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Climatic classification and future global redistribution of agricultural land

Future global carbon (C) cycle dynamics under climates altered by increased concentra tions of greenhouse gases (GHGs) will be defined in part by processes which control terrestrial bio spheric C stocks and fluxes. Current research and modeling activities which involve terrestrial C have focused on the response of unmanaged vegetation to changing climate and atmospheric chemistry. A common conclusion reached from applying geographically explicit terrestrial carbon models is that more C would be stored by equilibrium vegetation controlled by a stable GHG-warmed climate than by equilibrium vegetation under the current (stable) climate. We examined the potential impact on the terrestrial C cycle if global agriculture were to increase to the limits permitted by future GHG-induced climates. Climatic limits to global agricultural zones were determined, the new climatic limits to agri cultural zones projected, and the amount of C the terrestrial biosphere would store under the new climate and agricultural conditions was calculated. We conclude that following a warming loss of C from agriculture could be as important as gain of C by climate effects. As much or less C would be stored by a terrestrial biosphere in which agriculture reached its new climatic limits as is stored by the current biosphere in which agriculture reaches its climatic limits. We project that agriculture alone could produce a C source of 0.3 to 1.7 Pg yc1 if doubling of GHGs required 50 to 100 yr. The gains in agriculture would occur almost entirely in the developed countries of high latitudes, and the losses, in the less developed countries of the lower latitudes.

INTRODUCTION

Current concern is focused on the consequences of changing climate and atmospheric chemistry on the functioning of global ecosystems. That climate may change seems less relevant to human life and activity until one realizes that the ecological systems of the world (both natural and agroecosystems) are largely dependent upon the climatic status quo. Then, it be comes obvious that accurate predictions of biospheric response to changing climate and atmospheric chem istry are the essential basis for decision making on policies designed to ameliorate or avoid climate change effects (IPCC 1992).

In addition to their role in human well-being, global ecosystem responses must be predicted to define their future role in the global carbon (C) cycle [START_REF] Solomon | Biospheric implications of global environmental change[END_REF]. Some processes and regions act to store additional C (e.g. [START_REF] Solomon | Transient response of forests to COr induced climate change: simulation experiments in east ern North America[END_REF]) while others act to emit C from the biosphere (e.g [START_REF] Trabalka | The changing carbon cycle: a global analysis[END_REF]. At present, the terrestrial biosphere may be anything from a significant net source of C which would amplify present and future warming [START_REF] Houghton | Global climatic change[END_REF]) to a significant net sink which would reduce present and future warming (Tans et al. 1990). The role of agricultural land uses in reducing C storage is important today (e.g. [START_REF] Clark | Human transforma tions of the earth's vegetation cover: past and future im pacts of agricultural development and climatic change[END_REF]) and seems likely to be more important in the future if population continues its 35 to 40 yr doubling rate and warming increases the area of arable land in high latitudes.

Research aimed at defining and predicting vegeta tion response to climate change is an active field.

Several innovative contributions to predicting the tran sient dynamics and/or geographic distribution of global-scale vegetation response have been published or submitted recently (e.g. Prentice et al. 1993a[START_REF] Neilson | Toward a rule based biome model[END_REF][START_REF] Smith | The transient response of terrestrial carbon storage to a perturbed climate[END_REF]. Generally, the objectives of the models fall into 2 distinct areas [START_REF] Prentice | Vegetation models and global change[END_REF]): dynamic models which ab stract mechanistic processes and projections of future climate to predict changing temporal distributions of vegetation, and static models which use coincidence of geographic distributions of climate and vegetation with future climate projections to predict changing spatial distributions of vegetation.

Most of the dynamic models in use (e.g. [START_REF] Solomon | Transient response of forests to COr induced climate change: simulation experiments in east ern North America[END_REF], Prentice et al. 1992b, 1993a) build upon the ini tial gap model approach developed by [START_REF] Botkin | Some ecological consequences of a computer model of forest growth[END_REF]. These models use mechanistic relationships between environmental forcing, and physiological response at the level of forest stands, to follow the temporal succession of tree establishment, growth, and mortality in the continuous competition for sunlight. 1981[START_REF] Cramer | Assessing impacts of cli mate change on vegetation using climate classification systems[END_REF]ecosystems, e.g. Neilson 1987[START_REF] Sargent | Redistribution of the Canadian boreal forest under a warmed climate[END_REF]biomes, e.g. Emanuel et al. 1985, Prentice et al. 1992a; physiognomic types, e.g. [START_REF] Woodward | Climate and plant distribution[END_REF][START_REF] Neilson | Toward a rule based biome model[END_REF].

