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Abstract 

Current projections of the response of the biosphere to global climatic change indicate as much as 50~ to 
90% spatial displacement of extratropical biomes. The mechanism of spatial shift could be dominated by 
either 1) competitive displacement of northern biomes by southern biomes, or 2) drought-induced dieback 
of areas susceptible to change. The current suite of global biosphere models cannot distinguish between these 
two processes, thus determining the need for a mechanistically based biome model. The first steps have been 
taken towards the development of a rule-based, mechanistic model of regional biomes at a continental scale. 
The computer model is based on a suite of empirically generated conceptual models of biome distribution. 
With a few exceptions the conceptual models are based on the regional water balance and the potential supply 
of water to vegetation from two different soil layers, surface for grasses and deep for woody vegetation. The 
seasonality of precipitation largely determines the amount and timing of recharge of each of these soil layers 
and thus, the potential mixture of vegetative life-forms that could be supported under a specific climate. The 
current configuration of rules accounts for the potential natural vegetation at about 94% of 1211 climate 
stations over the conterminous U.S. Increased temperatures, due to global warming, would 1) reduce the sup- 
ply of soil moisture over much of the U.S. by reducing the volume of snow and increasing winter runoff, 
and 2) increase the potential evapotranspiration (PET). These processes combined would likely produce 
widespread drought-induced dieback in the nation's biomes. The model is in an early stage of development 
and will require several enhancements, including explicit simulation of PET, extension to boreal and tropical 
biomes, a shift from steady-state to transient dynamics, and validation on other continents. 

Introduction 

Trace-gas induced global climatic change has been 
projected to potentially shift the world's major 
biotic regions by hundreds of kilometers (Smith 
and Tirpak 1989). Under one scenario as much as 
55~ of the world's terrestrial vegetation could 
change to a different type (Smith et al. submitted; 
King and Leemans 1990). Such changes could pro- 
duce complicated feedbacks to the global climate, 

possibly exacerbating the 'greenhouse effect', and 
would certainly produce significant ecological and 
economic upheavals. These projections are based, 
in part, on the Holdridge life-zone approach that 
correlates the distribution of major vegetation 
types to annual precipitation, potential evapotran- 
spiration and biotemperature (Holdridge 1967). 
Another global biome model (Box 1981), more 
detailed in climate parameters, is also correlational. 
The two approaches generally agree on the direc- 
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tion of mid- to high-latitude vegetation changes 
under 2 x C O  2, but disagree on the sign of the 
change in the tropics. The tropical forests expand 
under the Holdridge model, but contract under the 
Box model (Smith et al. submit ted;  King and Lee- 
roans 1990). Both approaches assume a steady 
state, that is, they cannot simulate the transition of 
biomes from one type to another. The accuracy 
with which these approaches predict current vegeta- 
tion ranges from <50~ to about 77~ (Prentice 
1990; Stephenson 1990). These models also do not 
simulate biosphere-atmosphere feedbacks. These 
and other limitations suggest the need for a more 
mechanistic approach to biome modeling, one that 
can be incrementally developed to incorporate tran- 
sient behavior, ecosystem productivity, trace gas 
emissions, and disturbance regimes (e.g., wildfire). 

A new approach to biome modeling is being de- 
veloped that is more closely related to physiological 
plant processes. The intent is to simulate distinct 
life-forms or physiognomies (Bears 1978), mixtures 
of which produce different biomes. The model was 
constructed from the premise that the climate is the 
principal determinant of global vegetation distribu- 
tion and that variations in topography, soils, dis- 
turbance regimes and biotic interactions modify 
these distributions (Allen and Starr 1982; Neilson et 

al. 1989; O'Neill et al. 1986; Stephenson 1990; 
Vankat 1979; Woodward 1987). The construction 
of this preliminary version of the model represents 
a partial test of this premise. Successful classifica- 
tion of vegetation based exclusively on climatic in- 
formation will be viewed as supportive of the 
premise. The present approach is limited to steady- 
state, potential natural vegetation. Future enhance- 
ments should include land-use considerations. 
Model development has been limited to the conter- 
minous U.S. at this stage, but will be extended to 
global vegetation in future versions. 

Conceptual development 

New developments in biogeography are providing a 
mechanistic conceptualization of the biosphere 
(Bryson 1966; Neilson and Wullstein 1983; Neilson 
1986; Neilson 1987; Neilson et al. 1989; Stephenson 

1990; Woodward 1987). The model described here 
is based on mechanistic, conceptual models 
described by Neilson et al. (1989). These resulted 
from transect analyses of over 1200 weather sta- 
tions in the conterminous U.S. (Figs. I, 2) and over 
7,000 USGS gaging stations (Quinlan et al. 1987, 
US West 1988a; US West 1988b). The approach re- 
lates the seasonality of temperature, precipitation 
and runoff patterns to the physiological require- 
ments of plants during different parts of their life- 
cycles and seasonal cycles. Details of the approach 
and results are published elsewhere (Neilson et al. 

1989). 
The continental transects of climate and runoff 

revealed regional patterns of climate and runoff 
seasonality that coincide with the boundaries of the 
major biomes of the conterminous U.S. (Fig. 1) 
(Neilson et al. 1989). These generalizations form 
the basis for the model development described here 
and can be cast as rules for prediction of the occur- 
rence of woody vegetation, grasslands and deserts. 
Woody vegetation in the U.S. appears to receive 
sufficient winter precipitation to recharge a deep 
soil reservoir of water. Deep soil water is apparently 
required to balance the potential evapotranspira- 
tion (PET) during the growing season. If the 
amount of winter precipitation is large, a region 
will support a closed forest. Intermediate amounts 
should support a lower stature or open forest (e.g., 

savanna or pinyon-juniper woodland3), while less- 
er amounts should support a shrubland (Neilson et 

al. 1989). The amount of winter precipitation (i.e., 

deep soil, water) required is, a function of growing 
season PET and rainfall less runoff. Regional 
runoff patterns suggest that the deep soil reservoir 
is virtually depleted each year by transpiration and 
runoff (Ibid.). 

