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ABSTRACT 

Response of the boreal forest to possible changes in climate have implications both socio
economically and for the future global environment. Assessing the feedback role of boreal 
forests in the global carbon cycle requires a linkage of the small-scale processes that govern 
net ecosystem productivity to regional scale vegetation dynamics. Models are being developed 
to help understand possible impacts of climate change on regional-scale forest sector carbon 
budgets. Such models must be process-based because simple correlations of current existing 
vegetation to site conditions may not apply in the future, yet they must allow valid spatial 
and temporal integration of small-scale processes to the larger scale needed for scenario 
assessment. Do integrated models of ecosystem level processes agree with what is currently 
known of large-scale vegetation distribution? Output from a biodome-scale model (BlOME 
1) and from an ecosystem-level model (FORSKA 2) applied to a transect across the boreal 
forests of Saskatchewan and Manitoba, were compared with the current carbon budget 
estimated using a national-scale model (CBM-CFS 2). BlOME 1 simulated present day 
vegetation distributions very well, but estimates of regional carbon storage were seriously 
exaggerated compared to CBM-CFS 2. FORSKA 2 produced credible estimates of carbon 
density compared with field data, while its predicted variation in species composition also 
compared favorably with observed distributions along the transect. 
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RESUME 

Les reactions de la foret boreale aux possibles changements climatiques ont des 
repercussions a la fois sur Ie plan socio-economique et sur celui de l'environnement global 
futuro L'etablissement de l'interaction de la foret boreale dans Ie cycle du carbone necessite 
un lien entre les processus qui gouvernent la productivite nette de l'ecosystemea l'echelle 
locale et la dynamique de la vegetation a l'echelle regionale. Les modeles sont developpes 
pour aider a com prendre les impacts possibles du changement climatique sur Ie bilan en 
carbone de la foret a l'echelle regionale. II s'agit de modeles de processus qui, en remediant 
a la difficulre de projection a long terme des modeles descriptifs bases sur des simples 
correlations entre la vegetation existante et les conditions de station, simulent divers 
scenarios dans l'espace et dans Ie temps en integrant les deux niveaux de perception a 
l'echelle locale et a l'echelle regionale. Est-ce que les modeles integrant les deux niveaux de 
perception simulent bien la distribution de la vegetation? En utilisant Ie transect passant 
par la foret boreale de la Saskatchewan et du Manitoba, les resultats de BlOME 1 modele 
a l'echelle regionale et de FORSKA 2 modele a l'echelle locale furent compares au bilan de 
carbone estime par Ie modele a l'echelle nationale (CMB-CFS 2) et aux donnees observees sur 
Ie transect. BlOME 1 simule tres bien les distributions de la vegetation actuelle, mais la 
densire de carbone a l'echelle regionale est fortement exageree par rapport a CMB-CFS 2. 
FORSKA 2 produit des estimations credibles de la densite de carbone comparees aux 
donnnees de terrain, en outre ses predictions de la variation dans la composition specifique 
suivent bien les distributions observees Ie long du transect. 

INTRODUCTION 

The predominant vegetation of the Canadian prairie provinces (Alberta, Saskatchewan 
and Manitoba) ranges from short grass prairie in the south, through the boreal forest (or 
taiga) extending into tundra in the north. The distribution of these distinct vegetation zones 
results from the interacting effects of species competition, terrain, and a north-south climatic 
gradient. Many ecosystem scientists believe that under a changing climate, the spatial 
distribution of these zones would alter (Zoltai 1988; Zoltai et ai. 1991; Gorham 1991). This 
hypothesis has been examined using so-called "equilibrium projection models" of future 
changes in vegetation cover under plausible climate change scenarios (e.g., Rizzo and Wiken, 
1992; Prentice et ai. 1992; Smith et aI. 1992a, 1992b), typically derived from general 
circulation models (GCMs), (e.g., Schlesinger and Mitchell, 1987; Houghton and Woodwell, 
1989), where it is arbitrarily assumed that global mean temperatures will stabilize at the 
level reached with an effective doubling of pre-industrial atmospheric CO2 concentrations. 
Solomon (1986) and Prentice et ai. (1991) have used gap models to investigate transient 
responses of forest ecosystems to changes in climate derived from GCM projections, but these 
simulations were regional rather than global in scale. . 

A central issue, now attracting international attention, is the role of northern forest 
ecosystems in the global carbon cycle, and in particular their potential sensitivity to climate 
change, i.e., "are they carbon sources or sinks, and are they likely to change?" (e.g., Tans et 
ai. 1990). Since net ecosystem productivity is closely tied to the net flux of carbon between 
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the atmosphere and vegetation, the large-scale integration of modelled ecosystem carbon 
pools and fluxes is a direct means of ca lculating regional and global carbon budgets, and 
hence determining whether the vegetation is a net sink or a source. Conversely, any 
independent assessment of the large-scale carbon budget can provide validation of the 
integrating approach, before using the latter to make projections of future changes in the 
carbon budget with climate. 

A fundamental question concerning this strategy is: "Can regional-scale carbon budgets 
be derived from simulations of ecosystem carbon dynamics?" The answer to this question 
requ ires a demonstration that large-scale integration of modelled ecosystem processes can be 
used to generate es timates of regional net carbon dynamics which will compare favorably 
with independent field measurements . The purpose of the work described in this paper was 
(1) to compare present-day regional-scale vegetation composition for the Canadian boreal 
forest estimated using ecosystem- and biome-level simulation models ; and (2) to compare the 
regional integrations of above-ground biomass carbon accumulation derived from these 
simulations, with a carbon budget assessment for the same region derived from statistical 
data using a prognostic carbon budget model. 

MODELS - DESCRIPTION AND INPUT DATA 

Three different models were used to assess the present day carbon storage of boreal forest 
ecosystems within the area covered by the Canadian prairie Provinces. These models operate 
under very different paradigms, and use very different data sources. Hence detailed 
agreement in their outputs was not expected. The purpose of the comparison was to see what 
differences existed and whether they could be resolved, hence leading ,to a better 
understanding of the limitations of each model. 

E cos y s t e m Pro c e ssM 0 del: FOR S K A 

FORSKA 2 is a forest gap-phase dynamics model of the genre originated by Botkin et ai. 
(1972) and Shugart (1984) , but with modifications designed to simulate landscape-level 
processes in boreal forest ecosystems. Developed by Prentice and coworkers (Leemans and 
Prentice 1989; Prentice et ai. 1993) for the simulation of ecosystem dynamics in Scandinavian 
boreal forests, it has not previously been applied to the mainly unmanaged boreal forest of 
North America. 

Monthly climate data (mean temperature , total precipitation and monthly br ight sunshine 
hours as a fraction of total daylight) were derived from Canadian Atmospheric Environment 
Service climate station 30 year normals (1951-1980) for a set of ten stations (AES 1983). 
These stations are distributed along an approximate northeast-southwest transect which 
coincides approximately with the area of the Boreal Forest Transect Case Study (BFTCS) 
(Figure 1). The BITCS was initiated by Forestry Canada as a contribution to the BOREAS 
project (BOREAS Science Steering Committee 1990), and designed to extend the one-year, 
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small-scale, detailed measurements and models of BOREAS over a much larger area and 
longer time period. The BFTCS area extends from the grassland transition in southern 
Saskatchewan, across the boreal forest to the subarctic woodland in northern Manitoba. 

, ----.J - ..... 
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• Climate stat ion 

BFTCS 

Figure 1. Map showing area of central Canada for which present-day above-ground carbon 
accumulation was estimated us ing three different models. The (<approximate 
position of the Boreal Fores t Transect Case Study (BFTCS) and of the climate 
stations used in the FORSKA simulation are also shown. 

For the FORSKA 2 s imulation reported here, individual species parameters were derived 
from the literature, primarily Burns and Honkala (1990), with some data derived from other 
gap models where appropriate (e.g. , drought tolerance indices were based on those used by 
Botkin et ai. 1972, 1992). Species-specific clima t ic parameters, such as minimum required 
number of growing degree days, and mean temperature of the coldest month, were 
es tabl ished from comparison of maps of these climatic parameters, with the species 
dis tribution maps published in Burns and Honkala (1990), as described in Prentice et al. 
(1991). Initial ru ns of FORSKA 2 revealed that some manipulation of the species parameters 
was needed in order to obtain realistic variation in species biomass and composition along 
the length of the transect. Biomass and species distribution were found particularly sensitive 
to values of the species-specific growth constant (derived from consideration of each species' 
shade tolerance and initial height growth (Leemans and Prentice 1989» and to the values for 
seedling establishment rate, which generally needed to be set to higher values than those 
previously used for European species. 
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For the position of each climate station, forest growth was simulated for one hundred 0.1 
ha plots over a period of800 years, at 2-year timesteps. Available soil water storage capacity 
was assumed to be 150 mm at all locations. Disturbances were assumed to be dependent 
solely on plot age, calculated using a Weibull function such that the probability of disturbance 
increased linearly with time, with an average (r.m.s .) return interval of 100 years (an average 
fire return frequency of 100 years is a reasonable approximation for the area of the transect). 
The biomass data (kt km-2) predicted for year 800 were then used to estimate above-ground 
carbon densities using a factor of 0.5 for the ratio of carbon content to dry biomass. 

B i 0 meR e s p 0 n s e Mod e I: B 10M E 

The BlOME 1 model (Prentice et 01. 1992) utilizes a Gleasonian approach to simulating 
potential natural vegetation based on knowledge of climate and elevation for 0.5 0 

latitudellongitude grid cells. It builds on the models of Woodward (1987) and Box (1981) 
which aimed to classify vegetation according to functional groupings rather than simple 
correlations of observed species distribution with climate. Although it shares some 
characteristics of the equilibrium projection models referred to earlier, it differs in that 
physiological parameters are used to explicitly describe the responses of plant functional 
types to environmental conditions. The simulated distribution of vegetation is based on an 
"environmental sieve" which compares the results ofa number of species-specific physiological 
functions with monthly climatic variables, and retains only the species which appear able to 
survive the climate estimated for each grid cell. 

Monthly mean temperature and total precipitation values were taken from AES data for 
386 selected climate stations, spread across Alberta, Saskatchewan and Manitoba and near 
the borders of neighbouring Provinces and Territories (AES 1983). Monthly percentage of 
bright sunshine data were derived from maps of monthly global solar radiation (McKay and 
Morris 1985), digitized on a 1 degree latitude by 2 degree longitude grid and then 
interpolated to the coordinates of each station CE.H. Hogg, personal communication, 1992). 
A regression equation was established between the interpolated monthly total surface solar 
radiation (St, MJ m-2) and the recorded monthly sunshine (P s ' hr) taken from AES records for 
51 stations (i.e., 612 monthly data pairs), as follows: 

p. = 0.364St + 42.4 (r2 = 0.93) (1) 

This regression equation was used to estimate the monthly total sunshine for the 
remaining 335 climate stations. The average monthly total hours of daylight were computed 
as a function of latitude using standard procedures for calculating daily solar declination 
angles and daylengths (e.g., Gates 1980). These values were then combined with the 
corresponding values of p. to obtain monthly sunshine percentages. 

The BlOME 1 model was used to predict the equilibrium vegetation types expected to 
occur in each 0.5 degree latitudellongitude grid cell. The climate data described above were 
interpolated to the grid, using adiabatic temperature corrections for the mean elevation 
occurring within each grid cell. After summing the areas of the cells falling within each 
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simulated vegetation type, total (i.e. above- plus below-ground) carbon storage within each 
biome was estimated using average carbon density values derived from Olson et ai. (1983). 

Car bon Bud get Mod e I: C B M - C F S 2 

The Carbon Budget Model of the Canadian Forest Sector (CBM-CFS) links the carbon 
dynamics of ecosystem disturbances, growth processes, and forest management actions within 
an integrated framework. It is fully documented by Kurz et al. (1992), with more recent 
enhancements reported by Kurz and Apps (1993). 

