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ABSTRACT 

Agroforestry systems have been considered in helping to mitigate climate 

change. Through this study, we estimated the potential carbon sequestration of wood fiber 

plantations in Saskatchewan Gray Luvisolic and Dark Gray Chemozemic/Luvisolic soils 

and also identified research needs to improve future estimations. 

Estimations were done for all future scenarios of approximately 500 years. 

Scenarios differed in species composition, agroforestry adoption rate, carbon pools 

considered, and different approaches to account for forest products stocks. The time-step 

used in all accountings was the rotation length. 

The first set of scenarios consisted of single species wood fiber plantations, with 

all available farms converting 10 ha each to wood fiber plantations at one time. For these 

scenarios, carbon stocks were accounted in 2 pools (aboveground and belowground). Such 

scenarios resulted in hybrid poplar wood fiber plantations with highest carbon 

sequestration potential (91.3 Mt C), followed by trembling aspen (19.1 Mt C) and white 

spruce (17 .8 Mt C). 

For similar scenarios, but accounting for carbon stocks in 3 pools (aboveground, 

belowground, and forest products), trembling aspen and white spruce had similar carbon 

sequestration (0.4 Mt C), followed hybrid poplar ( -9 Mt C). This scenario for hybrid 

poplar was reproduced and the production approach was used to account for the forest 

products pool; and this resulted in -2.3 Mt C sequestered. 

Scenarios that considered a single species in wood fiber plantations at an average 

adoption rate 0.33% farms per year (1 0 ha per farm), and included carbon stocks in 2 

pools (aboveground and belowground), hybrid poplar had the highest carbon sequestration 

potential (65.5 Mt C), followed trembling aspen (15 Mt C) and white spruce (13.9 Mt C). 

For a similar scenario, but for half the farms adopting trembling aspen and other half 

adopting white spruce wood fiber plantations, the potential carbon sequestration was 15 

MtC. 

One scenario considered half the area planted to trembling aspen and half to 

white spruce, all at once (10 ha per farm), and accounted for carbon stocks in 2 pools 

(aboveground and belowground). This resulted in 18.5 Mt C sequestered. 
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The most important research needs include growth curves, conversion and 

expansion factors, and soil organic carbon measurements. These data are needed for each 

species, agroforestry design, and growth conditions (such as spacing, site quality, and 

stand management). 
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1.1 BACKGROUND AND MOTIVATION 

Chapter 1 
INTRODUCTION 

Climate change cannot be seen either as a static or irreversible process, but as 

a process that can be stopped depending on the choices that are made today. The 

actions taken now can mitigate the damages in the environment while, at the same time, 

adapting the environment to ongoing changes. Climate change effects in the 

environment, therefore, do not necessarily have to cause economic losses if the 

environment is better understood to cope with these changes. A better-informed society 

can make wiser decisions to avoid bad climatic changes or, aware of such changes and 

consequences, can improve decisions towards avoiding future economic failures. 

Among the greenhouse gases, carbon dioxide has received special attention 

for increasing in the atmosphere as a result of human activities. Carbon dioxide can be 

reduced by human actions through reducing emissions (by incorporating "cleaner" 

technology for example) and through enhancing vegetation uptake by photosynthesis. 

Agroforestry has received special attention as one option to enhance the carbon dioxide 

uptake by vegetation, as all countries agreed to consider agroforestry as an effort to 

fight climate change under the Kyoto Protocol. The adoption of agroforestry represents 

a step forward in mitigating climate change through carbon sequestration and also 

represents a step forward on adapting to climate change by providing for example 

shelter for crops and animals. 

Agroforestry can also link forestry needs to agricultural needs while 

enhancing both ecosystems' sustainability. Agroforestry can represent a solution for the 

future scarcity of wood in a growing international market, while relieving the pressure 

of harvesting from natural forests. In agriculture, agroforestry can decrease the 

vulnerability of specialized farms to price fluctuations by providing an option to 

diversify their source of income, while protecting biodiversity and soil and water 

quality. 

However, for decisions to be taken now to stimulate initiatives towards 

agroforestry to fight climate change, it is important to quantify its potential capability to 

mitigate the climate change through estimating its carbon sequestration potential and to 

recognize the limitations involved in doing so. 
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1.2 OBJECTWES 

A framework was developed to fulfill the following objectives of this thesis: 

1) To estimate carbon sequestration gains with the conversion of land use 

from agriculture to agroforestry systems (wood fiber plantations) in the Gray Luvisolic 

and Dark Gray Chernozemic/Luvisolic soils of Saskatchewan; 

2) To recognize limitations and identify further research needs in order to 

improve future quantifications of the carbon sequestration in agroforestry systems for 

the study area. 

Two indirect hypotheses underlie this thesis: that the conversion of 

conventional agriculture to agroforestry systems enhances the carbon sequestration in 

the study area; and that the carbon sequestration potential varies among the tree species 

selected to be used in agroforestry systems. 

1.3 ORGANIZATION OF THE THESIS 

The next chapters of this study are outlined as follows: Chapter Two has three 

parts: part 2.1 provides a literature review of the forestry and agriculture sectors in the 

context of climate change; part 2.2 provides a literature review on agroforestry aspects, 

and part 2.3 provides a literature review on the carbon cycle and the carbon 

sequestration accounting system. Chapter Three provides the methodology and data 

sources; Chapter Four provides the results in the form of future scenario simulations 

and discussions; and Chapter Five presents conclusions from future scenarios 

simulations, the application of research results, and future research needs. 
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Chapter 2 
LITERATURE REVIEW 

2.1 mE FORESTRY AND AGRICULTURE SECTORS IN THE CONTEXT OF 

CLIMATE CHANGE 

2.1.1 Canada, Saskatchewan and climate change 

The United Nations General Assembly, in 1988, identified climate change as a 

"common concern of mankind". In the same year, the World Meteorological 

Organization (WMO) and the United Nations Environment Programme (UNEP) 

established the Intergovernmental Panel on Climate Change (IPCC) (Benidickson, 

1997). The role of the IPCC was to provide scientific, technical and socioeconomic 

information relevant for the understanding of the risk of human-induced climate change 

(IPCC, 2001). 

The IPCC (1995) concluded that human activities, particularly the burning of 

fossil fuels and change in land-use patterns are increasing the atmospheric 

concentration of greenhouse gases (mainly carbon dioxide, nitrous oxide and methane) 

and aerosols. Scientists predict, according to this study, that increases in greenhouse 

gases and aerosols will lead to regional and global changes in climate and climate

related parameters such as temperature, precipitation, soil moisture, and sea level. 

Among the gases that cause the greenhouse effect, carbon dioxide is the main 

anthropogenic (human-caused) and one of the most important greenhouse gases 

(Canadian Council of Forest Ministers, 1997, Canadian Climate Change Secretariat, 

1999). Carbon dioxide remained constant in the environment for about 10,000 years, 

but has increased 30% in the past 140 years (Starke; 2001 ). According to Starke (200 1 ), 

greenhouse gases alter the planet's energy balance by trapping infrared radiation 

radiated from the earth's surface, thus causing a rise in the earth's temperature. Since 

global warming has been linked to greenhouse gases, it has become a major world 

effort to lower the concentration of these gases in the atmosphere. 

In 1992, meetings of the United Nations Conference on Environment and 

Development in Rio de Janeiro resulted in the opening of the United Nations 

Framework Convention on Climate Change (UNFCCC) for countries to sign. In 1994, 
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as Benidickson (1997) reported, the UNFCCC entered into force with the objective of 

developing an international agreement to stabilize greenhouse gas concentrations in the 

atmosphere at a level that would prevent anthropogenic interference with the climate 

system and allow ecosystems to adapt naturally to climate change, ensuring that food 

production would not be threatened and that economic development would proceed in a 

sustainable manner. Developed countries, as defined in the UNFCCC document, have 

the commitment to adopt national policies and to take corresponding measures on the 

mitigation of climate change, by reducing anthropogenic emissions and enhancing 

greenhouse gas sinks and reservoirs. 

