Carbon budgets and allocation in forest and tundra ecosystems
Carbon stocks in different ecosystems.

The different ecosystems of the world have different ability to store carbon, dependent on climate and soil conditions.  Because of high soil temperatures and rapid decomposition rates the carbon stocks in tropical soils are very limited, although the photosynthesis and carbon input is high (Jenkinson et al. 1991). On the other hand the boreal forest, the boreal and temperate wetlands and the subarctic tundra regions have a high capacity for carbon storage in organic soil and forest biomass. Also the cultivated land in boreal regions (e.g. Canada) contributes significantly to the carbon budget (Bhatti et al. 2002, Oechel & Billings 1992). Decomposition rates are generally low in water-logged areas, and in particular in the peatlands (Oechel & Billings 1992) due to anaerobic conditions (Martikainen et al. 1993)

The major fluxes and controls on plant growth and decomposition in response to CO2 are influenced by climatic variables and soil conditions (water, nutrients).

Allocation in plants
Carbon and nitrogen is transported from the production sites (source) to the sites of growth or to storage organs (sinks). The carbon and nitrogen balance in plants over the day and season is determined by these source-sinks relationships (cf. Thornley 1972), and is strongly dependent on life form (annuals, perennials) and age structure of leaves (evergreens, deciduous) and environmental factors, e.g.

· temperature (nutrient uptake rates)

· light

· water stress

The 14C assimilated in pine needles is translocated to actively growing sites, i.e. to shoots at early season and to roots at late season. The NEE (net ecosystem efficiency) is therefore decreasing during the season. Similar relationship is found in birch seedlings at different altitudes. The allocation of starch in different functional groups of trees during the year varies according to climate and growth form (evergreen, deciduous).
These relationships are also very much influenced by annual temperature (=length of growing season), and as a result the total C allocated to roots is higher at high mean annual temperatures than at low temperatures.

Age variations and feedback effects from forests.
In young stands a relatively high proportion of the total respiration cost is related to growth, while in old stands most of the respiration cost is related to maintenance. Accordingly there is a close relationship between relative growth rates and growth respiration. Forests with short rotation time (longevity) therefore are characterized by high photosynthetic nutrient use efficiency (NUE) than forests with long rotation time, and they also have higher uptake rates of nutrients. The water use efficiency and water uptake of a forest varies with the age of forest and with root depth.
Plants growing at limited nutrient supply have a high root respiration while plants growing at free nutrient access have a high growth respiration (=biomass and carbon accumulation), the difference is strongest in fast-growing species.

In black spruce stands (Chen et al. 2002) the carbon allocation (NPP) to fine roots and litter increases with stand age up to 50 years in unmanaged forests and up to 150 years in peatlands. The fine root proportion decreases with total root biomass. In accordance with this, the carbon accumulation in the surface layer in black spruce stands is shown to decrease with age (Chen et al. 2002). The carbon and biomass accumulation increases with rotation length (years) up to 200 years in trees, but only up to 100 years in litter and soil carbon. 
A higher proportion of the aboveground biomass is in the foliage in subtropical pine forests than in temperate and northern forests 

Aspen forests in western Canada reach maximum biomass (300 Mg ha-1) at 75 years while the corresponding figures for pine is 400 Mg ha-1 and 100 years, and for spruce 150 years and 500 Mg ha-1 These relationships are also reflected in the carbon content in trees, soil and litter.
In Norwegian boreal forests (Kjonaas et al. 2005) there is a gradual accumulation of carbon and nitrogen in biomass with stand age up to 120 years. The overall photosynthesis is highest in 60-year stands, mostly in trees, while in young clearcuts (10 years) and old stands (120 years) relatively more of the carbon will be in the ground layer vegetation. Similarly, the N uptake is relatively higher in the ground layer than in trees, and highest in young (10 years) and old (120 years) stands, where light conditions are more favorable than in closed stands of 30 and 60 years age.
On the other hand, the total nitrogen pool changes very little with stand age, because of the large N stocks in the boreal forest soil, while the carbon pool is rather low, and as a result the total carbon pool varies with stand age.
These relationships are also found in Canadian boreal forests (Harmon & Marks 2002), where the carbon stocks in disturbed soils (cultivation, logging, fire etc.) were found to be generally low, as compared with old-growth forests. Conversion to plantation takes 100-200 years in western hemlock forests.

Climate change effects on carbon balance
There has been a steady increase in the CO2 concentrations during the last 50 years, from 315 to 360 ppm (parts per million). CO2 levels may vary considerably during the year, due to variations in overall photosynthesis, in particular on the northern hemisphere. The recent increase in global CO2 concentrations is mainly due to increased output of fossil fuel.

