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The overwhelming majority of experts in both developed and developing countries recognize that while scientific uncertainties exist, there is little doubt that the Earth's climate has warmed over the past 100 years in response to human activities (combustion of fossil fuels and land-use changes) and that further human-induced changes in climate are inevitable (figure 1).  The question is not whether climate will change further in the future in response to human activities, but rather by how much, where and when.  


It is also clear that climate change will, in many parts of the world, adversely effect socio-economic sectors, including water resources, agriculture, forestry, fisheries and human settlements, ecological systems (particularly coral reefs), and human health (particularly through an increased exposure to vector-borne diseases). Indeed, more people will be adversely affected by climate change than be benefited, and the greater the rate and magnitude of change the more adverse the consequences.  

The good news is, however, that significant reductions in net greenhouse gas emissions are technically feasible due to an extensive array of technologies in the energy supply, energy demand and agricultural and forestry sectors, many at little or no cost to society.  However, realizing these emissions reductions involves the development and implementation of supporting policies to overcome barriers to the diffusion of these technologies into the market-place, increased funding for research and development, and effective technology transfer.  

The near-term challenge for industrialized countries is to achieve the Kyoto targets, i.e., a reduction in overall emissions of six greenhouse gases (or families of gases) by an average of 5.2 per cent below 1990 levels in 2008 – 2012.  T
he longer-term challenge is to meet the objectives of Article 2 of the UN Framework Convention on Climate Change, i.e., stabilization of greenhouse concentrations in the atmosphere at a level that would prevent dangerous anthropogenic interference with  the climate system, with specific attention being paid to food security, ecological systems and sustainable economic development.

This paper briefly discusses the carbon cycle in the context of the Kyoto Protocol.  However, before discussing the Kyoto Protocol, we summarize the current status of the carbon cycle. 
· The global carbon cycle
· Figure 1 summarizes the main pools and fluxes in the global carbon cycle in the 1990s.  Each year approximately 60 Gt C are exchanged, in each direction, between the atmosphere and terrestrial ecosystems, and another 90 Gt C, in each direction, between the atmosphere and the oceans.  Currently, both the oceans and terrestrial systems show net uptakes of carbon.  Terrestrial systems have a net uptake of about 1.4 Gt C / y (uptake of 3.0 Gt C / y offset by c. 1.6 Gt C / y in emissions from land-use change) and oceans uptake 1.7 Gt C / y.  Before the industrial era, uptakes balanced emissions in both these exchanges when averaged out over the decadal to century variations in weather patterns.  

· There have been slower variations in the balance between these exchanges and atmospheric concentration of CO2 has varied between the bounds of 180 and 280 ppm over the past 420,000 years in a regular pattern (Fig. 2).  Falkowski et al (2000) have argued that the tight bounding of atmospheric concentrations of CO2 results from the interplay between ocean and terrestrial sources and sinks.  Oceans dominate the global carbon cycle over time scales of decades to millennia.  The most important processes are the solubility pump, whereby CO2 is taken up in the cold waters of high latitudes and transported towards the equator, and the biological pump, whereby phytoplankton remove carbon from the upper ocean and transport a significant fraction of this to the deeper ocean.  Higher concentrations of CO2 enhance the solubility pump although higher temperatures may partially offset this and may also increase ocean stratification which, in turn, slows the transfer of carbon to the deep ocean.  The biological pump is also sensitive to nutrient transport from terrestrial systems, thus the ocean and terrestrial carbon cycles are intimately linked.  The overall controlling mechanisms probably involve physical and chemical reorganization of the ocean and changes in nutrient inventories.

· Human perturbation of the carbon cycle

· Human activities, primarily through the combustion of fossil fuels and land-use changes, have and are continuing to perturb the carbon cycle, increasing the atmospheric concentration of carbon dioxide, methane, nitrous oxide and other greenhouse gases.  Since the industrial era these perturbations have led to atmospheric concentrations of CO2 that greatly exceed the 280 ppm upper bound that appears to have operated over at least the past 420,000 years.
· From about 1850 to 1990 human activities are estimated to have added about 336 Gt C to the atmosphere; 212 Gt C from the burning of fossil fuels and 124 Gt C from land-use change.  A total of 144 Gt C have remained in the atmosphere and models estimate that oceans have taken up another 107 Gt C which implies that terrestrial systems have taken up about 85 Gt C (LULUCF Chpt 2 and TAR WGI Chpt 3).  
· The terrestrial sink
· Thus, the terrestrial biosphere has been a net source of carbon (net 39 Gt C source made up of 85 Gt C uptake but 124 Gt C of emissions from land cover change) since 1850.  However, over the past several decades the terrestrial biosphere appears to have become a net sink (Table 1X).  In the 1980s net terrestrial uptake (uptake less emissions from land-use change), as estimated by established modelling and isotope measurements, was 0.2 ( 0.7 Gt C / y and this increased to 1.4 Gt C / y in the 1990s.  In the 1980s emissions from land-use change were approximately 1.7 Gt C / y which implies that the uptake by terrestrial ecosystems was about 1.9 Gt C / y.  Emissions from land-use change during the 1990s are not yet well established, but if they were similar to those in the 1980s, uptake by terrestrial ecosystems appears to have increased to about 3 Gt C / y (TAR WGI Chpt 3).
· These estimates have major implications for the goals of the UNFCCC and the Kyoto Protocol.  They lead to questions of what is causing this increase in uptake by terrestrial ecosystems, where is it occurring, by how much does it vary from year to year and for how long will it continue?  The answers to each significantly affect our best approach to achieving the objective of the UNFCCC of preventing dangerous anthropogenic change to the climate system. 
· Several processes are likely to contribute to this increased sink in terrestrial ecosystems.  Increased concentrations of CO2 and increased nitrogen deposition are both likely to contribute to increased growth in vegetation.  Also, in high latitudes climate warming and lengthening growing seasons may already be contributing.  In many parts of the world (e.g. the USA and many parts of Europe) land use has become less intense over recent decades allowing forests, woodlands and shrublands to regenerate after extensive clearing or degradation over the past century or so. In other parts of the world (e.g. southern Africa, USA and Australia) land management practices appear to be leading to shrub and tree invasion in areas that were once more open.  Thus, there are multiple causes and these vary from place to place and possibly from year to year.
· Location of the terrestrial sink

· There are two approaches to determining the location of the terrestrial sink.  The first is based on forest and other inventories, which are of variable quality and coverage across the globe.  The second is by atmospheric transport inversion analysis (inverse models) in which circulation and biological models are used to work backwards from measured concentrations of CO2 (or other trace gases) and measured emissions data to estimate where carbon is being stored or released by terrestrial and ocean systems.  The results from inverse models are still unreliable, depending very much on the geographic resolution selected, the particular models used and the mathematical techniques applied.

· An original estimate by Fan et al (1998) that the coterminous USA was a terrestrial net sink of 1.4 Gt C / y from 1998-92 has led to a series of alternate analyses.  The overall results suggest that the USA is a sink but possibly of lesser magnitude (averaging about 0.6 Gt C /y according to a series of inverse analyses by Pacala et al, 2001).  Most models point to a significant sink in Eurasia (c. 1.7 Gt C / y from Pacala et al 2001).  Results from tropical lands vary but cluster around zero, which after taking into account emissions from land clearing, implies that tropical ecosystems are a significant sink of 1 to 2 Gt C / y. 

· Variability of the terrestrial sink

· The variation in uptake by the terrestrial sink from year to year is significant, especially when compared with the targets associated with the Kyoto Protocol (0.2 Gt C / y below 1990 levels and about 0.7 Gt C / y below business-as-usual scenarios).  Annual net uptake by terrestrial ecosystems is estimated (via inverse analyses) to vary by as much as 3 Gt C / y about the mean value (Bousquet et al 2000) and over a five-year commitment period the cumulative variation could be 5 Gt C or more.  Most of the variation derives from terrestrial ecosystems and is strongly linked with El Niño.  In strong El Niño years global terrestrial uptake falls and the rate of increase in atmospheric CO2 can double that of the average.  These variations are not uniformly distributed across the globe with the net uptake across the USA, for example, varying from +1 to –1 Gt C / y from 1989-90 to 1994-95.  If further studies confirm these conclusions, they imply significant challenges in designing a measuring, verification and compliance system for a ratified Kyoto Protocol.

· Origin of the terrestrial sink

· Recent studies have attempted to identify the processes contributing most to the terrestrial uptake.  The best information is from the USA where Pacala et al (2001) reviewed a number of studies to develop Table 1X.  Forest processes and wood products account for over half of the terrestrial sink with another major contribution from woody encroachment (also called wood weeds, or vegetation thickening), which is the invasion of grasslands or open woodlands by woody tree and/or shrub species after changes in grazing and fire management practices.  The total uptake is higher than previous inventory based, but less complete, estimates (Birdsey & Heath 1995; Houghton et al 1999; Brown & Schroeder 1999) but is compatible with the inversion analyses described above.

Table 1X  Sinks for carbon in the coterminous USA 1980-90 (Gt C / y).  From Pacala et al (2001)

	Category
	Low estimate
	High estimate

	Forest tress
	0.11
	0.15

	Other forest processes
	0.03
	0.15

	Wood products
	0.03
	0.07

	Woody encroachment
	0.12
	0.13

	Cropland soils
	0.00
	0.04

	Reservoirs (alluvium, colluvium)
	0.01
	0.04

	Net exports of food, wood etc 1)
	0.04
	0.09

	Exported by rivers 1)
	0.03
	0.04

	Total
	0.37
	0.71


1) These both create a corresponding source elsewhere.  

· The question remains as to what are the causes of the net terrestrial sink, since over a long period the net terrestrial sink in the USA should be approximately zero.  Schimel et al (2000) used three models to estimate the uptake due to CO2 fertilisation in the USA and concluded that only about 0.08 Gt C / y of net uptake was due to this process.  They also concluded that net uptakes due to other processes such as nitrogen fertilisation and climate warming were also of a similar magnitude or smaller.  If these estimates are correct, they imply that the most of the forest uptake is due to changes in forest age structure.  Significant areas of farmland were abandoned or converted to forest during the 20th century and these forests, along with woody encroachment, make a significant contribution to the net sink (Schimel et al estimate 0.2 Gt C / y).  The USA in its submission to the UNFCCC before COP6 used an estimate that forest management in the USA contributed a net sink of 0.288 Gt C / y.

· The balance between CO2 fertilisation, nitrogen deposition, climate warming and age structure change due to forest regrowth will vary from region to region across the globe.  The outcome of the processes is that on average about 3 Gt C per year are taken up by terrestrial ecosystems but this can vary by ( 2 to 3 Gt C per year.  This uptake plays a significant role in reducing the rate of increase in CO2 in the atmosphere and is matched by a similar (slightly smaller) uptake into ocean systems.  Identification of the relative contributions to the terrestrial sink remains important as the UNFCCC and the Kyoto Protocol seek that nations take action to reduce the human induced emissions and increase the human induced uptakes of greenhouse gases.  The definition of human induced remains open to debate but at the COP7 meeting in Marrakech the parties agreed to exclude “(i) elevated carbon dioxide concentrations above their pre-industrial level; (ii) indirect nitrogen deposition; and (iii) the dynamic effects of age structure resulting from activities and practices before the reference year”.  This will prove a significant scientific and accounting challenge.

· The future of the terrestrial carbon cycle

· Observational evidence suggests that terrestrial carbon fluxes are highly variable from year to year and may be showing a trend of increasing uptake.  Several models of the terrestrial carbon fluxes have been developed independently and when compared produce a similar result (Fig. 2).  They show that the net terrestrial sink will increase until about the middle of the 21st century peaking at 4 to 7 GT C /y uptake, after which it will decline to approach zero by as early as the end of the century (Cramer et al xxxx).  Some models predict more dramatic results with terrestrial ecosystems becoming net sources again within this century (xxxx).

Two of the important elements of the Kyoto Protocol which affect the carbon cycle will be briefly discussed, i.e., (i) carbon trading among industrialized countries (Articles 6 and 17), and between industrialized countries and developing countries (Article 12), and (ii) the use of land-use, land-use change and forestry (LULUCF) activities to mitigate greenhouse gas emissions (Articles 3.3, 3.4 and 12).  

International carbon trading through Article 17 (emission rights trading) can significantly reduce the cost of compliance with the Kyoto Protocol targets for industrialized countries.  This occurs because of the presence of “hot air” in the Russian Federation, i.e., the Kyoto targets for the Russian Federation are significantly greater than the projected emissions in 2010 due to the economic downturn in the Russian Federation.  Thus the Russian Federation can sell its surplus emissions to other industrialized countries.   In the absence of international trading, the cost of complying with the Kyoto Protocol for industrialized countries are projected to range from about $150-600/tC with GDP losses ranging from 0.2 - 2%.  Where-as with full trading among industrialized countries the costs of compliance are reduced to $15-150/tC with GDP losses ranging from 0.1 - 1% (figure 3).   These estimated costs could be further reduced with use of the Clean Development Mechanism (Article 12 allows project-based trading between industrialized countries and developing countries), carbon sequestration through LULUCF activities, non-carbon dioxide greenhouse gases, inclusion of ancillary benefits and efficient tax recycling.  If all cost reduction activities could be realized then GDP growth rates are projected to slow only by a few hundreds of a percent per year. 

Biological mitigation can occur by three strategies: (a) conservation of existing carbon pools, (b) sequestration by increasing the size of carbon pools, and (c) substitution of sustainably produced biological products.  
To operationalize key provisions associated with LULUCF activities within the Kyoto Protocol a number of issues had to be addressed: 

· Definitions of a forest, afforestation, reforestation and deforestation  

· The current agreement (COP7) allows each Party to define a forest by choosing a canopy cover between 10 and 30%, a minimum tree height between 2-5 m, and a spatial extent between 0.05 - 1 ha.   
· However, Parties are yet to decide whether biome specific definitions may be used after the first commitment period.  
· The definitions of afforestation, reforestation and deforestation all use land-use change as a criteria, with afforestation being on land that has not been forested for at least 50 years, and reforestation on land that has not been forested since 1990.  These definitions have the effect of precluding credit for activities that involve the clearing of forests (after 1989) to subsequently claim a credit for reforestation.

· How to address issues such as the harvesting - regeneration cycle, and aggradation and degradation in forested systems

· The harvesting-regeneration cycle and the issue of aggradation and degradation of forests will be dealt with through forest management under Article 3.4.

· Whether the indirect effects of human activities, e.g., carbon dioxide and nitrogen fertilization can be credited or only the direct effects of human activities, e.g., planting trees  

· Article 3.3 states that net changes in greenhouse gas emissions from sources and removals by sinks resulting from “direct human-induced” land-use change and forestry activities, limited to afforestation, reforestation, and deforestation since 1990, measured as verifiable changes in stocks in each commitment period shall be used to meet the commitments in this Article of each Party included in Annex I.   
· Therefore, 
· a key question for the scientific community is whether the “direct” effects of human-induced activities, i.e., the growth increment due to “normal” forest growth following afforestation or reforestation can be separated out from the growth increment due to “indirect” human-induced activities, e.g., that due to carbon dioxide and nitrogen fertilization, changes in age structure and climate change? The IPCC Special Report on LULUCF concluded that for activities that involve land-use changes (e.g., conversion of grassland/pasture to forest) it may be very difficult, if not impossible, to distinguish with present scientific tools that portion of the observed stock change that is directly human-induced from that portion that is caused by indirect or natural factors, such as that due to climatic variability. Emissions and removals from natural causes such as El Niño may be large during any one commitment period compared with an industrialized countries commitment.

· Which activities are eligible under Article 3.4; whether to limit Article 3.4 credits during the first commitment period; whether “business-as-usual” carbon uptake can be credited, and whether the “direct” effects of human activities can be separated from the “indirect” effects.

· Article 3.4 states that Parties will “… decide upon modalities, rules and guidelines as to how, and which, additional human-induced activities related to changes in greenhouse gas emissions by sources and removals by sinks in the agricultural soils and the land-use change and forestry categories shall be added to, or subtracted from, the assigned amounts for Parties included in Annex I, taking into account uncertainties, transparency in reporting, verifiability, and the methodological work of the IPCC …”.  Such a decision shall apply in the second and subsequent commitment periods, but a Party may choose to apply such a decision on these additional human-induced activities for its first commitment period, provided that these activities have taken place since 1990.  

· The key question is whether these activities must commence after 1990 or whether activities initiated before 1990, but that are continued after 1990, are eligible.  If the latter interpretation were to be used then industrialized countries would automatically have an annual credit of about 1.5 Gt C without enacting any additional activities, i.e., the current net uptake of the terrestrial biosphere in industrialized countries.  This credit would far exceed their obligations under the Kyoto Protocol, which amount to a decrease of about 200 Mt C per year in 2010 relative to 1990.  The issues of which activities will be eligible, whether credits could be obtained from pre-1990 Article 3.4 activities and whether the “indirect” effects had to be subtracted from the “direct” effects were all finessed by the Parties for the first commitment period by simply allocating each country a maximum allowable credit for forest management activities under Article 3.4 and by measuring credits for other Article 3.4 activities against a baseline year (1990).
· It should be noted that for activities that involve land-management changes (e.g., tillage to no-till agriculture), it should be feasible to distinguish between the direct and indirect human-induced components, but not to separate out natural factors
, through the use of control plots and modeling. 
· How to address the issues of permanence

· The issue of the permanence of sinks, which are reversible through human activities, disturbances, or environmental change, including climate change, is a more critical issue than for activities in other sectors, e.g., the energy sector.  A pragmatic solution is to ensure that any credit for enhanced carbon stocks on a particular plot of land due to Article 3.3 or 3.4 activities is balanced by accounting for any subsequent reductions in those carbon stocks on the same plot of land, regardless of the cause.

· Which carbon stocks need to be, and can be, measured? 
· The Parties agreed that all carbon stocks that are decreasing, and all carbon stocks for which credit is being claimed, must be measured.  However, if it can be shown that a specific stock is increasing, but is difficult or costly to measure it does not need to be measured;
· Technical methods sufficient to serve the requirements of the Protocol exist for above ground stocks (above ground biomass, including litter) and most likely for below ground stocks (below-ground biomass and soil carbon);
· Industrialized  Industrialized countries generally have the technologies available, but few currently apply them routinely for monitoring, where-as developing countries may require assistance to develop the necessary capacities and cover costs.  
Given that methods and research results are highly transferable between countries, rapid improvement in monitoring capabilities should be expected.

· Which, if any, LULUCF activities are eligible under Article 12 the Clean Development Mechanism (CDM)
· Parties agreed that afforestation and reforestation activities are eligible under Article 12, the Clean Development Mechanism, but credits for avoided deforestation or Article 3.4 type activities will not be eligible for the first commitment period.  In addition, credit to Annex I countries for LULUCF activities under the CDM are limited to 1% of their 1990 emissions.  
· Given the significant potential of avoiding carbon emissions by slowing deforestation, and the concurrent benefits to biodiversity and water resources, the development of accounting rules that address issues such as permanence, baselines, leakage, sustainability criteria and national sovereignty rights under the CDM are urgently needed.
A key question is what is the potential for LULUCF activities to sequester carbon under Articles 3.3, 3.4 and 12 during the first commitment period.  The following estimates do not include any contribution from the current terrestrial uptake.  There are significant uncertainties in the following “best” estimates, primarily because of assumptions made regarding areas affected, carbon sequestration rates and the rate of adoption of improved management techniques by foresters and farmers.

· The potential carbon credits for industrialized countries through afforestation, and reforestation activities during the first commitment period is relatively small, i.e., 20-30 Mt C per year assuming current rates of afforestation and reforestation continue.  This compares to a potential debit of about 90 MtC per year if current rates of deforestation continue.  

· The potential for carbon credits under the CDM from afforestation and reforestation projects during the first commitment period is between 350 and 400 Mt C per year, however, the total credits allowable to industrialized countries is limited to 1% of their 1990 emissions, i.e., about 40 Mt C.  The potential carbon credits for avoided deforestation (not allowed during the first commitment period) equal the rate of deforestation, i.e., about 1.6 Gt C per year.

· The potential carbon credits for industrialized countries through Article 3.4 activities during the first commitment period is about 260 Mt C per year from improved management (forest, cropland, rangeland and agroforestry and about 25 Mt C per year from land-use change (cropland to grasslands) (figure 4).

· The potential carbon credits for Article 3.4 activities in developing countries during the first commitment period is about 300 Mt C per year from improved management (forest, cropland, rangeland and agroforestry and about 400 Mt C per year from land-use change (primarily the conversion of degraded lands to agroforestry) (figure 4).

· There is also significant potential for using modern biomass to displace fossil fuels as a source of energy, but these activities are not accounted for under the LULUCF Articles, except for the standing biomass in the plantations.

The IPCC also estimated the potential global carbon uptake using LULUCF activities over the next 50 years for activities started after 1990, not including any contribution from the current terrestrial uptake.  The estimated global potential is on the order of 100 Gt C (cumulative) by year 2050, equivalent to about 10 to 20% of projected fossil-fuel emissions during that period, although there are substantial uncertainties associated with this estimate. Realization of this potential depends upon land and water availability as well as the rates of adoption of land management practices. The largest biological potential for atmospheric carbon mitigation is in subtropical and tropical regions.
Two questions are often asked: (i) is it possible that sequestered carbon can be released back into the atmosphere due to changes in climate; and (ii) is it possible that LULUCF activities can have negative climatic or socio-economic effects.  With respect to the first question, some of the LULUCF sequestered carbon could be released back to the atmosphere due to changes in climate, but this is unlikely for many decades.  Even then there would still be more carbon across all carbon pools than without the LULUCF activities, and any carbon released can be debited through an appropriate accounting system.  With respect to the second question, there may be a few instances, e.g., in boreal forests at high latitudes the benefits of carbon sequestration may be partially or fully offset by changes in surface albedo.  However, there is little incentive to plant forests for LULUCF credits in this region as growth rates are very low.  In addition, there is no doubt that LULUCF activities and projects can have a broad range of positive, and potentially negative, environmental, social and economic impacts on 
biodiversity, forests, soils, water resources, food, fiber, fuel, employment, health, poverty and equity.  Hence, a system of criteria and indicators could be valuable to compare sustainable development impacts across LULUCF alternatives.  In particular, slowing deforestation has multiple environmental and social benefits in most regions.

 In summary:

· Biological mitigation can occur through three types of activities: (a) conservation of existing carbon pools, (b) sequestration by increasing the size of carbon pools, and (c) substitution of sustainably produced biological products.  
· L
· ULUCF activities will result in the sequestration of carbon in three main pools, above and below ground biomass and soils for decades to centuries, for which monitoring systems can be put in place to monitor all three pools of carbon with the precision required to implement the Kyoto Protocol.
· The magnitude of trading under the CDM for LULUCF activities will be very limited given the absence of the US from the Kyoto Protocol, and the significant allowances made for sinks under Articles 3.3 and 3.4.
· LULUCF activities can play a critical role in limiting the build-up of carbon dioxide in the atmosphere, especially in the near-term, but to stabilize the atmospheric concentration of carbon dioxide (Article 2 of the Convention) will require significant emissions reductions globally, which can only be achieved by either reducing energy related emissions or by capture and storage of energy related emissions.
· LULUCF activities buy time to transform energy systems to lower greenhouse gas emitting systems, but will allow more fossil carbon to transferred to the more labile biological pools, hence avoiding a tonne of carbon emissions is better than creating a tonne of sinks.
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