In 1997, the major industrial nations met in Kyoto, Japan for the Third 

Conference of the Parties to the UNFCCC (COP-3), and agreed on reduction targets of 

greenhouse gas emissions by the frrst commitment period from 2008 to 2012 (Bureau 

of Oceans and International Environment and Scientific Affairs, 1998; The 

International Nuclear Forum, 2001, Watson et a/., 2000). Although Canada has not 

ratified the Kyoto Protocol, it must reduce its net carbon dioxide emissions by 140-180 

Mt per year over the first commitment period, which is a 6% reduction from 1990 

levels (Canadian Climate Change Secretariat, 1999; Bureau of Oceans and International 

Environmental and Scientific Affairs, 1998). 

To achieve this goal, actions have to be taken now. But so far, according to 

Pembina Institute for Appropriate Development (2000), Canada has not done enough to 

fight climate change. 

The Canadian Climate Change Secretariat (1999) considered two options to be 

best for Canada to meet its Kyoto emissions target: to lower its emissions of carbon 

dioxide; and to undertake afforestation and other land-use activities to improve its 

carbon uptake. Lowering the emissions of carbon dioxide, as the Canadian Climate 

Change Secretariat (1999) reported, would negatively affect industry, causing losses to 

the national economy, and lower competitiveness in the international economy. 

Afforestation, as the Canadian Climate Change Secretariat (1999) reported, would 

result in water quality improvement, forest restoration, habitat enhancement, soil 

conservation, erosion protection, sun protection, crop yield improvement, snow 

retention, and economic diversification. One option for afforestation is the adoption of 

agroforestry systems (Canadian Climate Change Secretariat, 1999). 
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It is important to recognize that sinks resulting from land-use changes have a 

modest role to play in the long-term climate change context (Canadian Climate Change 

Secretariat, 1999). As this the Canadian Climate Change Secretariat (1999) concluded, 

these activities cannot provide a permanent solution to the anthropogenic climate 

change problem when a truly long-term perspective (>100years) is adopted, as it 

becomes evident that there are biophysical and practical limits to how much carbon can 

be stored in forests and forest products. Nevertheless, ahhough these activities do have 

limited potential to offset emissions, they represent a valuable tool if used as an interim 

measure while implementing actions to reduce greenhouse gas emissions (Canadian 

Climate Change Secretariat, 1999). 

In the last 10 years, among the provinces which together are responsible for 

89% of Canada's total greenhouse emissions in 1997 (Alberta, British Columbia, 

Saskatchewan, Ontario and Quebec), Saskatchewan is the lowest in provincial efforts to 

fight the climate change (Pembina Institute for Appropriate Development, 2000). The 

Pembina Institute for Appropriate Development (2000) report that Saskatchewan is 

doing only 20.5% of the efforts it could be taking towards fighting the climate change, 

with lowest efforts in the energy utilities, enhancing awareness and understanding, and 

greenhouse gas emissions trading assessments 

While the Canadian provincial and federal governments dispute the 

responsibility over climate change, Canada, so far, has increased its greenhouse gas 

emissions from 1990 instead of lowering it (Pembina Institute for Appropriate 

Development, 2000). For Saskatchewan, the Pembina Institute for Appropriate 

Development (2000) reported that sources of greenhouse emissions are electricity and 

steam generation (24%), buildings (5.9%), transportation (16%), industry (32%), and 

other human activities (22% ). 

Saskatchewan is also the province with the highest rate of converting private 

forestlands to agriculture from 1911 to 1991 in Canada, causing large carbon dioxide 

emissions from land-use change (Canadian Climate Change Secretariat, 1998; Brady & 

Appleby, 2000). 

As the sectors causing most carbon dioxide emissions in Saskatchewan and in 

Canada are currently regulated by provincial governments and as international laws 

cannot be enforced, the provincial and federal government levels have a key role in 
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fighting climate change through making appropriate enforceable legislation 

(Benidickson, 1997). Benidickson (1997) suggested that a multi-government level 

approach such as the intergovernmental bilateral agreement would be best for Canada. 

The potential consequences of not taking actions to mitigate and adapt to 

climate change have been widely reported. Climate change is predicted to impact 

negatively the prairies' agricultural production, forest ecosystems, electricity 

production, insurance companies, recreation and tourism, water supply and demand, 

aquatic ecosystems, wildlife, and biodiversity (Herrington eta/., 1997). Herrington et 

a/. (1997) compared climate change effects to the 1988 drought in Saskatchewan, 

which increased Saskatchewan's thermal generation of energy and resulted in an 

increase in the volume of energy imports. As Herrington eta/. (1997) reported, while 

purchased electricity costs increased by 28.9%, the thermal power stations faced 

operational problems. Herrington eta/. (1997) reported that insurance companies and 

policyholders might be unable to afford higher premiums, which accompany higher 

risk, and insurance costs may increase as well the taxpayer's contribution to support 

increased prices of insurance. Warmer temperatures would reduce and could even 

compromise snow ski resorts activities; would encourage algae and plant growth that 

could lead to fish kills, reduce recreational fishing, and also decrease the quality of 

water to water-based activities (e.g. swimming and water skiing) (Herrington et al., 

1997). Herrington eta!. (1997) concluded the scarcity of water would, in turn, increase 

the demand for good quality water for human and animal consumption. They also 

suggest that species tied to semi-permanent or seasonal wetlands can be expected to be 

the most affected by the climate change in the prairies and become extinct. 

2.1.2 Climate change and the forestry sector 

Global warming is expected to cause both short-term and long-term effects in 

the boreal forest. All predictions indicate that temperature will increase, and increase 

more in the winter than in the summer (International Institute for Applied Systems 

Analysis, 2000; Stewart et al., 1997; Singh & Wheaton, 1991). However, as many 

Global Circulation Models predict, not all places will experience a steady increase in 

temperature, and locations with minimum and maximum temperature anomalies will 

change with time (International Institute for Applied Systems Analysis, 2000). 

6 



An increase in temperature is expected to lead to an increase in precipitation 

(International Institute for Applied Systems Analysis, 2000; Stewart et al., 1997; Singh 

& Wheaton, 1991). However, the increase in precipitation would not compensate for 

the increased evapotranspiration, and droughts would occur (Herrington et al., 1997). 

For the Prairies, Herrington et al. (1997) reported that the drought of the late 

1980s resulted in reduced volume growth, increased seedling mortality, and increased 

disturbances compared to the previous 50 years- diseases (tent caterpillar and spruce 

budworm) and frres. Herrington et al. (1997) and Stewart et al. (1997) predicted that 

boreal forest vegetation growth and regeneration would be positively affected in some 

areas, while negatively affected in other areas. As the geographical distribution of 

boreal forest species is controlled by temperature and precipitation, the boreal forest is 

also predicted to shift to new species composition as a result of climate change (Singh 

& Wheaton, 1991; Burton & Cumming, 1995). 

Stewart et al. (1997) concluded, from an extensive literature review that, in 

the next century, with suitable conditions, the boreal forest would migrate northwards 

into areas currently suited to sub-arctic and tundra ecosystems. At the same time, as 

Stewart et al. (1997) reported, the climate at the southern edge of the boreal forest 

would change to conditions more suited to temperate forests and grasslands. The boreal 

forest would then shrink considerably from its present size, as a result of its southern 

boundary migrating faster northwards than its northern boundary (Stewart et al., 1997). 

This would result in a decreased forest carbon storage capacity. 

Wetlands and peatlands could also dry out as a result of climate change, losing 

their ability to sequester carbon dioxide and releasing great amounts of carbon dioxide 

and methane in the atmosphere, further contributing to the global warming (Singh & 

Wheaton, 1991 ). 

So far, the effects on the northern portion of the boreal forest are evident. A 

receding permafrost zone and a noticeable warming in permafrost temperatures have 

been observed in forest and tundra regions (Stewart et al., 1997). More recently, as 

Stewart et al. (1997) report, an increase in the vegetation productivity between 45 and 

70 degrees north has been detected in conjunction with the improvement of seed 

production by boreal tree species along the northern boreal forest. Disturbances related 
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to frre appear to have increased relative to the period prior to 1970 and accelerated 

phenological development in spruce has been detected (Stewart et al., 1997). 

Even though most predictions agree on the consequences of climate change at 

the global scale, climatic parameters such as precipitation, temperature, and solar 

radiation intensity remain somewhat difficult to predict (International Institute for 

Applied Systems Analysis, 2000; Waring & Running, 1998). Difficulties arise due to 

the current limitations of understanding and representing climatic changes and also 

transfer global information to regional or local scales (Waring & Running, 1998). 

