1996. Guiote! aL. ~C)%) <ttlli since last I:';.:)()I) yr \',P ([\'ngl'! ,Ii. !')!);la). 

Prentice t:t al. (1996) have oewioped :r ml'lhod of 'hiomizalion' 10 attrihute :l hiome to 

eacn pollen ",,~embla~e. Each pollen t:,xrJn I~ ;1~"ll!nl'd tl) tll1l' of the pi:,nt iltnCt\onai 1\'Pb "uen 

:IS defined in the BlOME model I Prentice If ,Ii. ,()~):!). ,\ likelihood incil'X IS calculated for 

",itch plant functional type and trambted in terms "f hiome according to t he combinations de

fined for the BlOME model. Finaik for e:len hiomc. Wt' ohtain an index defined as the sum of 

percentage "quare root of all the taxa port'lttiailv pre~ent in the biome. These Indices arl' com

pared and the biome for which the index I:' !11:1ximllm is attributed to the "pectrum. Thl' 

method was validated bv application tel it :'l't of more ~'.)O() surface poilen Spl'etra \ rct>rC':'e'minl! 
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contemporary vegetation). then applied to a set of more ~oo pollen spectra representing mid

Holocene (about 6000 yr BP). 

U sing the new I biomization' method of Prentice et al. (1996). Peng Itt al. (1995a) ha\' 

reconstructed the temporal and spatial shifts of terrestrial biomes from the pollen data in El 

rope since last 13.000 yr BP. The distribution of biomes reconstructed from pollen agrel 

well with results obtained from the modern climate using the BlOME model, 

Prentice et ai. (1992). These pollen-based biome reconstructions then were used to transla 

directly into the climate parameters needed for calculating the vegetation and the soil carb< 
> 

storage considering a good correspondence between climate and biome. 

Shifts in the distribUTion of terrestrial vegetation are accompanied by changes in the rei 

tive carbon storage on land. Usually. the use of BM to estimate terrestrial carbon budget i~ 

tWO step proceSSl because the models do not directly simulate carbon pools and £luxe 

The modeli are used to define potential patterns of vegetation and associated soil propert 

based on simple climate indices. Traditionally. the calculation of carbon pools are done by ill' 

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 ai. 1990. Prent 

and Fung 1990. Smith et al. 1992, Prentice et al. 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 (Ra 

etai. 1991. Potteretal. 1993, Melilloetal. 1993. Partonetal. 1987.1993). whichs 

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 Osnabnick Biosphere Model (OBM) (E 

1987, 1991) and s ta tis tic models (Peng t't al. 199 5a • 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 u~ed to e::;timate past tcrrestrial carbon dynamics ir 

sponse to past climatic changes (Penget ,li. 1994. Pengt'l uL. 1995a.b,c. Esser and Lau 

schlager 1993) 

:1: Current MODEL LIMITATIONS 

The scientific questions relating to the potential rc~ponse of terrestrial vegetation to g 

climate change create arise new problems for thc dcvelopmcnt ;md application of large

biogeographical models (BM). The following points reflect the major current limitations c 

model and need to further overcome them. 

( 1) The static biogeography model cannot "imulate the 'time course' of veget 

changes during a period of rapid climate change. This i" :i limitation of all static biogeograI 
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models when applied to conditions when the rate of change vegetation response. Because they 

do not incorporate migrational or successional processes (Prentice and Solomon 1990'. Dynam

ic (transient) vegetation models must represent many more processes explicitly. and develop

ment of global vegetation dynamics models will 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 - Vegetation 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 bv Davis ,1989) and Graham and Grimm (1990) for ignor

ing the individualistic response of species to climate change observed in the fossil records (Webb 

1987). :"lodelling the individualistic re~ponse 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 cycle model. it is ne.tessary 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 mor~ rapidly than would naturally occur (Ojima et 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 \·egetation. 

thereby giving the potential for land use as well (Leemans and Solomon 1993. Cramer and 

Solomon 1993). Although Eecosystems suuctures which are affected by human effects 

cannot be described bv biogeographical models alone. these models require the inclu-

sion of a specific land - u,e models. which must be derived from. socioeconomic variables 

"uch as population growth (Ojima t't aL. 1994). 

( 4) Another current limitation for most of these models is that they do not incorporate 

biogeochemical processes. especially carbon and nitrogen c\·cling. Therefore. one major prob

lem in application of these models to simulating the potential response of vegetation to a dou

bled -CO! climatic change i~ t heir inability to address the direct response of CO'! on vegetation 

(Norby I'l ai. 1992. :"loont'v /,( al. 1991). The more recent achievement of mcorporatlng 

the effects of CO, on the NPP. I hl' leaf -area - index (L\1). the water balance. and competi-

rive between C "nd C. plant, \ Haxeltine and Prentice [99;:). :\eilson [')93. Woodward et ai . 

1995) seems to provide it proml~inl! direction. 

J RECENT DEVELOPME~T 

To overcome the limitation of BM de:,crihcd above, the new g'_'nl'raTlon of hiogeograph y 

models. which preciict d~l' dominance of V.1rlOll:' pbnr iife forms In different cn\·ironment~. 

, 



used. and these models are being to couple with biogeochemical ecosystem models for simulat 

inl5 the rerre~trial ecosystem response to climate change and doubled -CO~ (VEMAP Member 

lSl95), We highlight here the major features of three new biogergraphy models: BlOME 

(H:1xeitine and Prentice 1995). MAPSS (:-;eilson 1995) and DOL Y (Woodward et aL 

: 995). ,.\"nich were used bv VEMAP study (VEMAP Members 1995). The vegetation clio 

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

Table ~ Vegetation discrimination criteria and ecopbysiological 

process in the new I,!:eneration of static biogeogapby models 

\ eeelallon Oefinilinn, 

~eedieai, braaaleai 

! ree/shrub 

Wood/non-wooeiv 

(,/C. plant 

Continental, mamime 

Ecophysioloeical Process, i 

PET/ET 

Stomatal conciuctance 

Prociucuvltv tnciex 

' .. \\/FPC 

Soil water lavers 

BIOM" 

Haxelttne anei Prentlce 

'1995) 

annual ( balance. urou~ht 

cold tolerance. G DO 

precIpitation seasonality 

annual ( balance. FPC 

temperature 

winter temperature 

equilibrium 

implicit VIa SOli waTer 

content 

:\pp (F~ruhar - \ ',,)lIatz) 

Water balance. teffiUerature 

tWO layers 

'vI APSS OOLY 

:--;eilson \ 1995) Woodward tt ai. (1995) 

cold tolerance, summer cold tolerance. low 

:rought. ,ummer C balance I temperature limit. drou~ht 

cold tolerance. G nn. cold tolerance. GOO 

summer drought 

LA! I :-IPP. LAl. moisture balanc. 

understory light I LAl. moisture balance. :--lPI 

soil temperature growing season temperature 

Wlnter-!5ummer temperature I growing season temperature 

difference 

aerodynamIC 

('v1arks (990) 

\ 

Peman - Montieth 

(Monteith 1981) 

-ml water potential. vpn ! ,,,il water content. VPO. S( 

i nitrogen. photosynt hesis 

:',ai area tiuratlon 'lPP (Farquhar. :--l uptake 

'::\ter n,ilance. temperature . water balance. light. mtrmz 

:me laver three layers 

GDD is growing tiegree aavs: 1.,\\ is leai area Intiex: :--;PP i, net prlmarv proauctivitv: FPC is foliar projected cover: 

PET is potentlal evapotransPiration: ET is evapotran,plratlon, \'['0 is vapor pressure deficit. (source: modified fron 

'IE:VIAP \lembers 1995) 

BIOME2: mOME2 (a new version of the BlOME model> has been developed by Ha 

tine and Prentice (1995), In BlOME2. ecophysilo~ical constraints. which are based largel: 

the BlOME model of Prentice t't Ill. (1992). are applied first to select which plant functi 

types can occur in a given set of climatic condition~, The mooel then identifies the quantitl 

combination of plant functional types that maximizes whole ecosystem NPP. Gross Prir 

Production \ CPP) is calculated on a monthly times srep "s a linear function of absorbed ph 

synthetically active radiation and is reduced bv limita!lon of moisture and low temperat 

Plant respiration IS :,;imply estimated as ;iO;/ of the n(lI1- w;\ter -limited GPP. A two-I 

hydrology model with a daily time srep allows SImulation ()I the competitive balance ben 

woody wgetation and grass. including t he effects ()I soil texture. based on the differenl 

rooting depth, The prescribed CO: concentration has a direct effects on GPP through the 

lOsvnrnesls algorithm. ,.nd affects the competlll\'(' h:,[ance hetween C, and C I plants. 
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\1APSS: .-'\ ne ..... biogeographical model. ~lapped :\tmosphere - Plant - Soil System 

(MAPSS). has been recently developed by Neilson \ i 995) to predict changes in vegetation 

LAl. site water balance and runoif. 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 al. C 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-~teppe). 