It is important to emphasize that these models pro vide only one half of the information sought by their application. They illustrate the regions where current mutually exclusive combinations of vegetation and cli mate co-occur in the future, and hence, where current vegetation classes must deteriorate and disappear. As a rule, the models are incapable of accurately project ing the vegetation which would replace the vulnerable classes because the models do not consider the succes sional and migrational lags inherent in each wildland species. These lags define the rate at which new species and communities can appear in a region and become established and reproduce there.

A possible exception to this rule involves climate ef fects on the distribution of agroecosystems [START_REF] Rosenberg | The increasing C02 in the atmos phere and its implication on agricultural productivity. II. Effects through C02-induced climate change[END_REF]. Some workers expect agriculture to adjust within a few growing seasons to shifting boundaries of climatic limits to agronomic crop growth, both by the harvest of crop varieties in newly available regions in which they have never been successful [START_REF] Decker | The impact of climatic change from increased atmospheric carbon diox ide on American agriculture[END_REF][START_REF] Parry | The assessment of effects of climatic variations on agriculture: aims, methods and sum mary of results[END_REF] and by the development of new crop varieties which can thrive under previously hostile conditions [START_REF] Crosson | Climate change: problems of limits and policy responses[END_REF][START_REF] Rosenberg | Processes for identifying regional in fluences of and responses to increasing atmospheric C02 and climate change -the MINK Project[END_REF].

Here, both the losses by one set of agronomic crops and the gains by introduction of different crops in a re gion can be estimated with some degree of confidence (e.g. Leemans & Solomon 1993, this volume, p. 79-96).

There still seems to be no means to predict the role in future agriculture of increasing agricultural technol ogy, or the genetic innovations in crop varieties.

Analysis reported in this paper estimates future shifts in global terrestrial carbon stocks based on static models that include both natural and agricultural sys tems. The estimates are derived from the Biome model of Prentice et al. (1992a). modified by the presence of a climate envelope within which current non-irrigated agriculture is confined. The specific objectives of this analysis are 2-fold: (1 ) estimate the difference between current potential agricultural land area and the area which will be available for farming because of predicted changes in global climate, and (2) explore the implications of the projected changes in agricul tural area to the global balance between C storage and release.

METHODS

Global vegetation model. The Biome model was de scribed by Prentice et al. (1992a) and only its relevant characteristics will be reviewed here. The model uses soil properties and climate to select the plant func tional types (PFTs) which can occur in any terrestrial, ice-free location on the globe. The initial climate data sets were gridded at 0.5 x 0.5 degrees of latitude and longitude, although any scale of climate data distribu tions can be used [START_REF] Leemans | The IIASA database for mean monthly values of temperature, precipitation and cloudiness on a global terrestrial grid[END_REF]. The climatic requirements for each PFT were defined as a minimal set of threshold values gathered from the eco physiological literature.

The parameters used differ from one PFT to another, allowing more than one PFT to occupy the same cli mate space. Certain PFTs which climate allows to grow together do not coexist, however, because of competi tive exlusion directed by differences in productivity. This is formalized as a dominance hierarchy, defining which PFTs will outcompete others. Thus, for example, conifers will be outcompeted and disappear where climate allows growth of both warm-temperate ever greens and cool-temperate conifers.

The set of PFTs which can occur in a given region de fine the 'Biomes' which will occupy the region. In some cases, only one PFT defines the Biome (e.g. tropical rain forest from tropical evergreen PFT), while in other cases, the coexistence of multiple PFTs are needed (e.g. taiga consists of a boreal evergreen conifer PFT plus a boreal summergreen PFT). Unlike most other vegetation-oriented climate classifications, the defini tion of PFTs as entities with overlapping niches, and Biomes as free associations among PFTs, allows the Biome model to recombine PFTs to form Biomes not found on the modern landscape. This property is in keeping with the documented propensity of biomes (specified combinations of species and genera) to as semble and disassemble, as has occurred over the space of a few millennia in the past (e.g. [START_REF] Webb | The appearance and disappearance of major vegetational assemblages: long-term vegetational dynamics in eastern North America[END_REF][START_REF] Overpeck | Potential magnitude of future vegetation change in eastern North America: comparisons with the past[END_REF], and with the likelihood that biomes will be required to do so in shorter periods under global warming in the future.