These, in turn, result in uncertainties about the timing, location, and rate of projected 

changes as well as the potential benefits of the climate change impact in the boreal 

forest (Stewart et al., 1997). 

The Canadian economy depends greatly on forestry activity. In 1998, 

Canada's balance of trade would have been in a deficit if there were not the 

contribution of forest products exports (Canadian Forest Service, 1999b ). A loss of the 

current area due to the shrinkage of the boreal forest then would greatly affect the 

Canadian economy. Forest companies would be forced to move northwards and, if the 

boreal forest continues to shrink, the forestry sector may no longer be able to operate in 

this region some time in the future. 

The total value for products' export has continuously increased in Canada 

(Canadian Forest Service, 1999b). The Canadian Forest Service (1999b) reported that 

the value of forest products exports in 1998 reached $39.7 billion, 2.1% above the 

previous year, and 5.8% above the previous decade. The market for forest products, as 

the Canadian Forest Service (1999b) concluded, has consistently increased and shifted 

induced by the exports. Such products have shifted from lumber, wood pulp and other 

printing papers to composite panels and prefabricated buildings (Canadian Forest 

Service, 1999b ). 

Saskatchewan, with only 6.9% of Canadian forestlands, was responsible in 

1998 for 1.7% of Canada value products' exports (Canadian Forest Service, 1999b). 

From that, according to the Canadian Forest Service (1999b), 38% was exported as 

wood pulp, 28% as other paper and paperboard, 27% as softwood lumber, and 6% as 

waferboard. The main export markets for these products in 1998 were the U.S. (83%), 

European Union, Japan, Central and South America (Canadian Forest Service, 1999b ). 
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The market for export is growing for Saskatchewan, as well as for Canada. 

Mistik Management (Mike Martel, personal communication) and Weyerhaeuser 

Corporation (Darryl Sande, personal communication) predict a shortage of wood 20 

years from now. Mak et a/. (1999) projected that the areas of Meadow Lake, Prince 

Albert and Hudson Bay will see a reduction of the wood supply over the coming 5 to 10 

years. Climate change forecasts are incompatible with this growing market for forest 

products, and the economic losses would be enormous for Canada. 

Adaptation and mitigation strategies include managing stands to reduce fires, 

prescribed burning, managing forest fuel, preserving and enhancing biodiversity, and 

managing forest landscapes that are becoming increasingly fragmented (Herrington et 

a/., 1997). Forestry companies, according to Herrington et a/. (1997), can replace 

natural species by planting better adapted species when the natural species die, or move 

to those locations where timber becomes more abundant. However, the adaptation of 

the wildlife would be more difficult (Herrington et a/., 1997). 

Agroforestry can help to mitigate the climate change directly through its own 

carbon sequestration potential; or indirectly if, through releasing the harvesting pressure 

over natural forests, these forests are better managed to sequester carbon. In this 

context, rural areas can have a valuable contribution, as these areas are the most 

accessible and productive forestlands in Canada (Mak et al., 1999). With only 6% of 

the forested area in Canada, they currently supply 19% of all round timber harvested in 

the country, 79% of maple products, 79% of firewood and 100% of Christmas trees 

(Government of Quebec, 2000). 

2.1.3 Climate change and the agriculture sector 

One quarter of Canadian farms (26.5%) are in Saskatchewan. Saskatchewan 

has the largest number of farms in Canada with revenues of $10,000 and over, with 

main activities in grain and oilseed (Agriculture and Agri-Food Canada/ Statistics 

Canada, 1998). 

After the end of subsidized grains transport, farmers in Saskatchewan were 

expected to move away from dependence on just a few traditional crops to better 

protect themselves from the income risks associated with price downturns and extreme 
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climatic events (Statistics Canada, 2000; Agriculture and Agri-Food Canada/ Statistics 

Canada, 1998). 

However, as the grain and oilseed showed a high profitability- especially in 

1996- farmers in Saskatchewan have opted towards specialization (Agriculture and 

Agri-Food Canada/ Statistics Canada, 1998). As a result, Saskatchewan farmers only 

slightly increased their farm diversification from 1994 to 1999 (Statistics Canada, 

2000). Statistics Canada (2000) reported that while the south central agricultural area of 

the province showed the greatest shift towards diversification, the north agricultural 

area of the province showed an increase in specialization. Specialized farms can 

contribute more to the ongoing climate change through environmental damages and 

land-use conversion, and also be more affected by the climate change compared to 

diversified farms as all production is affected equally. 

Farmers aiming to enhance productivity to better compete in a global 

economy have also converted marginal lands to agriculture, including wetlands and 

peatlands (bogs) (McRae et al., 2000). This practice, as the McRae et al. (2000) 

reported, has negative effects in productivity, soil quality, wildlife habitat, and increase 

in greenhouse gases. 

Rosenzweig & Hillel (1993) coupled General Circulation Models (Goddard 

Institute for Space Studies and Geophysical Fluid Dynamic Laboratory) with the 

CERES crop model and explored a scenario for the Great Plains with double the 

concentration of carbon dioxide in the atmosphere. They predicted for the Great Plains, 

droughts worse than those in the 1930s for all stations, with lower yields for wheat. 

They also predicted that climate change would be more detrimental to typical summer 

crops than to those crops whose main growing season is in the spring. 

Herrington eta/. (1997) reported that most models' predictions for the prairies 

show that agricultural activities will be most limited by the availability of water, and 

farmers may have to relocate to northern parts of the province. Herrington eta/. (1997) 

also suggested that higher temperatures can increase the risk of insect infestation. And, 

given the potential changes in crop production variables, they estimated a 10% to 30% 

decrease in current yields. 

To adapt to climate change, Herrington et al. (1997) reported that farmers will 

need to irrigate their crops, which can contribute even more to the scarcity of water, and 
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disputes over good water quality for livestock and crops are expected to become 

frequent. 

Agroforestry is among the available options to increase adaptation to climate 

change (providing shade and erosion protection), while at the same time increasing 

farm diversification and preventing (mitigating) ongoing climate change through its 

carbon sequestration potential. Other positive effects of agroforestry include the 

improvement in the environment, wildlife habitat, and soil and water quality. 

Agroforestry perhaps is the only available option that can provide farmers with a 

product that can wait to be commercialized without storage costs or extra input costs, 

and therefore can play an important role in strengthening farms against economic 

losses. 

2.2 AGROFORESTRY ASPECTS 

2.2.1 Agroforestry definition 

Many authors have defined Agroforestry as follows: 

The International Centre for Research in Agroforestry (2001): "Agroforestry is a 

dynamic, ecologically based, natural resources management system 

that, through the integration of trees on farms and in the agricultural 

landscape, diversifies and sustains production for increased social, 

economic and environmental benefits for land users at all levels." 

Peters & Hodge (2000): "Agroforestry is an intensive land management that optimizes 

benefits (physical, biological, ecological, economic, social) arising 

from biophysical interactions created when trees and/or shrubs are 

deliberately combined with crops and/or livestock. Simply put, 

agroforestry is agriculture and forestry combined." 

Beetz, A. (1999): "Agroforestry is a farming system that integrates annual crops and/or 

livestock with long term tree crops. The trees are managed as an 

independent farm enterprise." 

Mak et al. (1999): "Agroforestry is a land use system that incorporates the deliberate 

use of woody perennials on the same unit of land as agricuhural crops 

and/or animals, either in some form of spatial arrangement or time 
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sequence. Agroforestry systems allow for the concurrent production 

of trees and crops on the same land (or in some cases on the same 

landscape units)." 

According to Latham & Grado (1999), the combinations in agroforestry 

systems are applicable to a wide range of land areas, and are limited only by the 

landowner's objectives and by the land's characteristics. 

Although the economic viability of agroforestry systems for Saskatchewan 

has been questioned, this activity needs to be understood in a broader and more flexible 

concept, rather than a ftxed idea to a particular set of designs. Josiah (2000) showed 

that unused fence lines, roadsides, woodlots, marginally-productive upland fields, 

frequently flooded bottomland or streamside areas, dry pivot irrigation comers, or just 

out-of-the-way and hard-to-farm small parcels, represent potential places where 

agroforestry systems can be adopted with the advantage of not having to compete with 

crop revenues to be economically viable. 