A two -layer hydrology module with a monthly time step then allows simulation of leaf 

phenology. L.-'\l and the competiti\'e balance between grass and woody vegetation. A produc

tivity index. derived fre m ieaf area duration and AET. is used to assist in the determination 

of leaf form. phonology. and vegetation type. Stomatal conductance is explicitly included in 

the water balance calculation and water competition occurs between the woody and grass life

forms through different canopy conductance characteristics as well as rooting depths. T~e di

rect effect of CO, on the water balance is simulated by reducing maximum stomatal c.:om!nc

tance. Presently. only a simple fire model has been incorporated in shrub and tree savanna sys

tems. Biotic interactions. such as grass-tree cumpetition. can alter the state of the ecosystem 

and have also been incorporated in the MAPSS. However. there is no representation of effects 

CO2 on the competition of C] and C, plant. 

DOL Y: Based on the Farquhar et aL. (980) and Penman - Monteith CMomheith 19~1) 

models. the Dynamic Global Phytogeography Model COOLY) (Woodward er aL. 1905) simu

lates photosynthesis and AET at a daily time step. Maximum assimilation and re~pirati<)n r:Hes 

are caiculated as a function 01 temperature and nitrogen. The eifects of CO, concentration 0n 

NPP and AET are modelled explicitly. The maximum sustainable LAl for a location [, estl

mated from long - term average annual carbon and hydrologic budgeto. ,is the highe~~ L\l 

that is consistent with maintaining the soil water balance. DOL Y USE'd an empirical statistical 

procedure. implemented after the biogeochemical process calculations. ;0 derive the vegeta

tion. This procedure takes account of both ecophysiological constraints and resource limitatiOl: 

(-ffects. based on their observed outcome .in a range of present climatE:. E~timntes of 

:--.iPP. LA1. AET. and PET are combined with bioclimatic variables \ .1bsolute minimum tem

perature. growinss degree day~. annual precipitation) and a previously defined veget3tion clas

sification to develop a biogeographgy model using multiple discriminatt: f unction ana!v~i~. ,,:, in 

work by Rizzo and Wi ken \ 10Cl2). Increasmg CO, reduces stom:1tal conductance and i~· ;':.=.ses 

:--.lPP. but does not affect the competition of C I and C, plant. 

6 FUTURE RESEARCH 

One of the high prioritv nctivities of the International C:ospnerp - l~i()s\-=i1t:rt: PrOt'r'immc 
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features of the DG VM are that (1) it is able to predict the transient changes in the vegel 

structure and function. changes in land use. and consequent changes in direct and inl 

feedbacks to the atmosphere over time and space. and (2) it could provide predictions ( 

variable which link the land surface to the atmosphere while being responsive to the I 

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 c 

generateu by deriving verv large sets of patch models solution. The primary framewc 

DGVM has heen outlined by Prentice et aL. (1989). The potential approaches for D 

model development are summarized in Figure 3. 

l 
•. Regiunal Climalc 

Prediction 

i 
I 

I 
I 

~ 
Path 'Iodels 

Climate Scenarios 
Biogeography :\Iodels 

('oulllin~ 
Scalin:! Dun n 

( ·uulliing 

calin~ rp (Hllttnm·upl 

Linkine 
Rillgeochemist~· \Il1dels 

Figure 3: Schematic representation of the potential approaches 

(If the DynamiCs Models of Global VC'!:(ctation <DGV\1l coupiing with GeMs. 

biogeochemistry. biogeography. ana 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 piant 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 - ~cale patterns of climate and vegetation l HBC. 

Holdridge 19H. BlOME. Prentice et elL. 1992). T:le tOp-down approach of DGVM devel

opment would modify these global vegetation models by defining the plant functional types 

which make up each of the ecosystem or biome currently used to describe vegetation pattern/ 

composition within global models. These plant functional types would then be assigned param

eters relating to rates of growth. mortality. dispersai and other process. which influence the 

transition dynamics of vegetation in response to changing environmental conditions. 