Increased CO2 is expected to lead to higher absorption rates of long-wave radiation in the atmosphere (the greenhouse effect), thereby increasing temperatures. The recent observed global warming is mainly due to increased atmospheric CO2 level. According to the predictions, a future doubling of the CO2 level from 360 to 720 ppm would result in a 3-4oC increase in winter temperatures and 1-2oC higher summer temperatures.

During the last 100 years mean temperatures have increased by about 1.5oC, 

with a temporary warm period in the 1930-ies, followed by a colder period in 1965-75. The last 20 years there has been a strong increase of about 1oC  

in global temperatures. The temperature has shown cyclic variations due to the solar activity and the activity of the North Atlantic oscillation (NOA), expressed by annual mean temperature or annual temperature range (Conrad’s continentality Index)

Global warming is expected to have profound physiological effects on subarctic plant species, either directly through increased CO2 concentration or indirectly through raised temperature and impact on sensitive stages like seed reproduction, winter dormancy, migration rates and soil conditions (Huntley 1991, Callaghan 1993)

Adaptation to climate change in plants.

Plants have developed photosynthetic adaptation to the climate at their habitat, and they have the ability to adjust the CO2 exchange rates by acclimation to temperature, light and CO2 concentration 
Temperature.  Metabolic compensation (regulating the CO2 /O2 ratio) is a mechanism that increases the efficiency of photosynthesis in plants growing at low temperatures close to their distribution limits and with short growing season. Dark respiration rates are also increasing with altitude and latitude. Consequently the optimal leaf N concentration and photosynthesis is also increasing with altitude and latitude. Plants can also adapt by acclimation, i.e. when grown at different temperatures for a period of time. Low-temperature acclimation increases the respiration rates and decrease the photosynthetic rates in leaves, in contrast to high temperatures.  
Light.  The structure of leaves adapt to light conditions in order to maximize photosynthesis, developing into so-called “sun leaves” and “shade leaves”. Shade leaves are light saturated at lower light intensities than light leaves, their maximum photosynthesis rates and the light compensation point is lower. On the other hand the specific leaf area (SLA) is higher, as a result the dark respiration rates per unit area are lower, and the net photosynthesis rates at low light levels are higher than in sun leaves. This is also related to pigment composition, i.e. higher xanthophylls content and lower Chl a/b ratios than in sun leaves.  The photosynthetic nitrogen use efficiency (NUE) is increasing with light up to a maximum limit, and is higher in shade leaves than in sun leaves. The light use efficiency is highest in sun leaves. As a consequence, there is a close relationship between specific leaf area and nitrogen concentration in leaves.

CO2 and water stress.  Carbon dioxide acclimation by reduction of the carboxylating enzyme (Rubisco) in non-growing tissue is probably a feedback inhibition, i.e. when the rate of incorporation and/or export of photosynthetic products is low, leading to accumulation of starch in the chloroplasts. The relationship may also be illustrated by reduced photorespiration (O2 stimulation) at high irradiance. High CO2  also influences the water use efficiency (WUE), making it possible for plants to reduce their stomata opening, reducing the water loss at keeping the photosynthesis at the same level.

Effects of climate change on carbon budget and forest composition.

Disturbed ecosystems with limited capacity for carbon binding (=photosynthesis) the global warming may be temporarily changed from 

carbon sinks to carbon sources, e.g. 5-year clearcuts in western Canada

(Pypker & Freeden 2002). Another ecosystem that is supposed to be sensitive to global heating, is boreal and subarctic peatlands. Martikainen et al. (1992) showed that the methane fluxes out of boreal peatlands would decrease with increased drying, as a result the CO2 binding capacity would increase. Manipulation experiments with elevated CO2 on a tussock tundra in Alaska (Oechel & Billings 1992) showed that after an initial phase that extended for three years, the tussocks that had only been exposed to elevated 
CO2 shifted from carbon uptake (sink) to carbon output (source), probably due to nutrient limitation and CO2 acclimation, while the heated site increased the uptake of CO2 because of increased uptake rates of nutrients.

The effect of increased soil temperature on the nitrogen pool in the soil through decomposition seemed to increase the CO2 uptake more that the corresponding increased CO2 output due to increased decomposition (see also Karlsson & Nordell 1996). Reciprocal CO2 treatment reversed the carbon balance. 
In the same study (Oechel & Billings 1992) large differences between species in CO2 response. The fast-growing sedge Carex bigelowii showed strong positive response on the CO2 uptake rates and photosynthesis at high nutrient level, while the two slow-growing woody species Betula nana and Ledum showed no response. Similar relationships may be responsible for the large differences in CO2 response between fast-growing aspen forests and corresponding black spruce or white spruce forests in Canada (Yarie & Billings 2002), which may lead to a shift in forest types.  The increased global heating is also expected to increase the risk of drought stress and related disturbances (fires, insect attacks), as has already happened in the boreal forests of Alaska and northern Canada, further favoring fast-growing deciduous species with short rotation time. 
The carbon budget during the year in deciduous forests from northwestern Canada and from south-central Canada showed considerable variation between years (Barr et al. 2002). In 1998 high spring temperatures caused early budbreak and high NEP at the coastal northern site, but reduced NEP at the southern continental site due to temporary drought stress in May-June. Further, metabolic adaptation of respiration rates outbalanced the differences in soil temperatures between sites.    
Scenarios

A climate change of +4oC and +10% precipitation with (or without) WUE adjustment of 30% due to elevated CO2 will increase (decrease) GPP and NPP (gross and net photosynthetic production) while respiration will be unchanged.