The Phase 2 version (CBM-CFS 2) uses current forest and soils inventory data, coupled 
with government and industry statistics on losses from fire and insect attack, and utilization 
of harvested material, including by-products, end-use and decay rates (in buildings and land
fills). From these inputs, the model tracks the pools and fluxes of ecosystem carbon for 42 
large spatial units derived from the intersection of the Canadian ecoclimatic provinces (EPs) 
(Ecoregions Working Group, 1989) and the administrative provinces. The pools comprise 
forest biomass (above- and below-ground), soils (including detritus) and wood products, while 
the fluxes are the net transfers of carbon among these pools and net exchanges with the 
atmosphere; due to recognized natural and anthropogenic processes. The estimates of these 
terms in the carbon budget for each spatial unit are then summed by the model to generate 
a national forest sector annual carbon budget assessment. 

In CBM-CFS 2, large-scale forest responses to environmental conditions are prescribed 
rather than simulated (i.e., parameters are predefined for factors such as regeneration delay, 
maximum biomass, growth rate and soil decomposition rate), to allow possible consequences 
for the C budget to be investigated; no attempt is made to simulate the detailed effects of 
changes in climate and management on ecosystem structure and function. Growth curves 
for a range of forest types were parameterized from biomass and age-class data obtained from 
Canadian national inventories (Bonnor, 1982, 1985; Forestry Canada, 1988). Since these 
inventories are classified in CBM-CFS 2 on the basis of EP and site quality, as well as stand 
characteristics, climate and soils are not treated as explicit driving variables affecting 
vegetation biomass dynamics. The CBM-CFS 2 does however, simulate the effects of climate 
on soil decomposition processes using mean annual temperature for each of the ecoclimatic 
provinces identified in the simulation. 

For the simulation reported here, the area of the three Canadian prairie provinces was 
divided into 10 spatial units, and the model used to generate an annual carbon budget for 
the year 1989. Only the portion of this area for which forest inventory data report the 
presence of biomass was considered. Estimates of above- and below-ground carbon storage 
and density were calculated by spatial unit, and then aggregated for the four EPs found in 
the three provinces: boreal forest, cordilleran forest, subarctic woodland and grassland 
transition (aspen parkland). 
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RESULTS 

Resolution of area estimates 

Above ground carbon densities and storage estimated by the CBM-CFS 2 and BlOME 1 
are shown in Tables 1 and 2 respectively. It can be seen that the total areas for the region 
reported in these tables differ by a factor of 2. The smaller total area of 967,098 km2 for the 
database used by CBM-CFS 2, does not include non-inventoried forest, non-forested land and 
water surfaces. Conversely, the area of 1,962,689 km 2 used by BlOME 1 is very close to the 
official combined area for the three provinces (1,963,180 km 2

). 

Distributions of vegetation boundaries 

The results of the BlOME 1 simulation, shown in Figure 2, generally indicate very good 
agreement between the boundaries of its simulated biomes and the currently accepted 
boundaries of the Ecoclimatic Provinces. The approximate areas and positions of the biomes 
classified as "Taiga" and "Cool Grass/Shrub" correspond very closely to the current positions 
of the western boreal forest and grassland EPs. Further, BlOME 1 successfully recreated the 
general northwest-southeast alignment of these major biomes. Hogg also observed that the 
boundary between these two EPs can be defined very successfully on the basis of a simple 
potential evapotranspiration/precipitation ratio (E. H. Hogg, personal communication, 1992), 
supporting the notion that a climatic gradient is the dominant factor separating these zones. 
Between these two biomes, BlOME 1 predicts a narrow strip of vegetation classified as "Cold 
Mixed Forest" and "Cold Deciduous Forest", with "Cool Conifer Forest" at the western and 
eastern ends. The simulated mixed and deciduous forests coincide with the "Grassland 
Transition" ecoclimatic region, characterized by mixtures of prairie and drought-limited aspen 
bluffs. The western extent of "Cool Conifer Forest" corresponds approximately to the 
cordilleran coniferous forest of the Alberta Foothills, but in the east, the vegetation in reality 
is a combination of prairie and boreal forest. In the northeast, the real distribution of 
Subarctic woodland corresponds fairly well with BlOME l's classification of "Northern Taiga", 
although much of this area is in reality subarctic wetlands with relatively few trees. A small 
patch of "Cold Deciduous Forest" predicted around Athabasca Lake (in northern 
Saskatchewan) does not occur in reality. In the southwestern montane areas of the Rockies, 
all vegetation types are predicted, including tundra, and most of these vegetation types do 
occur to some extent in reality. 
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Figure 2. Map showing results of the BlOME 1 simulation. Each rectangular area is a 
0.5 x 0.50 latitudellongitude grid cell. The white lines superimposed on the 
diagram indicated the approximate positions of the Canadian Ecoclimatic Provinces 
(EPs) as defined by the Ecoregions Working Group (1989). 

Table 1. Estimates of present (1990) carbon density and storage for the major ecoclimatic 
provinces within the Canadian prairie provinces, as determined by CBM-CFS 2. 
(Totals may not add up due to rounding.) Note that these areas do not include non
inventoried forest land. NG: abov~-ground, BIG: below-ground. 

Ecoclimatic Province 

Boreal West 
Cordilleran 

Grassland 
Subarctic 

REGION 

258 

Area 

km2 

763,074 

93,621 
25,915 
84,488 

967,098 

Carbon Density 

NG BIG Total 
kt km-2 kt km-2 kt km-2 

1.73 0.53 2.26 

4.22 1.16 5.38 

1.80 0.66 2.45 
0.60 1.82 7.82 

1.87 0.57 2.44 

Carbon Storage 

NG BIG Total 
Mt Mt Mt 

1,319 406 1,725 
395 108 503 

47 17 64 
51 15 66 

1,811 547 2,358 



Table 2. Estimates of total (i.e . above- and below-ground) biomass carbon density (from 
Olson et al. 1983) used by the BlOME 1 model, and of total carbon storage within 
the areas of the simulated biomes, as shown in Figure 2. 

Simulated Number Area Carbon Carbon 
Biome of Cells Density Storage 

Low Med High Low Med High 

km2 kt km-2 kt km-2 kt km-2 Mt Mt Mt 

Tundra 6 11,315 0.5 0.8 1.3 6 9 15 

Wooded tundra 3 5554 1.0 2.0 5.0 6 11 28 

Northern taiga 57 96,740 2.0 5.0 8.0 193 484 774 

Southern taiga 685 1,207,377 4.4 8.7 11.7 5,312 10,504 14,126 

Cool conifer 113 210,048 12.0 16.8 20.0 2,521 3,529 4,201 
Cold mixed forest 33 63,717 6.0 10.0 14.0 382 637 892 

Southern cold 89,210 4.4 8.7 11.7 392 776 1,044 49 
deciduous forest 

Cool mixed forest 2 3,703 6.0 10.0 14.0 22 37 52 

Cool grass/shrub 135 265,150 0.5 1.0 2.4 133 265 636 

Temperate 5 9,875 8.0 10.0 14.0 79 99 138 
deciduous forest 

REGION 1088 1,962,689 4.6 8.3 11.2 9,046 16,351 21,906 

Transect area 

Estimates of carbon density derived from total above-ground biomass simulated by 
FORSKA 2 for each of the 10 climate stations along the t ransect area are presented in Table 
3. When viewed in the context of the BFTCS, the predicted variation in total biomass along 
the transect corresponds very closely to the pattern of variation observed in the field . For 
example, the mean simulated above-ground carbon density for the stations located within the 
Boreal West EP is approximately 1.65 kt km-2, compared to 1.73 kt km-2 reported by 
CBM-CFS 2. The agreement in these values is possibly fortuitous, but it does give confidence 
that a stand-level simulation approach may be used to generate realistic estimates of biomass 
and carbon density for use in larger scale integrations, as proposed by Price and Apps (1993). 

The relative contributions of different species to the simulated carbon storage totals shift 
very significantly, from aspen and pine dominating in the southern boreal fores t, to mixtures 
of pines and spruces in the mid-boreal and spruce-dominated stands in the north. Simulated 
biomass accumulation declines markedly at Churchill where the characteristic vegetation is 
tundra with relatively few tre~s. At the southern end (Medicine Hat), FORSKA 2 predicts 
virtually zero carbon storage because it simulates only the forest biomass and not the shrub 
and herb contributions. In reality, this area is dominated by grassland and tree cover is very 
sparse . Conversely, BlOME 1 does predict significant above-ground biomass in the Cool 
GrasslShrub b iome, because it simulates the presence of vegetation other than forest. 
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Table 3 . Estimates of carbon density derived from above-ground average forest biomass 
simulated by FORSKA 2 for each of 10 climate stations located along the length of 
the boreal forest transect (BFTCS) (as shown in Figure 1). Stations marked with 
• lie within the boundaries of the Boreal EP. (It should also be noted that Gillam 
is located almost on the boundary with the Subarctic EP, and therefore could be 
considered as part of the boreal forest.) 

Climate Station Latitude Longitude Carbon Density 
kt km-2 

Churchill (Man.) 58° 45 N 94° 04 W 1.20 

Gillam (Man.) 56° 21 N 94° 42 W 1.87 

Thompson (Man.)· 55° 48 N 97° 52 W 1.46 

Wabowden (Man.)· 54° 55 N 98° 38 W 2.17 

Flin Flon (Man.)· 54° 46 N 101° 51 W 1.95 

Waskesiu Lake (Sask.)* 53° 55 N 106° 55 W 1.97 

Nipawin (Sask.)* 53° 20 N 104° 00 W 1.09 

Prince Albert (Sask.)* 53° 13 N 105° 41 W 1.16 
Rosthern (Sask.) 52° 40 N 106° 20 W 0.42 
Saskatoon (Sask.) 52° 10 N 106° 41 W 0.11 

Medicine Hat (Alta.) 50° 01 N 110° 43 W 0.02 

Distributions of carbon density 

The estimates of potential average carbon storage derived from BlOME 1 given in Table 
2 assume a homogeneous distribution of uniform sites, without lakes (except for those cells 
shown as blanks in Figure 2), and without consideration of the effects of human activity such 
as forest management and changes in land use . Effects of natural disturbances on carbon 
density are assumed to be implicitly accounted for within the Olson et al. (1983) database. 
By comparison, the CBM-CFS 2 estimates of carbon storage (Table 1) are based on real forest 
inventory data which take water surfaces, wetlands, and areas of disturbed and managed 
land into account. Consequently, it is to be expected that CBM-CFS 2 would produce 
somewhat lower estimates of total regional carbon storage than BlOME 1. After allowing for 
the 50% smaller land area represented in the CBM-CFS 2 simulation, the discrepancy in 
these estimates however, amounts to a factor of about 2.0 (i.e., assuming the "low" carbon 
density values are used for BlOME 1), which cannot be expla ined solely on the basis of 
potential vegetation compared to detailed inventory data. Even if the CBM-CFS 2 database 
included the remaining uninventoried land area , it would certainly produce a significantly 
lower estimate of total carbon storage, because the uninventoried areas are known to contain 
much lower average carbon densities. 
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DISCUSSION 

The estimated densities of above-ground biomass carbon per unit land area used by CBM
CFS 2 generally agree extremely well with those obtained independently by Botkin and 
Simpson (1990), who reported an average above-ground carbon density for the boreal forest 
of approximately 1.9 kt km-2 compared to the CBM-CFS 2 values of 1.87 for the entire region 
and 1.73 for the Boreal West EP (Table 1). (Olson et al.'s "low" values of 4.6 and 4.4 kt km-2 

used in the BlOME 1 simulation (Table 2) are for total carbon , and should be compared to 
CBM-CFS 2 values of 2.44 for the region and 2.26 for Boreal West). Using the map given 
in Botkin and Simpson (1990), their value for above-ground carbon storage for the forested 
part of the region was estimated at 2.2 Gt carbon . The corresponding total reported by 
CBM-CFS 2 is about 1.8 Gt carbon, based on the smaller inventoried area. 

Table 4 compares the BlOME 1 results with those from CBM-CFS 2 at the level of 
individual biomes. Since only four EPs were considered by CBM-CFS 2, it was necessary to 
group the 10 biomes simulated by BlOME 1 into analogs of the real EPs (Table 4). Total 
carbon densities are in serious disagreement for the three forested EPs, although the 
estimates for the grassland EP agree fairly closely. If instead of using the Olson et al. (1983) 
data, the carbon densities calculated by CBM-CFS 2 were used to estimate carbon storage 
for the biomes predicted by BlOME 1, then total storage would decrease from about 9.0 Gt 
to 5.0, of which approximately 3.9 Gt is in the forested biomes. Since this would treat the 
region as being covered with "potential vegetation", i.e., assuming man's recent historical 
influence over land use, harvesting, and incidence of fi res had not occurred, then the 
assessment of total above-ground carbon storage based on BlOME l's predicted vegetation 
distribution would seem to compare reasonably well with the CBM-CFS 2 estimate of total 
forest carbon storage. 

All three models may be used to investigate aspects of transitional responses of Canadian 
prairie and boreal forest vegetation to a changing climate. The BlOME 1 model is able to 
predict the large-scale distributions of boreal vegetation in response to climate very well, but 
its estimates of biomass and carbon storage are obviously limited by the quality of carbon 
density data assigned to its simulated biomes. Moreover, it does not simulate the effects of 
ecosystem disturbances as triggers for changes in ecosystem state. Clearly, improving the 
estimates of carbon (or biomass) density for each of the recognized biomes will result in better 
predictions of the carbon stored within them. On the other hand, FORSKA 2 was able to 
generate realistic estimates of species composition and biomass on a very small scale, and as 
Prentice et al. (1991) have shown, it can be used to investigate transient responses to changes 
in climate and other factors. One possibility being considered is to run FORSKA 2 using the 
climate normals for all the 386 climate stations used in the BlOME simulation. The data so 
generated should be adequate to produce a map of simulated vegetation for the entire region. 
The distribution of simulated vegetation would then be compared to Figure 2, while the 
estimates of carbon density (and average annual fluxes) could be compared to the data 
generated by CBM-CFS 2. 
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Table 4. Potential total carbon density and storage for the four EPs within the Canadian 
prairie provinces, using areas derived from the BlOME 1 simulation, but comparing 
the Olson et al . (1983) "low" estimates of carbon density from Table 2 with those 
reported by CBM-CFS 2 in Table 1. 

Ecoclimatic Province Carbon Carbon Storage 
Density 

Total Olson et CBM- Olson et CBM-
Area al CFS 2 al CFS 2 

km 2 kt km-2 kt km-2 Mt Mt 

Boreal W 1,207,377 4.4 2.26 5,312 2,729 
S. Taiga 

Cordilleran 210,047 12.0 5.38 2,521 1,130 
Cool Coniferous Forest 

Grassland 431,655 2.34 2.45 1,009 1,058 
Cool Grass/Shrub, Cold 
Mixed, Cold Deciduous, Cool 
Mixed, Temperate Deciduous 
Forest 
Subarctic 113,609 1.80 0.78 205 89 
N. Taiga, Tundra, Wooded 
Tundra 

REGION 1,962,688 4.6 2.55 9,046 5,006 

CONCLUSIONS 

The diverse modelling approaches to estimating forest carbon storage reported here 
illustrate some of the key problems associated with scaling from small numbers of point
sample data to large-area estimates. The BlOME 1 model was able to predict the areal 
distribution of different vegetation types with reasonable accuracy, but its estimates of areal 
carbon storage appear to be greatly exaggerated, mainly because it uses above-ground storage 
densities based on inadequate data. In comparison , more systematic assessments of boreal 
fores t biomass indicate lower values of above-ground carbon density and storage are more 
correct. The CBM-CFS 2 model was parameterized using carbon density da ta based on 
Canadian forest inventories and hence produced results consistent with these lower values. 
The FORSKA 2 model, which simula ted boreal forest ecosystem dynamics independently, was 
able to produce estimates of carbon density that were very consistent with the lower values. 
In order to simulate responses to climate change, it therefore appears necessary to undertake 
large numbers of detailed simulations of carbon dynamics at the ecosystem level before 
performing the spatial sca ling required to produce regional - and larger scale estimates. 
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