Observations of annual deep soil water depletion 
by trees are consistent with current theory and plant 
physiology (Neilson et al. 1989; Stephenson 1990; 
Woodward 1987). If excess water were available in 
deep soil layers at the end of a growing season and 

3 Since the model is based on life forms,  the term 'pygmy 
forest '  is more accurate in representing a small-stature,  needle- 

leaved forest or savanna.  However, in the United States that 

phys iognomy is usually, but not always, dominated  by pinyons 

and junipers.  
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Fig. 1. Principle biomes of  the conterminous  U.S. (simplified from Dice 1943, K~ichler 1964). The locations of two transects of  the HCN 

network of  weather stations (Fig. 2) are shown (details o f  these are described elsewhere, Neilson et al. 1989). 

ecosystems were not energy or nutrient limited, 
they should increase biomass and leaf area in subse- 
quent seasons, thus increasing the rate of  withdraw- 
al of  deep soil water. If leaf area over a landscape 

were so high that the rate of  water withdrawal com- 
pletely depleted deep soil water, then plants would 
die or leaves and branches would be sloughed 

(Woodward 1987). Leaf area would be reduced, as 
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Fig. 2. Locations of weather stations in the HCN network (Quinlan et al. 1987). Conceptual models of biomes were developed from 
a subsample of these stations using transect analyses (Neilson et al. 1989). The full set of stations was used to calibrate the quantitative 
model presented here. 

would the rate of  withdrawal of  deep soil water. 
Thus, in theory, ecosystems should be in dynamic 
equilibrium (steady state) with the regional water 

balance by virtue of  these intrinsic feedback 

processes. 

While maintenance of  woody vegetation appears 
to require deep soil water, maintenance of grasses 

appears to require sufficient surface soil moisture 

during their growth and reproduction,  usually the 
spring to summer  months.  Mixtures of  the two life- 

forms can occur if there is sufficient moisture in the 
appropriate  soil layers during the growing season 
and if interference by one life-form does not pre- 
clude the existence of the other. Grasslands can oc- 

cur if the woody canopy is sufficiently open to al- 

low high light penetration to the soil surface and if 

there is a sufficient supply of  surface soil moisture 
during t~e active growing season of grasses, gener- 

ally the spring (Neilson 1987, Neilson et el .  1989). 
This implies a sufficiently low level o f  deep soil 

water ( i . e . ,  winter precipitation), such that a closed 
forest would be precluded from the site. If  spring 

rains are accompanied by high mid-summer rains, 

surface soil will remain moist and a large stature 
grassland should be supported,  e . g . ,  the Tall Grass 
Prairie. If  both winters and springs are quite dry, 
maintenance of  either woody vegetation or grasses 

is hindered and a desert may be expected. High mid- 



summer rains in such a desert area can potentially 
support a low-stature grassland, as in the Chihua- 
huan and Sonoran Deserts of  the Southwest (Neil- 
son 1986, Neilson 1987). 

A few biome boundaries in the U.S. appear to be 
directly controlled by cold temperature rather than 
water balance. The most prominent of  these in the 
U.S. are 1) the boundary of the temperate forests 
with the boreal forest (Burke et al. 1976), and 

2) possibly the boundary between the Southeast 
pines and hardwoods with the oak-hickory forest to 
the north (Neilson et al. 1989). The current configu- 
ration of  our biome model does not address these 
boundaries. 

The model is being developed in stages that will 
progress from empirical and correlational to simu- 

lation of water balance and thermal constraints. 
The empirical rules described here are generally 

adequate to define most dominant vegetation types 
in the conterminous U.S. In the model, threshold 
values of  precipitation amounts during different 
seasons determine transitions between different 
life-forms, as described above. This configuration 
addresses the supply side of the water balance. The 
demand function, PET, is assumed to be fixed and 
is not directly factored into the rules. Given the as- 

sumption of  fixed PET, the current configuration 
of  the rules cannot be used to assess future climate 
effects. PET will be incorporated in later versions. 

The model is a simplification of  a full water 
balance approach and was initially developed as a 
rapid means of exploring the concepts and hypo- 
theses. If the model output proves accurate, it will 
partially validate one of  the critical assumption in 
the hypothesis of  drought induced vegetation 
decline from rapid climatic change. The assump- 
tion is that vegetation stature, rooting depth and 
leaf area act to mediate a roughly steady-state 
balance between precipitation inputs to ecosystems 
and evapotranspiration withdrawals from the 
ecosystems. Since only the inputs (precipitation) 
were examined in the current rule-based model, 
successful vegetation classification would imply a 
steady-state balance with the outputs (evapotrans~ 
piration). 