( 3) Linking path modeb \viTh e,:osystem models of biogeochemical processes: pPath mod

els have been iinked with biogeochemical models that simulate the dynamics of carbon. nitro

gen. hvdrologic cycles and fire ciisturbance \ Price t't ui. 1996), The ecosystem models require 

information on ieatures of the vegetation structure such as leaf area. biomass. litter input. and 

litter quality (e. g. , C !!'-l). 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 wgetntion types 

of global are likely to occur under altered climatic conditions. Hence. (he 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. .\ continental-scale cou

pling of three biogeographical models (e. g .• BlOME2. MAPSS. ami DOL Y) with the three 

biogeochemical models (e. g. BIOME - BGC. CENTURY. and TEND has been recently car

ried out by VEMAP study. However. an important limitation of the VEMAP :malysis is that 

the models only make projections about equilibrium conditions (VEMAP Member 1995). 

(:5) Coupling DGVM with GCM: The DGVM ultimately should be able to be coupled to 

the GCM. Since no DGVM exist at the present. consequently. (he previous coupling of the 

GCM with vegetation experiments is limited by equilibrium with climate ~ Hender~on - Sellers 

1993. Claussen and Esch 19901. Liret and Henderson - Sellers et til. 1 ~)95 ). 13v 1(!ureO'ating 
, - ... '::' ~ -

the individual path models to the regional level. (he DGVM wii! link to the GUvI maat 

through a nested mesoscale model and a 50il- \'egetation - atmosphere - transfer I SVA T) 

model. which involves instantaneous iluxes of water vapor. heat and momentum. These mod

els are being developed in response to needs by specifying the broad - ~cale transfer characteris

tics of land surfaces. Sellers et <1L. (1992) and Bonan l (994) have made a significant step TO

wards a more integrated GCM to oiosphere modelling. rhey have constructed the ~V.\ T that 

- 359 -

._.,-



sllnmaWQ I-lnowsvnthesls. respiration and canopy conductance and have coupled it to the GC~l 

for investigating the short-term biogeochemical and biophysical interaction between the atmo

sphere and terrestrial biosphere. We expect a model of SV AT on time scales of 10-1000 year.

that includes ail the critical ecosystem processes -physical. chemical and biological operatin~ Or 

this time scaie 

7 SUMMARY 

Many eHorts have made to develop the large-~cale static biogeographical model (BM) i 

recent years. Generally spc2.king, there are four classes of static biogeographical models whic 

have been developed to simulate the distribution of potential vegetation f. rom a continental to 

global scaie. The simplest model is the Climate - Vegetation Classification Model (Koppe 

1936, Holdrid\Se i 9 i 7) 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 Bergengn 

and Thompson (1995) has revised t he 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 (RBB~ 

that was constructed as a set of rules - based on mechanistic and conceptual models of bior 

distribution described by Neilson f't al. (1992) and developed recently by MAPSS mo< 

(Neilson 1995), The fourth class of models is an ecophysilogical-based BIOME model (Pre 

tice t'l al. 1992) which is heing developed bv incorporating the ecophysiological med 

nisms that control the distribution of plant functiullai tVpes \ BlOME 2, Haxeltine and Prcnr 

i99S. DOLY. Woodwmol't uf. 1995). 

These biogeographical models (BM) have Droven useful tools in assessing the potential i 

pacts on future vegetation distribution res!liting from changes in global climate patterns as p 

dicted by general cirCUlation modeh< (GCl\1) for ~ :ioubling or CO? Moreover, BM, which I 

been used to r\,C<::1~trUt·t the ~aleovegetation ""tterns from paleodata and further estimate 

carbon STOrage of p!\St '::~r-::strial. do han' ,In important role in the study of the past glc 

changes. 

However. the m:qor limitations of BM lre equilibrium approached and often have h 

limited to potentwl natural vegetation. The model does nor simulate the 'time course' of \"C 

tation response to a rapid climate change, including plant sllccession and carbon and nitro 

cycling. 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 to WI 

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 types provided by tht, I, 

- ~cale biogeographical models. It is expected that during the coming years the DGVM. wi 

- 360 -



-,_. 

can predict transient changes in \·egetati0n structure and composition. in land - use. and 

consequently in direct and indirect icedbacks 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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