Agricultural component of global vegetation model. For this study of both the natural and land use induced distribution of global vegetation, we sought a set of climate variables which could repro duce the geographic pattern created by the agricul tural areas defined by [START_REF] Olson | Carbon in live vegetation of major world ecosystems[END_REF]. These had been excluded from the Biome model (Fig. 1). (1983) region were much less successful because of the differ ences in effects on woody plants by the winter climate of coastal regions compared to that of continental inte riors (Fig. 5 in [START_REF] Solomon | Response of unmanaged forests to carbon dioxide-induced climate change: avail able information, initial tests, and data requirements[END_REF]. Apparently, agro nomic crops are immune to the winter low temperature differences because their seeds are not stored in the soil in winter.

The dry boundaries of agricultural land coincide with a Priestley-Taylor ratio [START_REF] Cramer | Simulation of regional soil moisture deficits on a European scale[END_REF] of actual to potential evapotranspiration (AET: PET) of about 0.45. That is, when the soil moisture available for evapotranspiration (AET) is less than half of the de mand for moisture (PET) during the growing season, intensive agriculture cannot be carried out without irrigation. This value coincides closely with the rela tively convoluted dryland boundaries of agriculture in temperate and subtropical areas (e.g. central North America, eastern Europe and western Asia).

In subtropical and tropical regions of greater mois ture availability, cold growing seasons are unknown and most land would be classed as agricultural. Yet, clearly, many soil systems within tropical latitudes do not support intensive agriculture (Fig. 1). This is evi dent even under definitions of agricultural land which include much less intensively farmed areas, as do the several classes of agriculture intensity illustrated by Matthews (1 983). Low human population densities and reliance on subsistence farming techniques may ac count for much of the discrepancy. However, lateritic soils with little organic matter and low nutrient con centrations (e.g. [START_REF] Zinke | Worldwide organic soil carbon and nitrogen data[END_REF]) may also play a sig nificant role. These soil properties are characteristic of regions in which large amounts of rainfall and warm year-round temperatures promote high rates of nutri ent uptake and rapid metabolism of soil organic matter by respiration among soil rnicroorganisms. The boundaries of 'agricultural land' which result from application of these climatic threshold values (Fig. 2) are a reasonable match to the geographic dis tributions of land uses mapped by [START_REF] Olson | Carbon in live vegetation of major world ecosystems[END_REF] which it was developed to mimic (Fig. 1). The agricul tural land patterns of the temperate regions, in partic ular, are closely matched by the climatic envelope.

Indeed, these defined and actual patterns compare much more favorably than do those pairs of wildland vegetation biomes defined by the Biome model and documented by Olson et al. (cf. Fig. la (1986) as described by Prentice et al. (1992a).

The Biome model also projected the distribution of biomes under the climate projected by atmospheric general circulation models (GCMs) from a doubling of greenhouse gas concentrations. We followed the pro cedures developed by [START_REF] Leemans | Possible changes in natural vegetation patterns due to a global warming[END_REF] (1989). These are listed in order of decreasing impact of their 2 x C02 minus 1 x C02 differences. The UKMO and GFDL scenarios ('extreme scenarios'). [START_REF] Boer | An intercomparison of the climates simulated by 14 atmospheric general circulation models[END_REF] tabled comparisons between 3 of the GCMs (GISS was not included). These data indi cated that the GFDL model was best at reproducing 1). Agricultural land, which replaced biomes after their distribution was projected, was assigned an above-ground biomass C content of zero. In keeping with the estimates of [START_REF] Mann | Changes in soil carbon storage after culti vation[END_REF], soil retained 80 % of the carbon assigned to soil in each biome.

RESULTS

The analysis first considers the shifts of land areas suitable for intensive agriculture, then examines the implications of the changes for future C storage in the terrestrial biosphere (Tables 2 & 3 and Figs. 3 to 6).

Changes in area

The total area of agriculture increased with all cli mate scenarios, from about 18 % under the OSU cli mate to about 38 % under the UKMO climate (Table 2).

Inspection of the gains and losses producing the indi vidual areal changes reveals important differences among the 4 cases. The moderate climate scenarios (OSU, GISS) produce notably less gain in agricultural area than do the severe scenarios (UKMO, GFDL), but ) production (Fig. 3). The UKMO scenario is also singular in producing losses of mar ginal non-irrigated agricultural land in the grain producing states of Colorado, Wyoming and Montana, USA, and adjacent Saskatchewan, Canada (Fig. 6).

The 

Changes in C stocks

The range of potential terrestrial C pools (Table 3) is estimated at 3 levels (low, medium, high) and sepa rated as above-ground biomass and below-ground soil carbon, all calculated in Petagrams (Pg; 1015 g). These

represent the areas of each biome, multiplied by the C density values for each biome from Table 1. Low and high values were originally provided to characterize the uncertainties surrounding the median values [START_REF] Olson | Carbon in live vegetation of major world ecosystems[END_REF][START_REF] Zinke | Worldwide organic soil carbon and nitrogen data[END_REF] and are provided here for comparison with data of other investigators (e.g. Prentice & Sykes 1993[START_REF] Prentice | Modeling global vegetation patterns and terrestrial carbon storage at the last glacial maximum[END_REF]) al though we analyzed only data on the medium C stocks.

Values are calculated for the C stored in a terrestrial biosphere with no agriculture ('Without agriculture', (Prentice & Sykes 1993).

The potential role of agriculture in shifting the ter restrial carbon balance can be estimated by comparing the terrestrial C stocks when agriculture is included, as we have done above, with such calculations in the ab sence of agriculture (Table 3), as has been the usual practice (e.g. [START_REF] Emanuel | Climatic change and the broad-scale distribution of terres trial ecosystem complexes[END_REF][START_REF] Leemans | Possible changes in natural vegetation patterns due to a global warming[END_REF][START_REF] Prentice | The sensitivity of terrestrial carbon storage to climate change[END_REF][START_REF] Smith | The response of terrestrial carbon storage to climate change: modeling C dynamics at varying temporal and spatial scales[END_REF][START_REF] Neilson | Toward a rule based biome model[END_REF], Prentice & Sykes 1993[START_REF] Prentice | Modeling global vegetation patterns and terrestrial carbon storage at the last glacial maximum[END_REF] IPCC 1992).

The analyses we present above appear to be conser vative estimates of coupled climate and agricultural impacts on the carbon stocks of the terrestrial bio sphere. We do not include the transient response of vegetation and of C in soils, which are likely to gen erate a large source of atmospheric C from stress induced forest dieback during the next century or so (e.g. [START_REF] Solomon | Transient response of forests to COr induced climate change: simulation experiments in east ern North America[END_REF][START_REF] Schlesinger | Evidence from chronosequence studies of a low carbon-storage potential of soils[END_REF][START_REF] Solomon | Climatic change and landscape ecological response: issues and analysis[END_REF][START_REF] King | The transient response of vegetation to climate change: a potential source of C02 to the atmosphere[END_REF], Prentice et al. 1993a[START_REF] Smith | The transient response of terrestrial carbon storage to a perturbed climate[END_REF]. In addition, we do not attempt to calculate decremental effects on biomass A set of related processes can be discerned from the foregoing discussion. First, the growing human popu lation, which is responsible for increased use of fossil fuels, generation of greenhouse gases and the pre dicted climate warming, is likely to be even more im portant to global ecological functioning in the future through its conversion of land to support its rapidly ex panding need for food. Second, as much as one-third of the increased agricultural land use in the future may be in the form of expansion into regions previously never capable of supporting agronomic crops, permit ted only because of the parallel warming. Third, that land conversion will play a pivotal and previously unaddressed role in reducing the capability of the terrestrial biosphere to sequester atmospheric C, a development which will enhance warming.

  Thus, the models can predict lagged effects of rapid climate change, induced in particular by the slow growth to reproduction of long-lived trees. Detailed knowledge and data on life histories of individual species are required to parameterize the models, pre cluding their use to date in globally comprehensive model projections. The more common static models generally project future vegetation distribution from climate predictions or scenarios generated by circulation models of the global atmosphere. The climate estimates are trans formed into vegetation responses from correlations be tween geographic data sets on physical environmental variables (climate, soils, landforms) and data sets on vegetation classes (species, e.g. Cook & Cole 1991 , Davis & Zabinski 1992; plant functional types, e.g. Box

Fig. 1 .

 1 Fig. 1. Global distribution of land designated as primarily cropland by Olson et al. (1983)

Following

  this logic, we examined the global distrib ution of high Priestley-Taylor values (as indicators of generous moisture supplies throughout the year) and of warm winter temperatures (as indicators of warm conditions throughout the year). We found that much of the geography of tropical and subtropical farming in the agriculture maps of both Olson et al. (Fig. 1) and Matthews (1983) is retained by eliminating as farmed land those areas in which 2 conditions coincide: the coldest monthly temperatures are above 15.5 °C when the Priestley-Taylor ratio is above 0.70. These are es sentially the moist and wet tropical forest areas which our atlases illustrate to be carrying as high a human population density as adjacent, dryer or cooler, inten sively farmed areas. In these areas, too much moisture becomes limiting due to its ability to leach nutrients, which in turn are rapidly made available from plant detritus by the constant presence of warmth and moisture.

Fig. 2 .

 2 Fig. 2. Global distribution of land designated as potential agricultural land, based on the climate envelope formed by (1) grow ing degree-day values (0C) greater than 2000 and (2) Priestley-Taylor ratio (Cramer & Prentice 1988) greater than 0.45, but excluding areas where (3) January temperature is greater than 15.5°C and Priestley-Taylor ratio is greater than 0.70
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  closely related models, project large climate changes overall and the GISS and OSU scenarios ('moderate scenarios') predict more moderate changes. All 4 sce narios differ significantly in the details of the geo graphic distribution of climate changes they predict, particularly for precipitation.Each of the climate scenarios was originally devel oped to emphasize one or another set of processes, primarily, dynamic processes in the upper atmosphere[START_REF] Schlesinger | Model projections of the equilibrium climatic response to increased carbon dioxide[END_REF]. Hence, their behavior with respect to reality at ground level differs, but not in a manner which permits their simple characteriza tion as, for example, most appropriate or least appro priate for our purposes. The climate envelope would be most useful when used with GCMs which repro duce observed patterns of summer temperatures and precipitation at high and mid latitudes, and of winter temperatures and annual precipitation at low lati tudes.

  surprisingly, the moderate scenarios lose more agricul tural land than do the severe ones. Examination of the geographic patterns of agricultural land gain and loss (Figs. 3 to 6) indicates no systematic differences among the scenarios in land loss. The moderate scenarios pro ject losses of agricultural land south of sub-Saharan Africa, and all 4 indicate large declines in the granaries of the Pampas in northeastern Argentina and, for GISS and UKMO, in adjacent Uruguay. OSU alone among the 4 produces large losses of marginal agricultural land in eastern Brazil (Caatinga) where today only cattle ranching occurs, and in Thailand in areas which support intensive subsistence farming, but little large scale rice (Oryza sp.

Fig. 3 .Fig. 4 .Fig. 5 .Fig. 6 .

 3456 Fig. 3. Global di stribution of potential agricultural land today, new potential agricultural land gained, and that lost under climate resulting from a doubling of atmospheric C02, based on the OSU climate scenario of Schlesinger & Zhao (1989) I gained stable lost

  and soil C caused by irrigated agriculture or by in creasing technological means (equipment, fertilizers, plant breeding) of making currently unusable land arable, a process likely to increase in importance with rapidly growing human populations.On the other hand, we did not consider other processes suspected of increasing C storage in the terrestrial biosphere, i.e. by C02 fertilization of un managed vegetation (e.g.Strain & Cure 1985[START_REF] Koerner | C02 fertilization: the great uncertainty in future vegetation development[END_REF] and by growth of early successional forests which may constitute a much larger proportion of the global forest area than was previously thought[START_REF] Dr | Processes and lands for sequestering carbon in the tropical forest land scape[END_REF]. In a now controversial paper, Tans et al.(1990) concluded that the terrestrial biosphere must be taking up 2 to 3.4 Pg of C annually, assuming the global ocean to be a sink for at most 1 Pg C yr-1• Subsequent measurements of oceanic C fluxes[START_REF] Quay | Oceanic uptake of fossil fuel C02: carbon-13 evidence[END_REF]) imply an oceanic C sink of 2 Pg, still leav ing 1 to 2.4 Pg C for the terrestrial biosphere to absorb.If the terrestrial biosphere is taking up C as deduced by oceanographers, that is, if the implied causative processes of C02 fertilization and early forest succes sion are operating, the C sequestration rate is likely to decline sharply in the future. With warming, high C density forests and peatlands of temperate and high latitudes (hypothesized by e.g.Tans et al. 1990 to be acting at present as carbon sinks) are likely to be re placed with croplands in which no standing C stocks exist above ground, and reduced carbon densities dominate soils. Additional quantities of stored C are likely to be released when early successional forests over the globe also are replaced by agriculture and as agriculture occupies land which otherwise would be devoted to early forest succession. Finally, any enhancement of C fixation by increasing atmospheric C02 concentrations should decrease because the C fertilization measured in greenhouses appears to be an asymptotic process in which greater atmospheric con centrations of C02 generate less and less enhancement of C fixation (e.g.[START_REF] Regehr | Photosynthesis, transpiration and leaf conductance of Populus deltoides in relation to flooding and drought[END_REF]).