The rules allow mixtures of  life forms, such as 
trees and grasses, if the canopy is open. These mix- 
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tures can produce complicated biotic interactions 
and disturbance regimes. For example, the eastern 
deciduous forest is characterized by both wind and 
fire disturbances with wind perhaps being the most 
important (Runkle 1985). However, the adjacent 
prairie supports a natural, high frequency fire re- 
gime (Vankat 1979; Abrams et al. 1986). If the tree 
canopy is open, such that a well developed grass 
layer forms, woody vegetation is at risk from fire. 
The presence of  high grass biomass also places woo- 
dy vegetation at risk from herbivores and from 
competition between shrub seedlings and rapidly 
growing grasses for both light and water. Under 
these conditions, strictly climatic rules for predic- 
tion of  biome physiognomy will not suffice. Modu- 
lating influences from disturbance and biotic inter- 
actions are important and can remove one or more 
climatically favored life forms (Vankat 1979; 

Abrams et al. 1986). Therefore,  under certain cli- 
matic conditions where specific mixtures are fa- 
vored, 'ecosystem' rules are invoked to modulate 
the biome physiognomy. Variations in soil infiltra- 
tion rates, water holding capacity and nutrient sta- 
tus will also require modulating rules. Such nested 
rules imply a hierarchical structuring of ecosystems 
with climate acting as the dominant mechanism for 
setting up cascading influences from soils, biotic in- 
"teractions and disturbance regimes on life-form 
mixtures. 

The demand function, PET less growing season 
rainfall, will determine the amount of supplemental 
soil water required by different life-forms during 
different seasons in future versions of  the model. 
Enhanced versions of  the model will be operable 
under future climate. Additional enhancements will 
include dynamic simulation of regional water 
balance using an energy balance approach with 
vegetation and leaf area acting as conduits between 
the soil and the atmosphere (Federer 1982; Wood- 
ward 1987). Model development and calibration are 
being achieved by using the site-specific monthly 
data from the 1211 station Historical Climatology 
Network (Fig. 2, Quinlan et al. 1987). Once 
calibrated, the model will be operated on a dis- 
tributed climate over a dense grid. 



32 

Model description 

The model was constructed as a set of  rules based 
on the conceptual models of  Neilson et al. (1989). 

The entire 1211 station HCN network was used to 
calibrate the rules. Each station was pre-classified 

to a specific biome based on a map modified from 

KLichler (1964) and Dice (1943). The stations were 
then processed through the rule-base and classified 

accordingly. Accuracy was determined by compari-  

son between pre- and post-classifications. Parame-  

ter adjustment  and calibration were dependent on 

visual interpretation of the mapped residuals. Error 
in classification can arise f rom either the pre- 

classification or the rule-based classification. A 
careful analysis of  the residuals is necessary to de- 

termine the source of the error. 

The rules are essentially if-then-else statements 
similar to the oversimplified following example. IF 
'winter rainfall is greater than (threshold 1) '  

T H E N  'the site supports  a closed forest '  ELSE ' the 

forest canopy is open ' .  GIVEN ' the forest canopy 

is open '  T H E N  IF 'spring rainfall is greater than 
(threshold 2) and summer rainfall is greater than 

(threshold 3 ) '  T H E N  'site supports tall grass - 

tree savanna '  ELSE 'site supports  short grass - tree 

savanna ' .  

The most unique feature of  the model is the 
temperature-based definition of  seasons. Winter, 

spring and summer  are the principle seasons consi- 

dered. Temperature  thresholds, input as parame-  

ters, were used to define the beginning and ending 

of the seasons (Fig. 3). Monthly mean temperatures 
are linearly interpolated to produce a continuous, 

seasonal temperature profile. Winter in the model 

begins when the mean monthly temperature  drops 

below 14~ The exact timing is determined from 
the linear interpolation between the mean monthly 
temperatures.  In the example (Fig. 3), winter begins 
approximately at month 10.6. The end of  winter oc- 
curs when the mean monthly temperature  rises 

above the same threshold level and in the example 

occurs at approximately month 3.6. Spring and 
summer are similarly defined. Like winter, summer 

begins and ends at the same temperature  threshold; 
whereas, spring begins at the temperature  defining 

the end of winter and ends at the temperature  defin- 
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Fig. 3. Example of  rule-based partit ioning of the seasons. Pre- 

cipitation, open circles; Temperature ,  open squares; Potential 

Evapotranspirat ion,  closed circles. Vertical, dotted lines indi- 

cate the locations of temperature thresholds used in the model 

to delineate seasonal transitions. Tempera ture  thresholds are 

used to define the beginning and ending of  seasons for each 
weather station (see discussion in text). Within the season 

precipitation amoun t s  are accumulated for seasonal totals or ex- 

amined in terms of  precipitation per month .  Different rainfall 

amoun t s  within the different seasons are used by the rule-base 

to differentiate between different life-forms that would poten- 

tially be supported by that climate. 

ing the beginning of  summer.  The values for these 

thresholds were empirically calibrated and are as 

follows: the beginning and ending of  winter occurs 

at 14~ and the beginning and ending of summer  

occurs at 18~ The length of  seasons automatical-  
ly scales with latitude, altitude and continentality. 
Precipitation is apport ioned throughout  a month 

using linear interpolation and accordingly fractio- 

nated for months only partially contained within a 

season. A map of  precipitation during any one sea- 
son would not represent precipitation amounts  over 
the same period of  time at all map locations. 

The beginning and ending of  winter are defined 
f rom both hydrologic and biotic perspectives (Fig. 



3). In temperate zone summers PET  is generally 
high enough that incident precipitation does not in- 
filtrate to deep soil layers, but either runs off  direct- 
ly or is evapotranspired from vegetation surfaces 
and surface soil layers (Major 1963; Thornthwaite 
1948; Thornthwaite  and Mather 1955). In cooler 

months PET is low enough that incident precipita- 
tion can infiltrate to deep soil layers. Accumulated 
snow will also infiltrate, or run off ,  upon snow- 
melt. Thus, we define a temperature threshold 
above which precipitation cannot reach deep soil 
layers and below which it can. The infiltration peri- 
od defines winter in temperate latitudes. The 
threshold also carries a biotic importance in that it 
closely relates to the timing of  dormancy onset and 
release in plants. 

Spring is viewed from the hydrologic perspective 
as the period over which the surface soil layer can 
be depleted (Fig. 3). This period is critical for seed- 
ling establishment of woody species and for com- 
pletion of  the life-cycles of grasses and ephemerals. 
In the temperate zone the surface soil will dry 
very rapidly in the absence of spring rains, pre- 
cluding a major  grassland development. In north- 
ern states under these rules winter can extend to 

quite late in the year and spring can extend through 
most of the growing season with little to no 
summer. 

Summer is generally the period of  greatest water 

stress (Fig. 3). If the spring season is sufficiently 
wet, grasses can complete their life-cycles and 

senesce before critical mid-summer drought stress 
(Vankat 1979). However,  if summers are also wet, 
different grass species can continue to grow, 
producing a mixed or tall-grass environment (Ibid.). 

There are two classes of  parameters in the model: 
1) temperature thresholds that define the beginning 
and ending of  seasons, and 2) precipitation thresh- 
olds within seasons that constrain the life-forms de- 
pendent upon that season. The model flow chart 
(Fig. 4) indicates the decision tree applied to each 
meteorological record of  monthly temperature and 
precipitation. Winter precipitation thresholds are 
configured as absolute amounts,  since the timing of 
precipitation is not critical. That is, o f  all the ac- 
cumulated precipitation during the winter, a fixed 
fraction is assumed to infiltrate to deep soil layers 
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at some time during the winter with the remainder 
being returned to the atmosphere (evaporation, 
sublimation) or routed to surface waters (runoff). 
However, during the spring and summer months 
the supply of  water (precipitation) and demand for 
water (evapotranspiration) are essentially simul- 
taneous when viewed from a monthly time-step. 
Therefore,  precipitation thresholds during spring 
and summer are defined in units of mm/mo.  

The rules (Fig. 4) are equivalent to a dichoto- 
mous key with simple yes/no decisions determining 
the trajectory through the rules and the ultimate 
declaration of  life-form mixtures, or biome type, 
for a station (or cell if applied to a full grid). The 
flowchart is arranged such that all winter decisions 
are in the first column of diamond shapes, followed 
by a column of  spring decisions and a column of  
summer decisions. The decisions enclosed by dash- 
ed lines (rules 11, 13) are implied rather than ex- 
plicitly coded rules in the current configuration. 
The implied rules arise from assuming the applica- 
tion of  'ecosystem' rules for biotic interaction and 
disturbance regimes. The bubbles to the left of the 
flowchart (Fig. 4) are the simplified classifications 
applied at the termination of the adjacent rule. 
They indicate the influence of the implied, 'ecosys- 
tem' rules accounting for fire and biotic interac- 
tions. For example, a mixture of open canopy, 
deciduous trees with tall grass prairie is directly 
classified as tall grass prairie. Similarly, all Pygmy 
forests (pinyon-juniper woodland) with or without 
grass are classified as Pygmy forest. Future ver- 
sions of the model will retain all such mixtures and 

distinctions. 
The calibrated threshold separating closed forest 

from non-closed forest is 375 mm of winter precipi- 
tation (rule 2, Fig. 4). The amount of summer pre- 
cipitation per month (rule 3) separates broadleaf 
from conifer forests. The physiological inference is 
that broadleaf trees cannot withstand the degree of  
mid-summer vapor-pressure stress across the leaf 
surface that conifers can withstand (Marshall and 
Waring 1984; Neilson et al. 1989; Running 1975; 

Waring and Franklin 1979). 
The current configuration of  the model becomes 

inadequate as the stations approach sub-tropical 
climates. Rule 4 (Fig. 4) is a temporary proxy for 
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a set of  rules that will deal with sub-tropical cli- 

mates. As one approaches the Florida peninsula, 
winters become ever shorter and eventually non- 

existent as defined by the temperature  thresholds. 

Thus,  the total amount  of  precipitation during the 

winter at these stations is not sufficient to support  

a forest, a clear artifact of  the rules. As the growing 
season becomes longer, the infiltration period of 

winter becomes shorter.  Under these situations, in- 

filtration can still occur if the amounts  of  rainfall 

more than compensate  for a high PET. This does 

occur in forested areas within the subtropical cli- 
mates of  the Southeast U.S. and elsewhere (Neilson 

et al. 1989). However,  implementat ion of such a 
rule must await a future version of the model that 

incorporates physically-based PET calculations. A 

workable place-holder is a threshold for annual 
precipitation of about  1100 mm,  given that winter 

precipitation is below a closed-forest threshold 

(rule 4). This correctly classifies closed-forest sta- 

tions in the far southeastern U.S., yet does not in- 

terfere with appropr ia te  winter, rule-based deci- 
sions in more northerly latitudes. 

After partit ioning the high winter precipitation, 

i .e. ,  closed-forest,  stations, rule 5 selects sites with 

winter precipitation less than 80 mm.  These stations 

are ultimately classified as desert or grassland based 
on spring precipitation (rule 6, 20 m m / m o )  and tall 
or short grass based on summer  precipitation (rule 

7, 70 m m / m o ) .  
The remaining stations will be classified as either 

shrublands, open forest (savanna), or grasslands 
potentially supporting woody species. Shrubland 

and open forest are distinguished depending on 

whether winter rains are above or below 305 mm 

(rules 9, 11, 13, 14). Each type (shrub or tree) can 

be broadleaf  or microphyllous (small leaf), depend- 
ing on the level of  sumer rains (rules 10, 12), reflect- 
ing again the inferred vapor  pressure gradient 

across the leaf surface. If  summer rains are suffi- 

cient to support  a broadleaf  type (rule 10), the result 

is either a broadleaf ,  tall-grass savanna or tall-grass 
shrub savanna. In either case, secondary rules are 
invoked to classify these sites as tall grass prairie, 

with the principle mechanism for grass dominance 

assumed to be fire. 
Given sufficient winter rains to support  shrubs or 

35 

open forest (rule 5), but less than 70 m m / m o  of  
summer rainfall (rule 10), only a xeromorphic leaf 

structure can be supported.  The tree form will be 

conifer and could be a xeric conifer savanna, such 

as ponderosa pine or a smaller stature, but more 
dense pygmy forest of  pinyon pine and juniper. In 

either case the conifer leaf area is comparat ively 

low. If  only the shrub form can be supported (rule 
14), the shrubs would be microphyllous. If summer 

rains are above 28 m m / m o  and spring rains are 
above 20 m m / m o  (rule 8), then a well-developed 

short grass communi ty  can be supported.  Under 
these conditions, secondary rules are again invoked 

to remove the woody component  (rule 13) and the 

communities are classified as short grass. Below 28 
m m / m o  of summer  rains, the grassland is of  lower 

biomass,  weakening the secondary rules, resulting 

in either a shrub or pygmy forest savanna depend- 

ing on winter rains (rule 14). 

Model calibration 

The model parameters  were adjusted to provide an 

optimal fit to the specific biome boundaries. This 

was accomplished iteratively by visual examination 
of  the residuals and calculations of  percent correct 

classification. Two classes of  parameters  require 
calibration: 1) thermal constraints controlling the 

beginning and ending of  seasons, and 2) precipita- 

tion thresholds within seasons for different life- 
forms. These must initially be calibrated in tandem 

with sensitivity of  both classes being examined. 
However,  once the thermal thresholds are set, 

pr imary calibration is with the precipitation 

thresholds. Future versions of  the model that incor- 
porate PET will use the PET less precipitation esti- 

mates in conjunction with thermal information to 

control seasonal timing and length. 
Most rules exhibit one or more 'balance '  points. 

That  is, increasing or decreasing the value of a 
parameter  may continue to increase the correct 
classification of a particular biome, but there will 

be a point above (or below) which further adjust- 
ment occurs at the expense of correct classification 

in other biomes. The parameters were adjusted 
close to these 'balance '  points. Some parameters 
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Table 1. Summary of classifications, n is the number of weather stations, C.F. = conifer forest; Srb. = shrubland; S.D. = southwest 

deserts; P.J. = pinyon-juniper; S.G. = short grass; T.G. = tall grass; B.F. = broadleaf forest. Entries in the table are percentages. 

The discussion in the text refers only to entire biomes (boldface). Smaller regions within biomes are also presented in the table. The 

bold type (within the numeric matrix) highlights the correct classification category. The mixed forests of the northern and southern 

Rocky Mountains were treated as separate biomes. As discussed in the text, the classifications of 'conifer forest' and 'pinyon-juniper '  
forest, respectively, do not capture the heterogeneity of plant communities in these mountainous regions. The mixed-grass prairie (Kiich- 

ler 1964) was arbitrarily lumped in the pre-classification with tall grass, but was classified as short grass by the model. The central valley 

of California was pre-classified as grassland, but actually supports a complex suite of communities (see discussion in text). 

n C.F. Srb. S.D. P.J. S.G. T.G. B.F. 

Conifer Forests 91 82 9 

Northwest 58 91 2 
Southwest 33 67 21 

California Grassland 11 45 36 

Shrubland 78 12 81 

Northern Great Basin 63 14 79 

Southern Great Basin 15 87 

Southwest Deserts 34 12 
Mixed Forest 114 15 53 

Northern Rockies 36 28 39 

Southern Rockies 78 9 59 

Short Grass Prairie 81 2 

Central 67 3 

South Texas savanna 14 
Tall Grass Prairie 242 

Broadleaf Forests 560 1 

Northern Hardwood 129 6 

Deciduous Forest 234 

Southeast Forest 189 

Sub-tropical Forest 8 
Total 1211 79~ 

Total (drop Rocky Mts.) 1097 85070 

Total (accept Rockies,  Cali- 
fornia, and mixed-grass as 
correct) 1211 94070 
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were clearly more sensitive than others, however, 
we have not at tempted a formal  sensitivity analysis. 

The precise values used for both the temperature  
definition of seasons and for the precipitation 

thresholds within seasons should not be viewed as 

inextricably fixed. Slight variations in these 
parameters  produce very similar overall calibra- 

tions of  the model. Fine tuning of  parameter  values 
could be pursued beyond the calibration presented 
here. 

The site-specific accuracy of the calibration was 
79% with the highest success being 94% in the 

eastern U.S. forests and the lowest being 0% for the 
11 grassland stations in the central valley of  

California (Table 1, Fig. 5). The current model does 

not subdivide the eastern forest into the three 

different sub-sections. Undoubtedly,  when these 

rules are implemented,  errors in classification will 

occur near the ecotones. A few sites near the border 

between the northern hardwoods and the boreal 

forest were classified as conifer, a reasonable oc- 
currencA. The mixed forests of  the Rocky Moun- 
tains were only predicted at 17% accuracy (28% 

northern Rockies, 12% southern Rockies (Table 1). 

The next lowest success was 70% for the tall grass 

prairie with the remaining biomes being predicted 
at better than 80% accuracy. 

Closer examination of  the residuals (Table 1, Fig. 

5) reveals that the model is more accurate than these 

indications, since pre-classification error is incor- 

porated in the results. The California grasslands 
were predicted as conifer forest (45%), shrubland 
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Fig. 5. Residuals from the rule-based classification (Fig. 4). Only those sites in Fig. 2 that were not correctly classified according to the 

pre-classification (Fig. I) are displayed. 

(36%) and pinyon-juniper (P-J) woodland (18%). 
Given the wet winters and very dry summers, these 
predictions may be quite reasonable. The conifer 
forest and P-J woodland stations cluster in the 
north end of  the valley and at the boundaries with 
the neighboring conifer forests. These could be ac- 
curate classifications given the potential inaccura- 
cies of  the pre-classification biome map. A shrub- 
land classification for the remaining sites may also 
be acceptable. Recall that the rule-based classifica- 
tions have been simplified to indicate only the 
dominant life-form, even if a mixture is actually be- 
ing selected (Fig. 4). The shrubland classification in 
the current configuration of  rules is actually a mix- 
ture of  shrub and short grass life-forms (rule 14, 

Fig. 4). Climatically, the mixed shrub-grass classifi- 
cation for the central valley is quite reasonable; 
however, the relative mix of shrubs and grass is like- 
ly inaccurate in that the model does not yet account 
for the unusually long spring period over which 
grass biomass would build. Given sufficient grass 
biomass, the natural and anthropogenic influence 
of  fire could have rendered the valley more of  the 
monotypic grassland (Vankat 1979). Other possi- 
bilities for a lack of  shrubs in the central valley in- 
clude 1) the presence of fine surface soils that might 
hinder percolation of deep soil water, and 2) the 
lack of  sufficient summer rains that are usually 
necessary for the establishment of shrubs (Neilson 

1986). 
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Both the northern and southern Rocky Mountain 
regions were poorly predicted (Table 1, Fig. 5). The 
over-simplistic pre-classification into one category 
each, conifers in the north and pinyon-juniper in 
the south, does not capture the vertical zonation of  
vegetation in these regions. Most of the weather sta- 

tions in this highly dissected terrain occur in valley 
bottoms that are often dominated by shrubland or 
grassland (KiJchler 1964; Vankat 1979). The clas- 
sifications for the northern Rocky Mountains in- 
clude conifer (28%), pinyon-juniper (11%), shrub- 
land (39%), and short grass (22%). The southern 
Rocky Mountains are warmer, more xeric in the 
winter and wetter in the summer with conifer (9%), 
pinyon-juniper (12%), shrubland (59%), desert 
(5%), short grass (13%), and tall grass (3%). We 
examined most of these stations individually and 
concluded that these classifications are generally 
accurate. If the Rocky Mountain, rule-based clas- 
sifications are accepted as correct, the model per- 
formance shifts from 79% to 90% overall. If the 
Rocky Mountains are removed from the classifica- 
tion the performance is 85% (Table 1). 

A third set of  residual mis-classifications stems 
from 17% of the tall grass prairie stations being 
classified as short grass prairie (Fig. 5, Table 1). 
These stations occur in a region in the north plains 
designated by Kfichler (1964) as mixed grass, a life- 
form for which we have not written a rule. Thus, 

our pre-classification as either short or tall grass is 
arbitrary. If these stations are accepted as a correct 
classification, the performance of the model in "the 
tall grass shifts from 70% to 84~ and the overall 
rating increases from 79% to 82% (Table 1). If the 
mixed-grass is accepted, but both the Rockies and 
the Central Valley are excluded, the accuracy of the 
model is 88%. If both the Rocky Mountains and the 
mixed grass classifications are accepted, the overall 
accuracy shifts to 93%. If the Central Valley clas- 
sifications are also accepted, the overall accuracy is 
94~ (Table 1). 

The remaining cluster of residuals occurs where 
much of the prairie peninsula is classified as broad- 
leaf forest rather than grassland. Classification of 
the prairie peninsula has been a particular challenge 
to biogeographers and climatologists (Borchert 
1950; Corcoran 1982; K/.ichler 1972; Manogaran 

1983; Transeau 1935). There is considerable debate 
as to whether the prairie peninsula is climatically 
determined, or whether man historically induced 
the prairie through fire (Vankat 1979). Fires clearly 

play a major  role in reducing the dominance of 
woody vegetation. However,  a climatic classifica- 
tion of the prairie peninsula, based on a moisture 
index of  Thornthwaite,  indicates that the region is 
climatically unique, (Manogaran 1983). The cur- 
rent configuration of the rule-base lacks the PET 
calculations that will be necessary to reflect this 
unique climatology. The next version of the model 
will incorporate the PET calculations. The prairie 
peninsula also occurs at the convergence of two air 
mass gradients (Bryson 1966). As a consequence, 
regional rainfall gradients are relatively shallow 
(Neilson et al. 1989) and should exhibit considera- 
ble year-to-year variability. We tested the sensitivi- 
ty of the prairie-forest border to small changes in 
the winter rainfall threshold. The prairie peninsula 
was most sensitive to these changes while the border 
locations to the north and south were more stable. 
It is possible that year-to-year variability of weather 
patterns produces extreme years that preclude the 
long-term maintenance of  forest in the prairie pen- 
insula. We expect that the model rendition of  the 
prairie peninsula will improve with future enhance- 

ments. 
The locations of the 1211 weather stations used 

in the calibration tend to be low elevation stations 
producing much of the error of classification in the 
Rocky Mountains. However,  in general, the stations 
have been extensively quality controlled (Quinlan et 

al. 1987) and are free of  urban influences and other 
uncertainties. The network is of sufficient density 
to accurately reflect both the local and regional cli- 

) 

matic patterns of  the U.S. Bias in station selection 
is, therefore, not considered to contribute signifi- 
cantly to either the error or the accuracy of  the 
model. 

Future model developments 

The primary limitation of  the current configuration 
of  the model is that it simulates only the supply side 
of the water balance. The next enhancement will be 



to include the demand side as driven by PET. The 

precipitation thresholds will be re-evaluated as a 
function of  seasonal PET and seasonal rainfall sup- 
ply. Within the water balance thresholds for each 

l ife-form water balance will be treated as a continu- 

um and calculated using energy balance equations, 

allowing a prediction of  leaf area as well as life- 
form (Woodward  1987). Regional scale informa- 

tion on soil water holding capacity and texture will 

be required to fine-tune the regional water balance 

estimates. The continued use of  thresholds in the 

model recognizes the use of  thresholds in defining 
physiognomic distinctions. It may be possible in the 

future to loosen this constraint and treat life-form 
physiognomies as a continuum. Grass physiogno- 

my extends toward large and woody, as in bamboo;  

and, woody plants extend toward small ephemer- 
als, as in many  semi-arid species. 

With the incorporat ion of PET the model will be 
sufficiently complete for a preliminary estimate of  

2 •  2 impacts on biome distribution over the 

conterminous U.S. Qualitative estimates have been 

made based on the conceptual pre-cursor to this 

model (Neilson et  al. 1989). Biome boundaries are 

expected to shift several degrees of  latitude and 
hundreds of  meters of  elevation. 

Tempera ture  constraints will also be added to the 

model to differentiate the mixed forests of  the 
southeast U.S. from the eastern deciduous forest 

(Fig. 1) and the temperate  forest f rom the boreal 
forest. The model will also be extended to both 

boreal and tropical regions. These extensions will 
require very different kinds of  rules than those de- 

veloped for temperate  zone biomes. For example, 

the current, thermally defined summer  shortens 
with increasing latitude and disappears at about  the 
latitude of  the boreal forest. Likewise, the thermally 

defined winter does not occur in the subtropics, 

i .e . ,  the vicinity of  Florida. Transect analyses, as 

applied in the U.S. (Neilson et al. 1989), will be ex- 
tended to other parts of  the world to assist in the 

formulat ion of additional rules. 
The calibration of the model with regard to 

ecosystem rules, those invoking fire and biotic in- 

teractions, will require continuing investigation. 
Since the natural environment expresses the in- 
fluence of these processes, it is particularly difficult 
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to assign thresholds that adequately constrain bio- 
mes in the absence of ecosystem rules. For example, 

the winter precipitation threshold below which 

shrubs cannot be supported is currently set at 80 

mm (rule 5, Fig. 4). This produces shrubland in the 
Great Basin and desert in the Southwest. It also 

produces shrubland throughout  the Great  Plains. 

The simultaneous presence of  grassland in the 

plains invokes the secondary rules to shift the bio- 

me classification to grassland. If the winter 
threshold (rule 5) is set to 200 ram, fewer plains sites 
are attributed a shrub component ,  but the Great 

Basin becomes a desert. The Great Basin is charac- 

terized by a series of  parallel mountain ranges sepa- 

rated by narrow valleys, wherein the shrublands oc- 
cur. The mountains collect winter precipitation 

which can run of f  and infiltrate to deep soil layers 
in adjacent alluvial fans (Schlesinger and Jones 

1984) providing greater deep soil water for support 

of  shrubland than incident precipitation alone. 
Thus, we are left with a choice for secondary rules: 
1) invoke fire in the plains to remove shrubs, or 

2) invoke ' run on'  in the Great Basin to augment 

deep soil water and support  shrubs. Currently, the 

first option is used. However,  there is little infor- 
mation as to the comparat ive degree to which these 

processes control shrubland distribution. 
The model could be described as a demographic 

rather than an ecosystem model, since it simulates 

life-form (Beard 1978), but does not address 
nutrient dynamics (O'Neill et al. 1986). Alternative 

approaches to simulation of productivity and nu- 

trient dynamics will be explored (e .g . ,  Jarvis and 
Leverenz 1983). Once the model incorporates an 

energy balance approach to determining the life- 
form thresholds, water flux through the ecosystems 

will be directly calculated. This information,  cou- 
pled with water-use-efficiency and energy-use- 

efficiency parameters  (Landsberg and McMurtrie 

1985; Linder 1985; Monteith 1977; Tucker et al. 

1986) should allow estimates of  potential primary 

productivity. Potential productivity could be 
modulated by nutrient-use-efficiency and soil nitro- 

gen estimates (Prescott et al. 1989; Vitousek 1984). 

Decomposit ion rates could be parameterized as 
functions of  temperature and moisture (Meente- 

meyer 1978). 
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Increased levels of CO 2 are known to increase 
productivity and water-use-efficiency in many 
plants (Strain and Cure 1985). The potential impor- 
tance of these effects at landscape and biome scales 
is under debate. If these effects are significant at a 
regional scale, then the impacts of climatic change 
could be considerably ameliorated, assuming that 
the gradually increasing influence of direct effects 
of CO 2 is not preceded by adverse climatic effects 
of increasing trace gases, such as widespread 
drought. Also, even if direct effects prove impor- 
tant over a wide array of plants, it is not clear how 
much influence plant scale water balance, modulat- 
ed by the stomata, has over landscape scale water 
balance. The latter appears to be largely driven by 
radiation and modulated by root density and depth 
and by leaf area (Federer 1982; Jarvis and Mc- 
Naughton 1986). Clearly, stomatal processes will 
control rates of drying; however, the accurate simu- 
lation of drying curves may not be important at 
time steps of one month (Cowan 1965). 

A particularly important enhancement to the 
model will be to move from steady state to transient 
dynamics. The potential spatial redistribution of 
biomes could be  mediated by major diebacks or 
declines in some areas and advances in others (Neil- 
son et al. 1989; Solomon 1986; Overpeck et al. 

1990). Simulation of these dynamics will require 
both demographic and ecosystem processes. The 
dispersal of important tree types is expected to lag 
considerably behind the rapidity of climatic change 
and the potential movement of boundaries (Davis 
1986; Smith and Tirpak 1989). It will be important 
to incorporate functional categories of seed disper- 
sal in the life-history characterizations (Beard 
1978). As extra-tropical forests shift toward the 
poles, large areas of their current distributions 
could undergo severe drought-induced decline and 
dieback (Neilson et al. 1989; Overpeck et al. 1990). 
These would be susceptible to fire. The release of 
CO 2 into the atmosphere from these fires and sub- 
sequent decay of the remaining dead biomass could 
produce a positive feedback to the 'greenhouse ef- 
fect' (Neilson and King in press). The regrowth of 
burned landscapes and the potential expansion of 
the tropics could ameliorate this CO 2 pulse to some 
extent (Ibid.). We have begun modeling these pro- 

cesses and will incorporate these dynamics into fu- 
ture versions of the model described here. 

The simulation of transient dynamics could also 
be necessary for accurate delineation of some bio- 
me boundaries. Sensitivity analyses on the winter 
precipitation parameter separating closed from 
open forest (375 mm), indicates that the eastern ex- 
tent of the prairie peninsula is quite sensitive to this 
parameter. Year to year variability of rainfall could 
be shifting this climatic transition quite considera- 
bly (Coupland 1958; Ktichler 1972). Even though 
the average climate of the prairie peninsula may be 
suitable for forest establishment and growth, the 

extremes due to natural climatic variability could 
preclude their long-term viability in the region. 

As model development continues, calibration 
and validation will be increasingly important. 
Although the focus has been on enhancements to 
the model, it is apparent that the calibration is very 
dependant on the accuracy of the pre-classification. 
In the Rocky Mountains, for example, correct 
model calibration will require a much higher spatial 
resolution of biome type than needed for less 
mountainous terrain. Literature and existing maps 
will be useful in this endeavor. However, satellite 
technology has the potential to provide this classifi- 
cation at a comparatively high resolution (Tucker et 

al. 1985). Remote classification of vegetation 
should be a high priority for all the world's vege- 
tation. 

Three approaches to model validation will be ex- 
plored: 1)implementation on another continent, 
2) simulation of paleoclimates (Webb et al. 1990), 
and 3) rescaling the model to a smaller, but hetero- 
geneous extent. There will be an attempt to validate 
the model through extension to other continents, 
and alsb attempts to reconstruct past vegetation 
and to rescale the model. Since it is physically 
driven and is purported to be mechanistically 
based, it should apply at any scale of resolution. 
Thus, application to a heterogeneous watershed, 
such as the Colorado drainage would be a very in- 
teresting test of the model. 



Conclusions 

The initial stage of development of  a rule-based, 
mechanistic model of  vegetative life-form distribu- 
tion has been described. Different life-form mix- 
tures deduced from the rules produce different bio- 
mes with demonstrated prediction potential of  up 
to 94070 accuracy. The current configuration of  
rules is based entirely on the seasonal patterns of  
regional water balance and the relation of these pat- 
terns to different plant life-forms. The apparent 

success of the model makes two important points. 
First, regional water balance does appear to be a 
critical climatic mechanism determining plant dis- 
tributions. Second, the success of  the model, even 
when the demand side of regional water balance 

(PET) was not directly considered, implies that on 
regional scales water balance is currently in 
equilibrium with the vegetation. It follows that the 
atmospheric demand for water (PET) is in balance 

with the supply of water through transpiration. The 
regional rate of  transpiration, according to theory 
(Woodward 1987), should be related to the amount  
of leaf area (biomass) over that region. The amount 
of leaf area over a region should be a direct result 
of ecosystem feedback processes that select for a 
specific leaf area as a function of  water supply and 
atmospheric demand. The implication is that 
ecosystems are perched on a precarious balance 
with respect to regional water balance and that a 
rapid change in either supply or demand for water 
could produce a catastrophic response from region- 
al vegetation. 

Being mechanistic in concept, future model en- 
hancements to incorporate ecosystem and spatial 
demographic processes with temporal dynamics 
should be relatively straightforward, albeit 
challenging to implement. The value of  these ef- 
forts, particularly when coupled with global at- 
mosphere models and land-use characteristics, 
should be realized in a much improved predictive 
potential of  future global change and biosphere- 
atmosphere feedbacks. 
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