During the last 80 years the NPP, NEP (net ecosystem productivity) and biomass has changed according to temperature changes, e.g.

· there has been an overall decrease in these parameters in boreal forests (slow-growing C3 species).

· There has been an overall increase in temperate forests (with fast-growing and C4 species)

As a consequence there is expected to be an accumulation of litter and carbon in western Europe up to 2040. Managed forest scenarios are:
· carbon stocks will increase in northern and southern Europe and stay at constant level in northwestern and central Europe due to increased deforestation.
Literature
Bhatti, J.S., Apps, M.J. and Tarnocai, C. 2002. Estimates of soil organic carbon stocks in central Canada using three different approaches. Can. J. For. Res. 32: 805-812. 

Chen, W., Chen, J.M., Price, D.T. and Cihlar, J. 2002. Effect of stand age on net primary productivity of boreal black spruce forests in Ontario, Canada. 

Can. J. For. Res. 32: 833-842.

Chiarello, N.R., Mooney, H.A. and Williams, K. 1989. Growth, carbon allocation and cost of plant tissues. In: Pearcy, R.W., Ehleringer, H.A., Mooney, H.A. and Rundel, P.W. (eds.): Plant Physiological Ecology, pp. 327-365. Chapman & Hall, London-N.Y.

Harmon, M.E. and Marks, B. 2002. Effects of silvicultural practices on carbon stores in Douglas-fir – western hemlock forests in the Pacific northwest, USA; results from a simulation model. Can. J. For. Res. 32: 863-877.

Jenkinson, D.S., Adams, D.E. and Wild, A. 1991. Model estimates of CO2 emissions from soil in response to global warming. Nature 351: 304-306.
Karjalainen, T. 2002. The role of boreal forestry in the global carbon budget. For. Ecol. Man. 169(1-2): 1-176.

Karlsson, P.S. and Nordell, K.O. 1996. Effects of soil temperature on the nitrogen economy and growth of mountain birch seedlings near its presumed low temperature distribution limit. Ecoscience 3(2): 193-189
Kjønaas, J.O., Strand, L.T., Skre, O., Børja, I., Clarke, N., De Wit, H.A. and Lange, H. 2005. Carbon and nitrogen pools in age chronosequences of Norway spruce in SE Norway. Plant and Soil (in press) 
Martikainen, P.J., Nykänen, H., Crill, P. and Silvola, J. 1992. The effect of changing water table on methane fluxes at two Finnish mire sites. Suo Mires and Peat 43(4-5): 237-240.
Maxwell, B. 1992. Arctic climate; Potential for change under global warming. In: Chapin, F.S. III, Jefferies, R.L., Reynolds, J.F., Shaver, G.R., Svoboda, J. and Chu, E.W. (eds.): Arctic Ecosystems in a Changing Climate, pp. 11-34. Academic Press.

Oechel, W.C. and Billings, W.D. 1992. Effects of Global Change on the Carbon Balance of Arctic Plants and Ecosystems. In: Chapin, F.S. III, Jefferies, R.L., Reynolds, J.F., Shaver, G.R., Svoboda, J. and Chu, E.W. (eds.): Arctic Ecosystems in a Changing Climate, pp. 91-110. Academic Press. 

Pypker, T.G. and Fredeen, A.L. 2002. The growing season carbon balance of a sub-boreal clearcut 5 years after harvesting using two independent approaches to measure ecosystem CO2 flux. Can. J. For. Res. 32: 852-862.

Skre, O. 1993. Growth of mountain birch in response to changing temperature. In; Alden, J., Ǿdum, S. and Mastrantonio, L. (eds.): Forest Development in Cold Climate, pp. 65-78. Plenum Press, N.Y.

Stewart, W.S. and Bannister, P. 1973. Dark respiration rates in Vaccinium spp. in relation to altitude. Flora 163: 415-421.

Weih,M. and Karlsson, P.S. 1999. The nitrogen economy of mountain birch seedlings; implications for winter survival. J. ecol. 87: 211-219.
Yarie, J. and Billings, S. 2002. Carbon balance of the taiga forest within Alaska; present and future. Can. J. For. Res. 32: 757-767.