  Olson et al. subdivided their agricultural vegetation com plexes from within a single 'agriculture' land class in a digitized land cover map by Hummel & Reck Fig. 1). The match is fairly precise on all continents. Apparently, fewer than 2000 accumu lated heat units during the growing season is too little to support intensive agriculture. Previous exercises in fitting forest borders to climate variables in the same

	(1979). These authors, in turn, had taken their agri
	cultural land from the map of 'Arable and mixed
	farming land (intensive farming)' in the Oxford World
	Atlas (e.g. map 99 of Cohen 1973). The original intent
	of the atlas was to define land which is under inten
	sive agriculture. However, Hummel & Reck, and later
	Olson et al.. mapped croplands over considerably
	greater area than did Cohen. For example, using a
	strict definition of arable land, FAO (1986) estimated
	that 15 x 106 km 2 of land was used for actually grow
	ing crops in 1984; Olson et al. estimated all agricul tural lands at 25.12 x 106 km 2 .
	Examination of geographical information system
	(GIS)-generated maps of measured and derived vari
	ables of global climate (Leemans & Cramer 1991), in
	comparison to the Olson et al. agriculture map, re
	vealed fairly simple but robust parallel distributions,
	particularly in the temperate agriculture belts. The
	high-latitude cold boundary of agricultural land coin
	cides with the isotherm for 2000 growing degree days
	(GDD, 0°C base;

  , Smith et al. 

	(1992), Prentice & Sykes (1993), and others, by apply
	ing gridded climate differences (anomalies) between
	GCM runs at 1 x C02 and at 2 x C0 2 to the observed
	gridded climate variables.
	The Biome model was run, based on differences be
	tween current (1 x C0 2 ) an d 2 x C0 2 climates simu
	lated by 4 separate GCMs of the atmosphere: the
	United Kingdom Meteorological Office model (UKMO)
	of Mitchell (1983); the Princeton Geophysical Fluid
	Dynamics Laboratory model (GFDL) of Manabe &
	Wetherald (1987); the Goddard Institute for Space
	Studies model (GISS) of Hansen et al. (1988); and the
	Oregon State University model (OSU) of Schlesinger

& Zhao

  summer temperatures at high and mid latitude, fol lowed closely by the OSU GCM. GFDL was also strongest in reproducing summer precipitation in mid and low latitudes, while either UKMO or OSU did best in simulating winter temperatures at low latitude.

	Analyses by Gates et al. (1990, Table 4.2) which in
	cluded all 4 models covered only 5 selected mid-and
	low-latitude regions and no high latitudes. Those data
	indicate that GISS, among the 4 models, produced the
	best simulation of observed mid-latitude summer tem
	perature values, and of observed mid-latitude summer
	precipitation values. Kalkstein (1991) reported and
	illustrated linear transects comparing modeled and
	observed climate for all 4 GCMs. The GISS model
	performed best for temperature, OSU was best at
	reproducing precipitation patterns, but the GFDL
	model was second best in both categories, and hence,
	could be considered the best model at replicating the
	complete suite of climate variables.

Carbon content of above-ground biomass and below-ground soils was estimated for each biome and for agricultural land in each model run. The range of biomass C values calculated by Olson et al. (1983) and of soil C values tabulated by Zinke et al. (1984) linked biomes with C storage values (Table

Table 1
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	Bio mes		Above-ground massa		Below-ground soilsh	
		Low	Medium	High	Low	Medium	High
	Tropical forests						
	Tropical rain forest	10.0	14.0	17.0	9.5	10.4	11.3
	Tropical seasonal forest	10.0	14.0	17.0	9.5	10.4	11.3
	Tropical dry forest	3.2	4.6	6.6	6.3	7.3	8.3
	Xerophytic woods/shrubs	2.0	4.1	7.3	6.7	7.3	7.9
	Temperate forests						
	Broadleaf evergreen forest	6.0	10.0	14.0	12.3	13.3	14.2
	Temperate deciduous forest	8.0	10.0	14.0	12.7	15.2	17.7
	Cool mixed forest	6.0	10.0	14.0	10.5	13.0	15.5
	Cool evergreen forest	12.0	16.8	20.0	13.8	14.7	15.6
	Boreal forests						
	Cold deciduous forest	2.0	5.0	8.0	11.1	12.9	24.7
	Taiga	4.4	8.7	11.7	12.7	16.6	20.5
	Cold mixed forest	1.0	2.0	5.0	10.0	16.6	23.3
	Grasslands						
	Warm grasslands	0.8	1.3	2.5	7.2	8.7	10.2
	Cool grasslands	0.5	1.0	2.4	11.6	12.3	13.0
	Tundra	0.5	0.8	1.3	15.7	18.2	20.7
	Deserts						
	Hot desert	0. 1	0.3	0.7	2.5	3.0	3.5
	Semidesert	0.3	0.6	1.0	4. 1	6.2	8.3
	Ice/polar desert	0.0	0.0	0.0	0.0	0.0	0.0
	aFrom Olson et al. (1983)						
	bFrom Zinke et al. (1984)						

. Carbon densities of above-ground biomass and below-ground soils by biome type (kg m-2 of land surface)

Table 2 .

 2 Change in biome areas with different climates and land use scenarios in 103 km 2

	Biome name	Current area of:		Change by:
		Natural	Agriculture	osu	GISS	GFDL	UKMO
		vegetation				
	Tropical forests					
	Tropical rain forest	8455				
	Tropical seasonal forest	7960				
	Tropical dry forest	10 921				
	Xerophytic woods/shrubs	9479				
	Temperate forests					
	Broadleaf evergreen forest	2943				
	Temperate deciduous forest	2982				
	Cool mixed forest	2572				
	Cool evergreen forest	2097				
	Boreal vegetation					
	Cold mixed forest	338				
	Taiga	12 910				
	Cold deciduous forest	3455				
	Tundra	8769				
	Grasslands and deserts					
	Hot desert	19 455				
	Warm grasslands	10 977				
	Semidesert	4995				
	Cool grasslands	4203				
	Ice/polar desert	2496				
	Total	115 007				

Table 3 .

 3 Carbon (Pg) stored above-and below-ground under differing climate and land use scenarios, and differences with storage under normal climate conditions

		Above-ground C
		Low	Medium	High
	Under normal climate			
	Without agriculture	483	754	104 1
	With sparse agriculture	383	604	829
	With dense agriculture	286	457	622
	Under UKMO climate			
	Without agriculture	556	852	1170
	With sparse agriculture	412	63 1	862
	With dense agriculture	264	405	547
	Under GFDL climate			
	Without agriculture	545	834	1146
	With sparse agriculture	406	62 1	850
	With dense agriculture	264	404	547
	Under GISS climate			
	Without agriculture	57 1	875	1194
	With sparse agriculture	444	682	923
	With dense agriculture	314	484	646
	Under OSU climate			
	Without agriculture	554	849	1157
	With sparse agriculture	435	668	904
	With dense agriculture	312	483	645

Table 3

 3 

	), in a biosphere in which a lesser percentage of
	'potential' agricultural land is actually used (i.e.
	50.5 %; 'With sparse agriculture'), and in which all land
	capable of intense agriculture is so used ('With dense
	agriculture').
	The C stocks under current climate estimated by the
	Biome model with sparse agriculture, and those esti
	mated from the literature, are quite similar. Olson et al.
	(1983) provide above-ground estimates for low,
	medium and high biomass of 360, 558, and 807 Pg C,
	compared to our low, medium and high values of 383,
	604, and 829 Pg respectively. For a world without agri
	culture, our medium biomass estimate of 754 Pg C
	compares reasonably well with that by Whittaker &

Likens (1975) of 827 Pg, and by Matthews (1983) of 840 Pg. Recent evidence (e.g. Botkin & Simpson 1990, 1993, Apps & Kurz 1993) suggests that much lower above-ground C stocks exist in boreal and temperate forest regions than suspected by Olson et al., suggest ing that the low values rather than the medium ones of Olson et al. could be more accurate estimators for global terrestrial biomass stocks.
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