2.2.2 Agroforestry in Saskatchewan 

Agroforestry has its roots in the Third World where population pressure has 

forced indigenous peoples to concurrently produce food and fuel (wood) crops from the 

same land base (Gordon, 2001). The introduction of agroforestry systems to North 

America has been a slow process, perhaps because earlier generations viewed forest 

resources as infinite or perhaps because forestry and agriculture have been considered 

distinct activities. However, if resources are to be preserved for the future generations, 

their utilization need to optimized in a sustainable manner and agroforestry is an 

important tool in this context. 

In Saskatchewan, agroforestry is an idea in its formative stages. However, 

because producers in this province are only now realizing this industry's potential, 

Saskatchewan is behind the rest of Canada in agroforestry adoption (Harris, 1999). 

Nevertheless, there are currently some initiatives in Saskatchewan, which can 

help to popularize the adoption of agroforestry systems. 
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The Prairie Farm Rehabilitation Administration (PFRA) has been researching 

the application of agroforestry practices in Saskatchewan for more than I 0 years, 

ranging from technical considerations to processing and marketing concerns. However, 

PFRA has been mostly involved with one particular type of agroforestry system

windbreaks or shelterbelts- for traditional agricultural enterprises, through the PFRA 

Shelterbelt Centre (Mak et al., 1999). 

From 1985 to 1995, much of the funding to promote woodlot management in 

Saskatchewan came from cost shared forestry agreements with the federal government 

(Mak et al., 1999). Mak et al. (1999) reported that services to landowners, included 

extension activities (field demonstrations, workshops, etc.), management advice, free 

management plans for landowners, and incentive funding for silviculture activities for 

landowners with approved plans. Mak et al. (1999) reported that agreement funding 

was also used for sectoral administration and studies. The Saskatchewan Christmas 

Tree Growers, as Mak et al. (1999) reported, used some of the funding for 

communication and administration. Currently, the Farm Woodlot Association of 

Saskatchewan continues to receive funding from federal-provincial agriculture 

agreement, and continues to provide some extension services (Mak et al., 1999). 

The Saskatchewan Agroforestry Advisory Committee is a group of 

representatives from the Farm Woodlot Association of Saskatchewan (FW AS), 

Saskatchewan Agriculture Saskatchewan Agriculture and Food (SAF), Saskatchewan 

Environment (SE), and the Canadian Forest Service (CFS), which is committed to share 

information and set policy direction regarding to agroforestry in Saskatchewan (Mak et 

al., 1999). 

Despite the little agroforestry initiatives, the past depletion of carbon rich soils 

in Saskatchewan due to intensive agricultural activity, places this province with great 

potential to use agroforestry to mitigate climate change (Mak et al., 1999). Mak et al. 

(1999) concluded that the carbon sequestration due to land-use conversion from 

agriculture to agroforestry can be used to offset emissions from other economic sectors. 
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2.2.3 Agroforestry potential benefits 

One or multiple benefits can come from properly designed agroforestry 

systems. Among these are: 

• Diversification of income source (Watson et al., 2000; Mak et al., 1999; 

Canadian Climate Change Secretariat, 1998) minimizing economic losses 

due to high reliance on a few products. Revenues can be diversified through 

selling wood or other products that are compatible with timber crops, such as 

fruits, nuts, mushroom, medicinal plants, craft materials, floral products, etc 

(Latham & Grado, 1999). 

• Increased forest production, as it represents one more source of wood for 

wood processing facilities (Mak et al., 1999; Watson et al., 2000); 

• Increased crop yields. According to PFRA Shelterbelt Centre (2000a), wheat 

can increase an average of 3.5% in yield when combined with mature 

shelterbelts. Crops are expected to benefit from the nutrient cycle of trees as 

trees can cycle nutrients that would be lost under the crops roots zone 

otherwise (Peterson & Peterson, 1992). 

• Improved wastewater management while stimulating trees' growth. Waste 

that can contaminate the ground water can be broken down and absorbed by 

trees' roots (USDA National Agroforestry Center, N.D.). At the same time, 

these wastes contain water and also large amounts of nitrogen, phosphorous, 

potassium, magnesium, calcium, and sulphur, which can stimulate tree 

growth (USDA National Agroforestry Center, 2000). These wastes can come 

from municipal sewage treatment plants, livestock operations (such as 

dairies, hog confmements, cattle feedlot, and poultry barns which generate 

both solid and liquid waste), irrigated farming operations (which contains 

nutrients, pesticides, and other compounds), and industrial processing wastes 

(USDA National Agroforestry Center, N.D.). Hybrid poplar can be of special 

interest as it can break down chemicals (due to its large quantity of fine 

roots) and is potentially good for particulate wastes and sediment attached 

microbes, nutrients and pesticides although it is generally less effective for 

dissolved nutrients and pesticides (USDA National Agroforestry Center, 

1997). 

14 



• Reduced incidence of plant disease, and therefore reduced pest management 

inputs (Latham & Grado, 1999; Canadian Climate Change Secretariat, 1998). 

• Decreased need for weed control, such as on the comers of irrigated circle 

pivots (Kuhn, 2000/200 I). 

• Improved water and frost management. Both trees and crops can benefit from 

that as the available soil moisture retention increases (Latham & Grado, 

1999; McRae et al., 2000; PFRA Shelter belt Centre, 2000b ). 

• Reduced damage due to flooding, through slowing peak flows of water 

(Watson et al., 2000; Mak et al., 1999; Canadian Climate Change Secretariat, 

1998). 

• Stabilized stream banks (Latham & Grado, 1999). 

• Improved soil quality (structure and fertility) through addition of organic 

matter to the soil and reduced erosion through wind protection (McRae et al., 

2000; Canadian Climate Change Secretariat, 1999; Watson et al., 2000). That 

results in less soil organic carbon loss, therefore increasing the long-term 

sustainability (productivity) of agricultural activities. 

• Decreased livestock feeding. The amount of feed required to maintain the 

body temperature increases when animals are not protected from the wind 

(wind chill) (Quam et al., 1994 ). 

• Improved habitat for wildlife (terrestrial and aquatic) and humans (Watson et 

al., 2000; Mak et al., 1999; Canadian Climate Change Secretariat, 1998; 

Latham & Grado, 1999, McRae et al., 2000). Through enhancing wildlife 

habitat (providing wildlife with travel corridors, shelter, nesting and brood 

cover; and food for many small mammals, furbearers, game birds, and 

songbirds), landowners may want to enter in the hunting and recreation (e.g. 

bird watch, and sport fishing) industries (Latham & Grado, 1999; Watson et 

al., 2000). 

• Improved farms aesthetics, as people commonly find areas without trees 

''unnatural" or undesirable (Watson et al., 2000). 

15 



In the climate change context, agroforestry has the potential to provide 

Saskatchewan and Canada with the following benefits: 

• Reduced carbon dioxide emissions, through enhancing carbon sequestration 

potential in plants and soil (Natural Resources Defense Council, 2000; 

McRae et al., 2000). Eventually, that can convert both agriculture and forest 

systems from carbon sources to sinks. 

• Released pressure of harvesting over natural forests, so that natural forests 

could be better managed to sequester carbon (Watson et al., 2000); 

• As afforestation will be considered in the Kyoto Protocol as an effort 

mitigating climate change, countries can use agroforestry systems to offset 

carbon dioxide emissions from other economic sectors (Watson et al., 2000). 

2.2.4 Categories of Agroforestry Systems 

According to Mak et al. (1999), agroforestry systems can be placed in three 

mam categories of arrangements: Block-arrangements, row-arrangements, and 

temporal-arrangements. The following defmitions of each agroforestry category were 

provided by Mak et al. (1999). 

Block-arrangements: "Types of agroforestry systems consisting of agronomic 

or forage practices with an integral tree or shrub practice that is 

arranged spatially in a block or rectangular pattern. Trees or shrubs 

are most times concentrated in one location in the field. Examples of 

agroforestry systems with these arrangements: extensive silvopastoral 

systems, multistory cropping, and wood fiber plantations." 

Row-arrangements: "Types of agroforestry systems consisting of agronomic 

or forage practices with an integral tree or shrub practice that is 

arranged spatially in a row or strip pattern (the width of individual 

strips typically does not exceed 100 feet). Examples of agroforestry 

systems with these arrangements: shelterbelts, alley cropping, and 

riparian forest buffers." 

Temporal-arrangements: "Types of agroforestry systems consisting of 

agronomic or forage practices alternating with trees or shrubs over 

time. The same land unit serves for both practices, but not 
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concomitant. Examples of agroforestry systems with these 

arrangements cannot be found in North America." 

2.2.5 Types of agroforestry systems practiced in North America 

2.2.5.1 Silvopastural 

This system deliberately combines trees with forage and livestock production 

with both tree and pasture managed for production, although systems can emphasize 

one over the other (Beetz, 1999). In the early years of establishment, crops or hay are 

harvested from the planting. Trees are planted after two years, as they are less 

susceptible to be damaged by livestock, and grazing is begun (Beetz, 1999). 

Trees in this system can protect livestock from temperature extremes by 

blocking cold wind and snow in the winter, and providing shade in the summer (Peters 

& Hodge, 2000). According to Peters & Hodge (2000), livestock benefit from improved 

forage quality and reduce the need for chemical or mechanical vegetation control. 

Among the design options are: trees planted in rows, trees planted individually 

(scattered trees) through the pasture, or trees planted in groups (Peters & Hodge; 2000). 

Mak et al. (1999) reported that trees in this system are usually managed for 

pulpwood, saw logs, and/or Christmas trees. 

2.2.5.2 Wood fiber plantation 

Trees can be block planted as a separate field within an agricultural operation, 

and the tree-to-tree distance adjusted to produce optimum amounts of wood fiber (Mak: 

et al., 1999). Mak et al. (1999) reported that although the plantation itself may be a 

monoculture, economic and environmental integration with agricultural operations can 

occur across a landscape or operating unit basis. 

2.2.5.3 Woodlots 

Trees are spatially arranged in blocks within an agricultural operation (Mak et 

al., 1999). Although in practice there is no accepted delineation that distinguishes 

woodlots from fiber plantations, trees in woodlots are generally not planted (i.e., 
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converted from natural stands) (Mak et al., 1999; Mark Johnston, personal 

communication). 

2.2.5.4 Multistory cropping or forest farming 

Practice in which forest stands are managed to create an appropriate 

environment for growing potentially high value understory crops (Peters & Hodge, 

2000). Peters & Hodge (2000) reported that many medicinal and botanical plants that 

would be normally harvested from wild sources have their production optimized in this 

system. Peters & Hodge (2000) also suggested that several understory crops could be 

grown in conjunction in this system, providing they have similar light requirements. 

Examples include the combined growing of ginseng, goldenseal and mushrooms (Peters 

& Hodge, 2000). 

2.2.5.5 Windbreaks or shelterbelts 

Shelterbelt is a well-established practice in the Canadian Prairies (Mak et al., 

1999). Trees are planted in single or multiple rows along the edge of a field to reduce 

wind effects on crops or livestock (Beetz, 1999). 

The area protected by, and effectiveness of a windbreak, are determined by its 

height, density, width, species, length, orientation, and continuity (Peters & Hodge, 

2000). Peters & Hodge (2000) reported that wind speeds are reduced on the windward 

side of a windbreak to a distance two to five times the height of the tallest row, while 

wind speed is reduced on the leeward side for a distance of ten to twenty times the 

height of trees. Peters & Hodge (2000) also reported that windbreaks are usually 

oriented perpendicular to: hot, dry summer winds to protect field crops during the 

growing season; cold winter winds to protect livestock during calving season; or winter 

and early spring winds to reduce erosion when soil is exposed. 

Some benefits from specifically designed shelterbelts include: increase in 

production (yield) as much as 20% to the downwind crop for the whole field; increase 

in the soil moisture through trapping snow; decrease in feed bills, increase in milk 

production, and improve in calving success- for animals that live outside in the winter 

(Beetz, 2000). 
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2.2.5.6 Riparian buffer strips or filter strips 

Linear areas of land that include combinations of perennial vegetation planted 

between cultivated fields and waterways (Peters, 2000). 

This system can reduce run-off, stabilize stream banks, prevent channelization 

of the stream, serve as recharge areas for groundwater aquifers (a hydrological role that 

can increase availability of soil moisture to crops), and improve aquatic life (Peters & 

Hodge, 2000). Peters & Hodge (2000) reported that trees in this system can also benefit 

with the nutrients brought by the run-off while producing marketable products. 

2.2.5. 7 Alley cropping 

Trees and/or shrubs are planted in single or multiple rows at a relatively wide 

spacing with a companion crop grown in the alleyways between the tree rows (Peters & 

Hodge, 2000). As Peters & Hodge (2000) reported, alley cropping practices are 

designed according to the site's characteristics, the tree products desired, the growth 

requirements of the selected tree and the crop being grown in the alleyway (e.g. light 

demand), the farm equipment available, and the landowner's objective. Benefits that 

can come from this system include: biological diversity, improved aesthetics, and 

reduced negative environmental impacts (Peters & Hodge, 2000). 

2.2.6 Agroforestry and the Kyoto Protocol 

In 2001, the Conference of the Parties to the UNFCCC (COP-6) was 

responsible for starting the implementation with a draft for the land-use, land-use 

change and forestry. The sessions resulted in a draft decision, which affirmed the 

principles to govern land-use, land-use change and forestry. The main decisions in the 

UNFCCC (200 1) document, included: that activities should be based on sound science; 

consistent methodologies should be used for estimation and reporting such activities; 

that the mere presence of carbon stocks should be excluded from accounting; that the 

accounting should exclude removals resulting from elevated carbon dioxide 

concentrations above their pre-industrial level; and that the parties should follow the 

methods to estimate, measure, monitor and report changes in carbon stocks resulting 

from land-use, land-use change and forestry as developed by the Intergovernmental 

Panel on Climate Change. 

19 



The UNFCCC (200 1) document brings new defmitions for the three activities 

recognized under the Kyoto Protocol- Reforestation, Afforestation and Deforestation 

(RAD) previously suggested by the IPCC (Canadian Climate Change Secretariat, 

1999}, and also creates a new category of revegetation for the cases that do not fall 

within reforestation and afforestation. 

• Afforestation: "The direct human-induced conversion of land that has not 

been forested for a period of at least 50 years to forested land through 

planting, seeding and/or the human-induced promotion of natural seed 

sources." 

• Reforestation: "The direct human-induced conversion of non-forested land to 

forested land through planting, seeding and/or the human-induced promotion 

of natural seed sources, on land that was forested but that has been converted 

to non-forested land." 

• Deforestation: "Direct human-induced conversion of forested land to non

forested land". 

• Revegetation: "Direct human-induced activity to increase carbon stocks on 

sites through the establishment of vegetation that covers a minimum area of 

0.05 hectares and does not meet the defmitions of afforestation and 

reforestation." 

The UNFCCC (200 1) document also included in land-use, land-use change 

and forestry the following defmitions: 

• Forest Management: "System of practices for stewardship and use of forest 

land aimed at fulfilling relevant ecological (including biological diversity), 

economic and social functions of the forest in a sustainable matter." 

• Cropland Management: "System of practices on lands which agricultural 

crops are grown and on lands that are set aside or temporarily not being used 

for crop production." 

• Grazing Land Management: "System of practices on land used for livestock 

production aimed at manipulating the amount and type of vegetation and 

livestock produced." 
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Countries will have until 2006 to decide which of these practices they will 

report on. The UNFCCC (2001) also has defmed forest as a "minimum land ofO.OS-1.0 

hectares with the tree crown cover (or equivalent stock level) of more than 10-30 per 

cent with trees with the potential to reach a minimum height of2-5 meters at maturity 

in situ". According to this document, a forest may consist either of closed forest 

formations where trees of various storey and undergrowth cover a high proportion of 

the ground or open forest; or of young natural stands and all plantations which have yet 

to reach a crown density of 10-30 per cent or tree height of 2-5 meters, as are areas 

normally forming part of the forest area and are temporarily unstocked as a result of 

human intervention such as harvesting or natural causes but which are expected to 

revert to forest. 

Although most countries agree that agroforestry will be accounted as an effort 

to fight climate change (Canadian Climate Change Secretariat, 1999; Watson et al., 

2000), there are presently many categories in which agroforestry could be accounted 

mainly depending on its size, design, trees density, and previous land-use history. The 

Kyoto Protocol will recognize areas that have gone through RAD (reforestation, 

afforestation and deforestation) after 1990 (Canadian Climate Change Secretariat, 

1998). 

Furthermore, the UNFCCC (2001) document has also defmed the following 

carbon pools to be accounted for carbon changes: aboveground biomass, belowground 

biomass, litter, dead wood, and soil organic carbon. Also as defmed in this document, 

the reporting value should be the difference between the pools, i.e., the net source or 

sink value, and provide transparent and verifiable information. 

2.3 THE CARBON CYCLE AND THE CARBON SEQUESTRATION 

ACCOUNTING SYSTEM 

2.3.1 The carbon cycle for agriculture, forestry and agroforestry 

The global carbon cycle represents the most important set of processes linking 

forests with glo hal warming, and can be defmed by the carbon exchange among the 

atmosphere, the oceans, and the terrestrial biosphere and, on geological time scales, 

with sediments and sedimentary rocks (Canadian Forest Service, 1996). 
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Analysis of terrestrial ecosystems permits each land use system to be 

distinguished and assessed individually. The terrestrial ecosystem is composed of 

various land use systems, such as agriculture, tropical forest, boreal forest, wetland, etc 

(Watson eta/., 2000). 

The boreal forest is the second most efficient land use system in storing 

carbon after wetlands, but compensates by its size (Watson et al., 2000). This explains 

its great importance in the climate change context. The boreal forest largest carbon 

storage occurs is the soil, which exceeds by more than five times the carbon stored in 

the plants (Watson et al., 2000; Kurz et al., 1992). 

The carbon cycle representations for agriculture, forestry and agroforestry 

land use systems are shown in Figure 2.1. 
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Figure 2.1 Carbon cycle representations of land use systems (source: adapted from McRae et al., 2000). 
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The carbon cycle representations of agriculture, boreal forest and agroforestry 

land use systems are quite similar and have been described by many authors, such as 

McRae et al. (2000), Fisher & Binkley (1999), Watson et al. (2000), Kurz et al. (1992), 

and Grace (N.D.). When plants carry out photosynthesis, as these authors reported, they 

convert carbon dioxide from the atmosphere (1 in Figure 2.1) and water into carbon

rich compounds, using the sun light as energy source. From the carbon dioxide, plants 

will store some of this carbon in plant tissues and will release some carbon dioxide 

back into the atmosphere through respiration (Fisher & Binkley, 1999; Kurz et al., 

1992). 

At the time of harvesting, some carbon is exported from the ecosystems in the 

form of products (2 in Figure 2.1) (McRae et al., 2000; Fisher & Binkley, 1999; 

Watson et al., 2000; Kurz et al., 1992). From the rest of plants left in the field after 

harvesting, according to these authors, carbon will be incorporated and stored in the soil 

organic matter through decomposition (3 in Figure 2.1) which is carried out by soil 

microorganisms. The source of carbon entering the soil pool dependents on various 

factors including the amount of litterfal~ biomass mortality (dead trees and roots), 

decomposition, and disturbances (e.g. fire, disturbances) (Kurz et al., 1992) 

Through respiration, microorganisms will release some of this carbon back 

into the atmosphere (4 in Figure 2.1) (McRae et al., 2000; Fisher & Binkley, 1999; 

Watson et al., 2000; Kurz et al., 1992). When the ecosystem as a whole is storing 

(sequestering) more carbon than it is releasing, the ecosystem is said to be a sink of 

carbon; and when the ecosystem is releasing more carbon dioxide than it is 

sequestering, the ecosystem is said to be a source of carbon (Waring & Running, 1998; 

Watson et al., 2000). 

With time, all ecosystems tend to a carbon balance (Janzen et al., 1998a). 

Janzen et al. (1998a) reported that the carbon balance of any ecosystem is a function of 

the net inputs from photosynthesis and the export of carbon either as carbon dioxide 

from respiration or in the form of harvested carbon. Over time, Janzen et al. (1998a) 

concluded that the rates of input and loss tend to converge (i.e., the ratio carbon 

input/decomposition= 1 ), so that the amount of stored carbon is relatively static or near 

a steady state, and the carbon cycle is said to have reached equilibrium. 
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When boreal forestlands are frrst converted to agriculture, it takes from 10 to 

20 years for the soils to reach a near steady state again, after soils release from 15 to 

30% of their carbon content to the atmosphere (McRae et al., 2000; Watson et al., 

2000; Canadian Climate Change Secretariat, 1999). 

Other disturbances can also affect the carbon balance within terrestrial 

biomes, both during the disturbance and sometime after, eventually causing the 

ecosystem to be a source of carbon for many years, further aggravating the ongoing 

climate change (Kurz et al., 1992; Canadian Climate Change Secretariat, 1999). As 

Kurz et al. (1992) report, frre, for example, transfers carbon from the biomass to the 

soil carbon pool and rapidly releases some carbon in the atmosphere as carbon dioxide. 

Pests, as Kurz et al. (1992) report, depending on the severity, can merely reduce the 

carbon accumulation (low or moderate pest damage); or can lead to a carbon release to 

the atmosphere through plants mortality and subsequent decomposition (more severe or 

repeated pest). 

In the longer term, after the disturbance stops, the continuous recharge of 

material to be decomposed in the ecosystem stops (Kurz et al., I 992; Baldock & 

Nelson, 1999). Kurz et al. (1992) and Baldock & Nelson (1999) report that when the 

material available to decomposition is either consumed or leached, little material is left 

for a high population of microorganisms to decompose. This situation, in turn, causes 

the soil organic carbon to deplete and the microorganisms to retain nutrients (Kurz et 

al., 1992; Baldock & Nelson, 1999). 

The retention of nutrients can further reduce the carbon sequestration potential 

of an ecosystem, frrst by limiting plant growth and subsequently the carbon 

sequestration potential in the vegetation, and second by reducing the carbon transferred 

through plant biomass to the soil (Kurz et al., 1992). Nevertheless, Kurz et al. (1992) 

concluded that even though disturbances cause emissions, they also set the ecosystem 

back to earlier succession stages, increasing its carbon sequestration potential by 

replacing older with younger vegetation. 

Some activities with potential to promote carbon sequestration in agriculture, 

that could be also applied to crops in agroforestry systems, include: intensification of 

crop production (higher yield); the use of drought-tolerant species; adoption of no

/reduced tillage; reduced summerfallow; improved fertilization; improved grazing 
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management; the use of higher-lignin crops; and also reclaiming wind or water eroded, 

salinized and other disturbed cropland (Janzen eta/., 1998b; Agriculture and Agri-Food 

Canada/ Alberta Agricuhure/Food and Rural Development/Tri-University Research, 

N.D.; Canadian Climate Change Secretariat, 1999; Agriculture and Agri-Food 

Canada/Prairie Farm Rehabilitation Administration, 2000; Natural Resources Defense 

Council, 2000). As most carbon in agriculture systems is in the soil, according to Bruce 

et al. (1999), practices to enhance the soil carbon sequestration must increase the 

amount of carbon entering in the soil (plant tissues), or suppress the rate of organic 

carbon decomposition. 

Various activities with potential to promote carbon sequestration in the forest, 

that could be applied to trees planted in agroforestry systems, include: reducing 

regeneration delay after natural disturbances through planting or seedling, restoring 

degraded sites and not sufficiently restocked lands, using genetically enhanced trees, 

using fertilization, controlling pests and diseases, increasing protection from frre, using 

commercial thinning, using juvenile spacing (although it does not necessarily increase 

the stand biomass), producing lumber (trees can have longer lifetime in the form of 

products), increasing the rotation age (when stands are being harvested before they start 

to decline), changing species mix (e.g. planting hybrid species in short-rotation), 

reducing harvest levels, and also changing harvest methods (e.g., substituting clear-cut 

for selective cut) (Canadian Climate Change Secretariat, 1999; Kurz et al., 1992). 

Unlike agriculture and forests independently, agroforestry has also the 

interaction between trees and crops ( 5 in Figure 2.1) that can further increase the carbon 

sequestration potential of both agriculture and tree plantation activities. Trees can grow 

faster as they can benefit from the fertilization and irrigation applied to crops resulting 

in higher carbon stored aboveground. That can cause the belowground carbon storage 

to increase as more carbon is transferred to the soil through biomass input as compared 

to the boreal forest ecosystem. At the same time, crops can benefit :from the wind 

protection and nutrient input from trees (e.g., nurse trees). That can cause agroforestry 

systems to have increased biomass and overall carbon sequestration potential as 

compared to agricultural ecosystems (Mak eta/., 1999). 

The products exported from land use systems are also different as shown in 

Figure 2.1. While agricultural products are consumed, forest products will extend the 
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lifetime of carbon sequestration (McRae et a/., 2000). Although at some point forest 

products will be disposed and burned or left to decompose causing carbon dioxide 

emissions, one has to realize the advantage of having a product that can be easily 

incorporated back in the ecosystem (not representing toxic waste), while enhancing the 

carbon sequestration potential of the same ecosystem. 

The destiny of trees and tree parts, as well as the lifetime in products or other 

fmal uses (e.g. ethanol or energy production), clearly, will also play an important role 

in the carbon cycle. If trees were left in the field instead ofharvested, there would be 

little chances that these trees would die when the potential for biomass accumulation is 

high. Instead, they would die older, when biomass accumulation has been very low for 

many years (Kurz et al., 1992). That, in turn, explains why the market for such wood is 

also very important, since the major motivation for harvesting trees while highly 

productive would come from the profit that harvested wood can provide. 

Actions that increase the length of time that carbon is stocked in the form of 

products before it is returned to the atmosphere, therefore delaying the carbon cycle, 

include: producing more long-lived products (e.g. lumber as opposed to paper), 

reducing the amount of residues, and recycling both wood and paper products 

(Canadian Climate Change Secretariat, 1999; Kurz eta/., 1992; Canadian Council of 

Forest Ministers, 1997). 

Ultimately, the amount of carbon cycling through an ecosystem can be highly 

variable, as it results from a complex history of interactions of all biogeochemical 

cycles (Waring & Running, 1998). That and also the limited knowledge of such 

interactions explain the high number of samples needed to properly represent a land use 

system; and also the lack of reliable models to accurately predict carbon changes within 

an ecosystem (Fisher & Binkley, 1999; Waring & Running, 1998, Watson eta/., 2000). 

2.3.2 Accounting for carbon sequestration in the forest component of agroforestry 

systems 

Two methods are currently accepted under the Kyoto Protocol to be used for 

carbon accounting in terrestrial ecosystems, namely the stock change and carbon flux 

approaches (Tipper & De Jong, 1998; Watson et al., 2000). 

27 



In the stock change approach, the carbon stored in vegetation tissues and in 

the soil is measured at different times, and the difference in the carbon stock is the net 

ecosystem productivity (Watson et al., 2000; Waring & Running, 1998). As Watson et 

al. (2000) and Waring & Running (1998) report, carbon stock receives a positive value 

when carbon stocks (sequestered carbon) increase overtime and a negative value when 

carbon is released or lost from the ecosystem. 

The carbon flux approach is based in periodic measurements of carbon fluxes 

into and out an ecosystem (Watson eta/., 2000; Waring & Running, 1998). As Watson 

et al. (2000) and Waring & Running (1998) report, the carbon flux is usually based on 

chambers and the eddy correlation/covariance technique. Estimates of carbon 

sequestered with this method vary greatly due to climatic fluctuations and occasional 

insect outbreaks, and also is highly affected by inter-annual variations in climate 

(Kostela et al., 2000). Although this method is considered the most realistic, following 

forest carbon balances on a yearly basis is difficult and costly (Kostela et al., 2000; 

Watson et al., 2000). Also, this method can be at best applied for local scale short-term 

research (Kostela eta/., 2000; Waring & Running, 1998), as research stations capable 

to measure fluxes are currently not numerous enough to represent larger areas (Watson 

et a/., 2000). 

Although methods exist to measure the stocks as well as the fluxes of carbon 

in all components of the terrestrial ecosystems (Watson eta/., 2000), the stock change 

approach is a lower cost and easier method and is less influenced by short -term 

fluctuations in the carbon balance (Kostela et a/., 2000; Watson et a/., 2000). This 

method is normally applied for whole rotation periods, with data more readily available 

and therefore more representative of the ecosystems' heterogeneity (Watson et a/., 

2000). For that reason, Watson et al. (2000) concluded that the stock change approach 

is the most extensively used to predict changes in the carbon cycle. 

As research stations or field data to predict changes in the carbon cycle for 

agroforestry ecosystems are currently not available, no other accounting methods could 

be considered in this study other than the stock change approach. Therefore, the stock 

change approach will be the one further explained in this review, and used for the forest 

component of the agroforestry ecosystem. 
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Within the stock change approach, the forest component of the agroforestry 

ecosystem can be further divided in the following components or carbon pools: (I) the 

aboveground component which includes stem, top, branches, foliage and stump; and (2) 

the belowground component which includes roots and sometimes soils (Bonnor, 1985; 

Kurz et a/., 1992). 

Within a particular forest ecosystem, the amount of biomass and therefore 

carbon allocated in aboveground components is primarily influenced by the soil 

capability, nutrient status, and available moisture (Fisher & Binkley, 1999). The more 

of those, as Fisher & Binkley (1999) report, the less carbon trees will need to allocate to 

root development. They will then allocate more carbon to aboveground components 

(Fisher & Binkley, 1999). 

Furthermore, different spectes within an ecosystem may have particular 

allocation patterns as a result of distinct characteristics such as photoperiod, nutrient 

and moisture requirements, and root systems (Peterson & Peterson, I 992; Fisher & 

Binkley, 1999; Waring & Running, 1998). Carbon allocation is also a function of a tree 

age, as commonly trees have higher proportion of roots to the aboveground biomass in 

earlier ages, and the inverse relationship as trees reach maturity (Peterson & Peterson, 

1992; Fisher & Binkley, 1999). 

2.3.2.1 Carbon stocks aboveground 

Forest inventories are the most common method to assess the carbon stored 

(sequestered) in trees (Watson et al., 2000, Kurz et al., 1992; Canadian Climate Change 

Secretariat, I 999). 

Forest inventories can vary in objective, temporal and spatial scales, and also 

in sampling methods and tools for acquiring data (Netto & Brena, 1997). Netto & 

Brena ( 1997) report that forest inventories normally contains qualitative and 

quantitative information of forest resources in a pre-defmed area. 

Continuous forest inventories consist of measuring trees periodically, 

normally yearly, within a selected area or fixed plots (Watson et al., 2000; Netto & 

Brena, 1997). As Watson et al. (2000) and Netto & Brena (1997) report, these are used 

by forest managers to assess the state of their forests in terms of area, species, growing 

class and productivity). Through that, Watson et al. (2000) and Netto & Brena (1997) 
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affirm that foresters can assess the various stages of stand development in the trees' life 

cycle. Normally the information reported in inventories is the total volume or the 

commercial volume for specific forest products (e.g. paper or lumber) in relation to the 

area occupied by the stand (Netto & Brena, 1997). 

The measurements taken in the field commonly are the tree height and 

diameter at breast height (Watson et a!., 2000; Finger, I992; Peterson & Peterson, 

1992). Such measurements can be acquired from various instruments further described 

by Finger (1992) and Rusch eta!. (1993). Finger (1992) and Husch et al. (1993) report 

that these measurements will serve as input to estimate other parameters such as the 

stand volume and biomass, which in turn wiii help forest managers to make decisions 

to improve productivity. 

Forest inventories are a result of many influences along the trees'" life cycle, 

such as the climatic conditions, disturbances and other management activities which the 

stand was exposed by the time measurements were taken, and that influenced the 

carbon sequestration within this ecosystem (Watson eta/., 2000; Kurz et al., 1992). 

Using past inventories for future predictions has the limitation of using 

measurements that may not reflect actual or future climatic conditions (Watson et al., 

2000). Watson eta!. (2000) concluded that forest inventories can at best be used to 

produce estimates of future carbon sequestration within its ecosystem as different 

climatic conditions can change disturbances intensity and severity. That, in turn, can 

lead to increased levels of mortality and management activities and also to decreased 

general suitability of the environment to support trees growth (Kimmins, I 99 I; Watson 

et al., 2000). This would cause the overall ecosystem carbon sequestration potential to 

be greatly reduced (Fisher & Binkley, 1999; Herrington et a!., 1997; Stewart et a!. 

1997). 

Nevertheless, forest inventories constitute the most important tool presently 

available to assess the carbon sequestered in the vegetation within a forest ecosystem, 

as they are reliable, verifiable, and can be used at various scales assessments (Watson et 

a!., 2000). 

From field measurements done in forest inventories, converston factors, 

expansion factors and growth models are developed from allometric relationships 

between parameters that are costly to acquire (e.g. volume, biomass, and carbon 
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content), and parameters that can be easily acquired (e.g. the diameter at breast height 

and tree height) (Finger, 1992; Watson et al., 2000). Biomass and volume growth 

models (curves) are available in the literature for a variety of objectives (e.g. pulp 

production and lumber) and for different scales, ecological frameworks, species and site 

qualities (Bonnor, 1985; Peterson & Peterson, 1992). 

2.3.2.1.1 Accounting for carbon stocks in the merchantable wood 

From the carbon sequestration perspective, its important that trees are 

harvested and that the lifetime of the carbon is extended in the form of forest products, 

as over mature trees have little potential for biomass production and subsequently for 

carbon sequestration (Kurz et al., 1992; Fisher & Binkley, 1999). Therefore growth 

curves which report values for the merchantable wood represent valuable information, 

as this is the only tree part that is currently converted to forest products such as pulp 

and paper, oriented strand board (OSB), lumber, plywood, etc (Darryl Sande and Mike 

Martel, personal communication). 

Biomass is the parameter that can be most readily converted to estimate the 

carbon content (Kurz et a/., 1992; Watson et al., 2000). In the field, as Kurz et al. 

(1992) and Watson et al. (2000) reported, the merchantable wood biomass can be 

determined through destructively sampling a representative number of trees within the 

stand. Samples are oven dried to constant weight, and provide an estimate ofbiomass 

(Watson et al., 2000; Fisher & Binkley, 1999; Friend et al., 1991). The same analysis 

can be done with cores from the tree stems, with the advantage of not having to harvest 

the tree, although it damages the wood for lumber production (Waring & Running, 

1998). Periodic sampling of a representative number of trees can be done and the result 

then applied to the stand they represent. 

To estimate the carbon content from the merchantable wood biomass, 

conversion factors can be applied (Watson et al., 2000; Kurz et al., 1992; Horwath et 

al., 1994). As these authors report, many conversion factors are available in the 

literature. The carbon content per unit mass of plant tissue varies little within a species, 

but can vary significantly between tissue types and function groups of plants (Watson et 

a/., 2000). Watson eta/. (2000) concluded that this can sometimes be misrepresented 

by the use of very simplified conversion factors. A default value of 50% C content is 
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extensively used throughout Canada (Kurz et al., 1992; Peterson et al., 1999), but it 

should be supported by validated samples (Watson et al., 2000). The best method 

currently available to achieve that is the use of a dry combustion automated analyzer, 

also called "dryn method, which involves the complete conversion of all carbon to 

carbon dioxide and quantification of the evolved carbon dioxide by various means 

(such as infrared detection) in a furnace with high temperature in pure oxygen (Baldock 

& Nelson, 1999; Grava et al., 1999). 

When biomass curves are not available, volume growth curves are used and 

then converted to biomass and carbon contents (Kurz et al., 1992; Watson et al., 2000; 

Samson et al., I 999). To convert from the living tree volume to its biomass content, the 

tree standing volume can be either multiplied by the wood basic density or the wood 

specific gravity (providing it is based in oven dry weight and green volume) (Forest 

Products Laboratory, 1999). However, as the wood is heterogeneous and anisotropic, 

the Forest Products Laboratory (I999) concluded that the wood density can be expected 

to vary among sites, species, among trees within the same specie, and within different 

parts of the same tree. The tree age and wood chemical compounds also influence the 

wood density (Burger & Richter, 1991 ). 

In the field, the merchantable volume can be best determined through the 

immersion of some representative boles in water, although this is a time demanding and 

expensive technique (Finger, 1992; Grava et al. 1998). Other methods include the 

mathematic approximations to the solids of revolution and species specific shape 

factors (Finger, I 992). 

The relationships of volume/area and biomass/area are influenced by various 

factors such as the species, the available nutrients and moisture, soil capability, and 

climatic conditions; and they are normally higher for stands with lower spacing

providing losses to mortality are not high in this situation (Peterson & Peterson, I992). 

Also stands originated from seedlings instead of regeneration or vegetative propagation, 

often present lower growth rates at younger ages, but higher growth rates after some 

time (about 30 years after planting) which compensates for the volume or biomass 

losses in the younger ages (Peterson & Peterson, 1992). 

The Net Annual Increment (i.e., the difference in volume accumulation within 

a year) calculated from continuous forestry inventories, is the forestry term equivalent 
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to the Net Ecosystem Production (NEP) when accounting for merchantable wood in 

forest ecosystems (Watson et al., 2000). After converting the merchantable wood 

volume to biomass and from biomass to carbon content, the resulting value represents 

the carbon sequestration potential, i.e., the carbon retained in the ecosystem after losses 

to autotrophic and heterotrophic respiration (WBGU, 1998; Waring & Running, 1998; 

Watson et al., 2000). The equivalent terms as used in forestry and ecology for 

merchantable wood volume are shown in Figure 2.2: 

FORESTRY TERMS 

Gross Annual 
Increment 

Natural Mortality I 
T 

Net Annual 
Increment (NAI) 

Thinning and I 
Final Felling T 

Net Change in 
Standing Volume 

ECOLOGICAL TERMS 

I Photosynthesis 
T 

Gross Primary 
Production (GPP) 

I Respiration 
T 

Net Primary 
Production (NPP) 

I Litter Decomposition 
T 

Net Ecosystem 
Production (NEP) 

J Disturbance 
T 

NetBiome 
Production (NBP) 

Figure 2.2 Equivalent terms as used in forestry and ecology, and apply for 
wood volume of forest ecosystems only (source: Watson et al., 2000). 

When trees are harvested, carbon is transferred from the aboveground carbon 

pool to the forest products pool and to the dead organic matter (soil pool) (Kurz eta/., 

1992). Although the carbon content in harvested wood is straightforward to measure, 

the long-term effects of harvesting to the forest ecosystem are not as clear (Fisher & 
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Binkley, 1999). Also the destiny of other tree components (branches, foliage, stump 

and top) after harvesting is likely to influence the soil carbon storage (Kurz et al., I 992; 

Johnson & Curtis, 2001). 

The long-term effectiveness of carbon storage in wood products depends on 

their final use (Watson et al., 2000). For the carbon sequestration point of view, 

products that immobilize carbon for longer periods of time such as construction 

material for single-family homes are more valuable than short-lived products such as 

paper, as they extend the lifetime of trees for longer before they are disposed and the 

carbon is released back to the atmosphere (Kurz et al., 1992; Watson et al., 2000; 

Canadian Climate Change Secretariat, I999). Furthermore, carbon is also lost in the 

form of waste as the wood is processed, depending on the technology applied (Kurz et 

al., 1992; Abramovitz & Mattoon, 2000). 

2.3.2.1.2 Accounting for carbon stocks in branches, foliage, stump and top 

The same procedure to sample merchantable wood biomass is applied to 

measure the biomass content in branches, foliage, stump, and top. These parts are 

destructively sampled from some trees in the living stand, oven dried and then weighed 

(Watson et al., 2000; Fisher & Binkley, 1999). Values for branches, foliage, stump and 

top biomass are often reported in dry weight values, or compiled and correlated to the 

stem biomass in allometric relationships, i.e., expansion factors (Watson et al., 2000; 

Peterson & Peterson, I 992). Many expansion factors to convert merchantable biomass 

to total aboveground biomass are available in the literature (Ter-Mikaelian & 

Korzukhin, I 997; