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Abstract. The potential impacts of COz-induced climate change on terrestrial 
carbon storage was estimated using the Holdridge Life-Zone Classification and 
four climate change scenarios derived from general circulation models. Carbon 
values were assigned to life-zones and their associated soils from published 
studies. All four scenarios suggest an increase in area occupied by forests although 
details of predicted patterns vary among the scenarios. There is a poleward shift 
of the forested zones, with an increase in the areal extent of tropical forests and a 
shift of the boreal forest zone into the region currently occupied by tundra. Terres- 
trial carbon storage increased from 0.4% (8.5 Gt) to 9.5% (180.5 Gt) above esti- 
mates for present conditions. These changes represent a potential reduction of 4 
to 85 ppm on elevated atmospheric CO 2 levels. 

1. Introduction 

At a global scale, the distribution of vegetation is largely controlled by climate. 
Changes in the global patterns of climate resulting from increased atmospheric 
CO2 can potentially change the distribution of terrestrial vegetation. Consequently, 
carbon flux between the terrestrial biota and the atmosphere will be altered. 

A number of studies have used bioclimatic models to examine the potential 
impacts of climate change on the distribution of major ecosystem complexes at a 
global scale (Emanuel et al., 1985; Lashof, 1987; Prentice and Fung, 1990). 
Changes in the distribution of these systems combined with estimates of carbon 
storage have provided initial estimates of potential changes in terrestrial carbon 
storage under CO2-induced climate change (Lashof, 1987; Sedjo and Solomon, 
1989; Prentice and Fung, 1990). However, due to differences in the classification 
models, carbon estimates and spatial resolution of the analyses, it is difficult to 
compare scenarios (i.e., general circulation models) across studies. 

Accordingly, we will examine the potential shifts in major ecosystem complexes 
and associated carbon storage under four climate change scenarios based on 
general circulation models (GCMs) using a uniform methodology. In particular, we 
address the potential of the terrestrial biosphere as a source or sink of carbon 
under changed climate conditions. 
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2. Methods 

The Holdridge Life-Zone Classification (Holdridge, 1967) (Figure 1) is a climate 
classification scheme relating the distribution of major ecosystem complexes to the 
climatic variables of biotemperature, mean annual precipitation and the ratio of 
potential evapotranspiration (PET) to precipitation. 

The life-zones are depicted by a series of hexagons in a triangular coordinate 
system. Two climate variables, biotemperature and annual precipitation, determine 
the classification. Biotemperature is a temperature sum over a year with the unit 
temperature values (i.e., average daily, weekly or monthly temperatures) that are 
used in computing the index set to 0 ~ if they are less than or equal to 0 ~ 

Identical axes for average annual precipitation form two sides of an equilateral 
triangle. The potential evapotranspiration (PET) ratio forms the third side, and an 
axis for mean annual biotemperature is oriented perpendicular to its base. By 
striking equal intervals on these logarithmic axes, hexagons are formed that desig- 
nate the Holdridge Life-Zones. 

The potential evapotranspiration ratio is the quotient of PET and average 
annual precipitation. Holdridge (1959) assumes, on the basis of data from several 
ecosystem types, that PET is proportional to biotemperature (constant of propor- 
tionality, 58.93). The PET ratio in the Holdridge Diagram is therefore dependent 
on the two primary variables, annual precipitation and biotemperamre. 

One additional division in the Holdridge Classification is based on the occur- 
rence of killing frost. This division is along a critical temperature line that divides 
hexagons between 12 ~ and 24 ~ into Warm Temperate and Subtropical Zones. 
The complete Holdridge Classification at this level includes 37 life-zones. 

Expected current distributions of life-zones were mapped using a global climate 
data base of mean monthly precipitation and temperature at a 0.5 ~ x 0.5 ~ (latitude 
and longitude) resolution (Leemans and Cramer, 1990). Simulations of current 
(1 x CO2) and 2 x CO 2 climates from four GCMs (Table I) were used to construct 
change scenarios. Changes in mean monthly precipitation and temperature were 
calculated for each GCM scenario for each computational grid element by taking 
the difference between simulated current and 2 x CO 2 climates. Temperatures 
were expressed as absolute difference (2 x CO 2 - 1  x CO2) and precipitation 
as the ratio of 2 x CO2 to 1 x CO2. These data from each GCM were interpo- 
lated to 0.5 ~ x 0.5 ~ using the same technique as applied in the development of the 
database for current climate (Leemans and Cramer, 1990). The technique used was 
a triangulation of all datapoints (algorithm developed by Green and Sibson, 1978) 
followed by a smooth surface fitting (Akima, 1978). Changes in monthly pre- 
cipitation and temperature were then applied to the global climate data base to 
provide a change scenario. The altered data bases corresponding to each of the 
four GCM scenarios were then used to reclassify the grid cells (0.5 ~ x 0.5 ~ using 
the Holdridge Classification. 

To determine the effects of the climate change scenarios on patterns of global 
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TABLE I: General circulation models used to construct climate change scenarios 

GCM Resolution Change in mean global: 
(lat/lon) 

Temperature 
(~ 

Precipitation 
(%) 

~Oregon State University (OSU) 4 x 5 ~ 2.84 
2Geophysical Fluid Dynamics Laboratory 

(GFDL) 4.5 x 7.5 ~ 4.00 
3Goddard Institute for Space Studies 

(GISS) 7.8 x 10 ~ 4.20 
4United Kingdom Meteorological Office 

(UKMO) 5 x 7.5 ~ 5.20 

7.8 

8.7 

11.0 

15.0 

carbon storage, each of the 37 Holdridge Life-Zones was assigned a value for car- 
bon in both above-ground biomass and soil. Soil carbon estimates for the 
Holdridge Life-Zones were taken directly from Post et aL (1982). Estimates of car- 
bon in above-ground biomass for each life-zone were calculated using data from 
Olson et  al. (1983). Olson et al. (1983) does not classify ecosystems according to 
the Holdridge Life-Zone system, therefore it was necessary to estimate carbon 
values for the life-zones directly from the climate variables used in the Holdridge 
Life-Zone Classification (i.e., biotemperature and annual precipitation). Com- 
bining the biotemperature and annual precipitation data for each 0.5 ~ x 0.5 ~ cell 
with the carbon estimates from the corresponding cell of the Olson et  al. database 
(also 0.5 ~ x 0.5~ an average value of carbon storage in above-ground biomass was 
calculated for the climate space corresponding to each Holdridge Life-Zone (see 
Figure 1). This approach provides a single estimate of above- and below-ground 
carbon for each life-zone, and therefore, changes in carbon storage under the 
2 x CO2 scenarios are a function of changes in the extent of the various life-zones. 
All estimates of change in carbon storage are based on the complete Holdridge 
Classification (i.e., all 37 life-zones). 

3. Results 

Global terrestrial carbon increased under all four climate change scenarios (Table 
II). The increase ranged from 0.4% (8.5 Gt) for the UKMO scenario to 9.5% 
(180.5 Gt) for the OSU scenario. Although the UKMO and GFDL derived 
scenarios show a decrease in soil carbon; above-ground carbon increased under all 
four scenarios. The changes in total carbon storage under the four climate 
scenarios correspond to shifts in the areal coverage of life-zones. Therefore, these 
estimates are best interpreted by examining the changes in the distribution and 
abundance of major ecosystem complexes represented by those zones. 

Maps of predicted global life-zone distribution under current climate and the 
four GCM climate change scenarios are shown in Figures 2-6. The life-zones have 
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TABLE II: Changes in carbon storage (Gt) in above-ground biomass and soil for four climate change 
scenarios. Values in parentheses are percentage change from current 

Scenario Aboveground Soil Total Change 
Biomass 

Current 737.2 1158,5 1895.7 
OSU 860.4 (16.7) 1215.8 (4.9) 2076.2 180.5 (9.5) 
GFDL 782.3 (6.1) 1151.3 (-0.6) 1933.6 37.9 (2.0) 
GISS 829.6 (12.5) 1213,0 (4.7) 2042.6 146.9 (7.7) 
UKMO 765.2 (3.8) 1139,0 (-1.7) 1904.2 8.5 (0.4) 

been aggregated for convenience of presentation. The aggregation scheme is the 
same used by Emanuel et al. (1985). 

Changes in the areal coverage of major biome-types are shown in Table III. 
These biome-types are further aggregates of the Holdridge Life-Zones presented in 
Figure 1, and the zones comprising the types are defined in Table III. There is a 
general qualitative agreement among scenarios in the directions of change. The 
extent of tundra and desert decreased, and those of grasslands and forests in- 
creased under all four scenarios. Despite the agreement in increased forest cover, 
the scenarios differed in the degree to which the increase is attributable to mesic 
and xeric forest components. Mesie forest cover increased under the GISS and 
OSU scenarios, but decreased in the GFDL and UKMO scenarios. These predict- 
ed decreases in mesic forest by GFDL and UKMO are offset by larger increases in 
dry forest, thus forest cover increased overall. 

The changes in coverage of the biome-types presented in Table III are the out- 
come of a dynamic process of spatial changes in the climate pattern, and associated 
spatial changes in the distribution of life-zones. These spatial dynamics can be 
described as a matrix of transitions between types (Table IV). Rows of the matrix 
show transitions from that biome-type (i.e., aggregated life-zone) to the specified 
type in the column headings. The diagonal elements show the area occupied by the 
biome-type under current climate which does not change (to another biome-type) 
under the new climate conditions. Therefore, the sum of the elements in each row is 
the current coverage for that biome-type, while the sum of the elements in each 
column is the coverage for that type under the changed climate conditions. 

The decline in tundra observed under all scenarios is primarily due to a shift 
from tundra to mesic forest. This transition is a result of the warming at higher lati- 
tudes and the subsequent northward movement of boreal forest into the areas now 
occupied by wet tundra. This shift is associated with a slight decrease in soil car- 
bon, but a large increase in above-ground carbon. A second major vector of change 
in the tundra region is the desertification of areas where warming and/or decreases 
in precipitation occurs, resulting in a decrease in carbon stored in both soil and 
above-ground biomass. 

The decrease in the global extent of desert seen in all four scenarios is a function 
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TABLE III: Changes in the areal coverage of major biome-types* under current and 
changed climate conditions 

377 

Current 
area 
(kin 2 x 10 3) 

OSU GFDL GISS UKMO 

Tundra 939 -302 -515 -314 -573 
Desert 3699 -619 -630 -962 -980 
Grassland 1923 380 969 694 810 
Dry Forest 1816 4 608 487 1296 
Mesic Forest 5172 561 -402 120 -519 

* Tundra: Polar Dry Tundra, Polar Moist Tundra, Polar Wet Tundra, Polar Rain Tundra 
Desert: Polar Desert, Boreal Desert, Cool Temperate Desert, Warm Temperate 
Desert, Subtropical Desert, Subtropical Desert Bush, Tropical Desert, Tropical Desert 
Bush 
Grassland: Cool Temperate Steppe, Warm Temperate Thorn Steppe, Subtropical 
Thorn Steppe, Tropical Thorn Steppe, Tropical Very Dry Forest 
Dry Forest: Warm Temperate Dry Forest, Subtropical Dry Forest, Tropical Dry Forest 
Mesic Forest: Moist, Wet and Rain Forest for Boreal, Cool Temperate, Warm Tem- 
perate, Subtropical and Tropical temperature Zones 

of the shift from desert to tundra in the higher latitudes, and from desert to grass- 
land in the temperate and tropical regions. Furthermore, there is a significant con- 
version from desert to mesic forest under the GFDL and UKMO scenarios. These 
shifts occur in the northern latitudes where cold desert/dry tundra zones increase 
in both temperature and precipitation. All shifts from desert to other biome-types 
represent a net increase in stored carbon (both soil and above-ground). 

The increased cover of grassland under all scenarios is a function of both shifts 
from desert to grassland with increased precipitation in areas of the temperate and 
tropical regions, and the transition of dry and mesic forests to grassland as a result 
of drying in all forested regions. These shifts represent both an increase and de- 
crease in carbon storage. Potential carbon storage increases in the transition from 
desert to grassland, but decreases significantly with the transition from forest to 
grassland. 

The extent of dry forest increases with increasing precipitation in grassland 
regions, and with increased temperatures and/or decreased precipitation in mesic 
forests. The latter transition occurs primarily in the subtropical and tropical regions 
and represents a large decrease in carbon in all scenarios. This transition is the 
largest in the UKMO scenario, resulting in a doubling of the global extent of dry 
forest. 

The major transition towards mesic forest is the shift from tundra to boreal forest 
discussed earlier. This transition is followed in importance by the shift from dry to 
mesic forest, primarily in the subtropical and tropical regions. The extent of the 
transition from tundra to boreal forest is similar (ranging from 638.3 to 771.6 
km 2 • 103) for the four scenarios. The major difference between the scenarios in 
the predicted areal coverage of mesic forest is the degree of mesic forest decline 
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TABLE IV: Transition matrices for the four GCM-based climate change scenarios. Matrices show the 
changes in coverage between biome-types. Values are in km 2 x 10 -~ (T - Tundra; D - Desert; G - 
Grassland; DF - Dry Forest; MF - Mesic Forest) 

OSU 
To: T D G DF MF Total 

From: T 189.3 111.3 638.3 938.6 
D 447.9 2869.6 372.7 8.9 3699.1 
G 60.0 1565.2 295.8 2.1 1923.1 

DF 59.3 1282.3 474.1 1815.7 
MF 14.6 306.1 242.3 4609.2 5172.2 

Total 637.2 3055.5 2303.3 1820.4 5732.6 

GFDL 
To: T D G DF MF Total 

From: T 18.5 177.6 29.2 0.2 713.3 938.8 
D 405.2 2784.1 337.8 0.3 171.8 3699.2 
G 67.9 1663.4 181.0 10.8 1923.1 

DF 141.8 1490.8 183.2 1815.8 
MF 9.2 720.6 751.9 3690.6 5172.3 

Total 423.7 3038.8 2892.8 2424.2 4769.7 

GISS 
To: T D G DF MF Total 

From: T 167.4 114.5 2.1 655.0 939.0 
D 456.7 2559.5 617.0 5.4 60.5 3699.1 
G 33.8 1645.3 198.2 45.7 1923.0 

DF 152.9 1427.2 235.6 1815.7 
MF 5.3 200.0 672.0 4295.2 5172.5 

Total 624.1 2713.1 2617.3 2302.8 5292.0 

UKMO 
To: T D G DF MF Total 

From: T 20.5 110.3 35.3 1.2 771.6 938.9 
D 343.9 2505.1 566.9 4.1 278.7 3698.7 
G 0.5 37.8 1520.4 353.8 10.5 1923.0 

DF 0.3 5.8 211.7 1374.7 223.3 1815.8 
MF 0.3 25.7 399.0 1378.3 3369.0 5172.3 

Total 365.5 2684.7 2733.3 3112.1 4653.1 

associa ted with  drying in the subt ropica l  and t ropical  regions  (i.e., the  shift to dry 

forest  d iscussed above). 

Mes ic  forests  are by far  the largest  c o m p o n e n t  of  terrestr ial  c a rbon  storage,  cur-  

renfly cover ing  3 8 %  of  the  land  surface  and conta in ing  58% of the total  c a r b o n  

s torage (i.e., soil and above-ground) .  Changes  in areal  coverage  of  the five ma jo r  

mesic  fores t  types as de f ined  by H o l d r i d g e  are p r e sen t ed  in F igure  7. T h e  types are  

def ined  by summing  over  the moist ,  wet  and rain fores t  l i fe-zones  for  each  tern- 
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Fig. 7. Areal coverage of mesic forest types under current climate and four climate change scenarios. 
Black: Area which is currently occupied by that forest type and remains so under the changed 

climate conditions (i.e., stable). 
Grey: Area which is predicted to change to that forest type but is currently occupied by some other 

forest type. 
Unshaded: Area which is predicted to change to that forest type but is not currently occupied by 

mesic forest (i.e., tundra, grassland, etc.). 

perature zone (see Figure 1). The histograms present the areas for each forest type 
under current climate and the four climate change scenarios. These predicted 
changes in coverage under the scenarios can be examined in terms of their com- 
ponents. The portion of the histogram shaded black represents the area of the given 
forest type that does not change type under the scenario. The grey portion repre- 
sents the area which was covered by some other mesic forest type under current cli- 
mate conditions, but is predicted to change to that forest type under the new cli- 
mate conditions. The unshaded portion is that area which is predicted to change to 
that forest type but is currently covered by a non-mesic forest type (i.e., dry forest, 
grassland, desert or tundra). 
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The areal cover of tropical forest increased under all scenarios, from 87% for 
the UKMO scenario to 159% for OSU. This increase is largely due to the reclassifi- 
cation to tropical forest of areas which are currently occupied by subtropical and 
warm temperate forest. This shift is due to the overall warming predicted by the 
GCM's and the subsequent expansion of the tropical zone as defined by biotem- 
perature in the Holdridge model (Figure 1). Of the areas predicted to change to 
tropical forest under the climate change scenarios, 74 to 98% are currently occu- 
pied by another mesic forest type. This shift to warmer forest types is accompanied 
by a significant increase in above-ground carbon. 

In general, the global warming results in a poleward shift in all forest zones with 
the subsequent expansion of the boreal forest zone into the region currently occu- 
pied by tundra. This poleward shift can be seen in Figure 7, where the majority of 
the area involved in the spatial shifts in forest type (with the exception of boreal 
forest) are from areas currently occupied by other mesic forest types (i.e., grey area 
of histograms). 

4. D i s c u s s i o n  

The four scenarios considered in this study all suggest a potential increase in 
terrestrial carbon storage with an associated reduction in atmospheric CO 2 levels 
from concentrations used in the 2 x CO 2 GCM simulations. These potential reduc- 
tions range from 4 to 85 ppm. The increase in carbon storage is primarily due to 
the: (1) poleward shift of the forest zones, with an increase in the extent of tropical 
forest and a northern movement of the boreal forest zone into areas currently occu- 
pied by tundra, and (2) a decrease in the global extent of desert. These findings 
differ from those of earlier studies which have examined the impacts of CO 2- 
induced climate change on global carbon storage. 

Emanuel et al. (1985) used the Holdridge Life-Zone Classification (Holdridge, 
1967) to map the global distribution of terrestrial ecosystem complexes under 
present climate conditions as well as under a scenario of climate change resulting 
from increasing atmospheric concentrations of CO 2 (Manabe and Stouffer, 1980). 
The largest changes occurred in the higher latitudes where boreal forest was re- 
placed by more temperate complexes. Changes in the tropics were smaller with 
some shift from moist to dry forest. In general, the changes resulted in a decrease in 
the total extent of forested area with a corresponding decline in above-ground bio- 
mass/carbon storage (Sedjo and Solomon, 1989). These results were largely 
influenced by the fact that the study considered changes in temperature only. The 
increased temperature combined with current patterns of precipitation resulted in 
a general drying of the more mesic forested regions. 

Lashof (1987) developed a classification system of 14 ecosystem types based on 
the vegetation classification of Olson et al. (1983). The global distribution of these 
types were then related to mean winter and summer temperature and precipitation. 
The resulting model was used to examine potential shifts in the distribution of e c o -  
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systems and associated changes in terrestrial carbon storage under climate change 
scenarios from the National Center for Atmospheric Research (NCAR) (Washing- 
ton and Meehl, 1984), Geophysical Fluid Dynamics Laboratory (GFDL) (Wether- 
aid and Manabe, 1986) and Goddard Institute for Space Studies (GISS) (Hansen et 
al., 1984) general circulation models. 

The results for the GISS scenario were in qualitative agreement with the current 
study, with carbon storage increasing by 28 Gt. In contrast, carbon storage declined 
in both the GFDL (-64 Gt) and NCAR (-40 Gt) scenarios. Soil carbon declined 
under all three scenarios as a result of the transition from boreal forest to grassland. 
For the GISS scenario, this decrease was offset by a significant increase in forest 
cover in the tropics. Above-ground carbon decreased in the other two scenarios as 
a result of forest decline in the warm temperate, subtropical and tropical zones. 

The differences between patterns reported by Lashof and those found in this 
study are due in large part to the limited number of ecosystem types in the Lashof 
classification. The absence of a transition type between warm grasslands and dry 
forest led to an abrupt shift (and associated decrease in carbon storage) with 
decreased precipitation in areas of dry forest. Similarly, the use of only a single 
boreal forest type (as compared to three in Olson et al. (1983) and Holdridge 
(1967)) resulted in a much larger shift from forest to grassland in the boreal zone 
than predicted in our analyses. 

In addition, the use of only a single class for warm-humid forest resulted in an 
insufficient description of the range of forest types and associated carbon values 
for the warm temperate, subtropical and tropical region. The large range of climate 
space encompassed by this single forest class resulted in an underestimation of cur- 
rent tropical forest cover (e.g., absence of Amazonian forest) as well as an anoma- 
lous response to patterns of precipitation change in subtropical and tropical 
regions. Decreases in precipitation led to a shift from humid to dry forest, however, 
increased precipitation (i.e., warmer and wetter conditions) resulted in no change in 
productivity and carbon storage in currently forested areas. 

Prentice and Fung (1990) used a modified version of the Holdridge Classifica- 
tion (Prentice, 1990) to examine the impacts of perturbed climates on the distribu- 
tion of global vegetation and associated changes in terrestrial carbon. Using pre- 
dicted climate patterns from the Goddard Institute for Space Studies (GISS) 
general circulation model (Hansen et al., 1988) for conditions of 2 x CO2, Prentice 
and Fung found a 235 Gt increase in terrestrial carbon storage, resulting in a strong 
negative feedback on elevated atmospheric CO2 (128 ppm). The increase in carbon 
storage was primarily associated with a large increase (75%) in the extent of tropi- 
cal rainforest under the changed climate conditions. 

Although the present study found a similar expansion of tropical forests for the 
GISS derived scenario (79%), the associated increases in carbon were considerably 
less (147 Gt). As with the Lashof study, this discrepancy is most likely to be due to 
a difference between the classification schemes, particularly in the tropical realm. 
Prentice and Fung aggregate vegetation units into 14 types as compared to the 37 
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types of the Holdridge Classification used in this study. The greater number of 
categories used in this study results in a more gradual change in biomass and soil 
carbon values with changes in precipitation and temperature. This gradient is par- 
ticulafly pronounced in the warm temperate, subtropical and tropical regions 
where the shifts between Holdridge Life-Zones do not result in as much change in 
carbon as in the modified system of Prentice and Fung. However, despite these dif- 
ferences, both studies agree on the general trends of vegetation pattern and carbon 
dynamics. 

Despite the qualitative agreement among scenarios, the results discussed above 
must be viewed in light of the limitation of the methodology. As with any classifica- 
tion scheme, the Holdridge model is an abstraction of the actual vegetation pattern. 
The Holdridge Life-Zone model is a climate classification rather than a classifica- 
tion based on actual vegetation distribution, such as the system developed by Box 
(1981). Secondly, the limited number of categories of vegetation or biome-types 
and the fixed carbon values within a type results in a coarse resolution of carbon 
dynamics. In reality, vegetation pattern (i.e., physiognomic structure, species com- 
position and biomass) and carbon values vary within any one life-zone or classifica- 
tion unit. This level of variation may not dramatically influence estimates of current 
carbon storage if estimated mean values for each of the zones are reasonable. 
However, this discrete view of vegetation pattern results in a threshold phe- 
nomenon when applying change scenarios. Carbon values for a grid cell will not 
vary with climate until the climate varies beyond the boundary conditions of the 
zone to which the cell is classified. As such, the dynamics are inherently scaled to 
the classification scheme, and the more aggregated the scheme, the more pro- 
nounced the threshold effect. 

The approach also assumes that the vegetation unit or biome-structure moves as 
a fixed unit in time and space. This assumption may not hold, especially under con- 
ditions where the changed climate has no current analogue. 

The Holdridge Classification, like all climate-vegetation classification models, is 
correlative and based on a limited set of variables. Although the bioclimatic indices 
used in the classification may do a sufficient job of bounding present vegetation 
patterns, the actual patterns are a function of additional factors not explicitly con- 
sidered in the model (e.g., soils) which may vary differently (both temporally and 
spatially) under the changed climate conditions. 

Perhaps most importantly, the results represent equilibrium solutions for both 
climate (i.e., 2 x CO2) and vegetation dynamics. In reality, the vegetation would 
most likely be unable to track the true transient climate dynamic. Although changes 
in the climate pattern as suggested by the GCM simulations may occur on a time- 
scale of decades to a century, the response of vegetation and soils to those changes 
may occur at different and varying timescales. In areas where biomass values 
decrease due to moisture stress (i.e., higher PET ratio) the changes may occur 
quickly as the environmental conditions become such that the present vegetation 
can no longer be supported (e.g., forest to grassland). 
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In contrast, increases in biomass may require much longer periods of time. In 
some cases the present vegetation may show increased growth or recruitment 
under the more favorable conditions. However, major shifts of forest type (e.g., 
warm temperate to tropical rainforest, or boreal to cool temperate forest) are 
dependent on the movement of species across the landscape and the ability of new 
species to invade existent communities. These changes in forest type would operate 
on timescales related to the lifecycle or longevity of the component species. In the 
case of many forest species this may be on the order of centuries. 

Changes in soil carbon may require longer periods of time to track changes in 
climate conditions. This difference in the timescale associated with vegetation and 
soil response to changing climate could have a major influence on the temporal 
dynamics of carbon flux between atmospheric and terrestrial pools. If changes in 
soil carbon are slow in comparison to vegetation, the initial differences between the 
scenarios may not be as great as expected under the combined estimates carbon 
storage in soil and above-ground vegetation (Table II). All scenarios predict an 
increase in above-ground biomass, however, the scenarios differ in their predictions 
for soil carbon. The GFDL and UKMO predict a decline in soil carbon while the 
GISS and OSU scenarios predict an increase. It is this divergence in patterns of soil 
carbon which account for the large differences between scenarios in total carbon. 

The lag between climate and soils may also have a major influence of changes in 
vegetation response, especially in those areas where predicted transitions would be 
dependent on large scale changes in the current soil conditions (e.g., polar desert- 
tundra-boreal forest transitions). 

The transient dynamic, of both climate and vegetation, will require a linked cli- 
mate-terrestrial biosphere model. However, the present study provides a qualitative 
index of change and a means of comparing an array of scenarios with a single 
methodology. The general pattern of results across scenarios suggests a qualitative 
agreement among the GCM models with respect to the direction of change at a 
global scale despite their quantitative differences in climate pattern. 
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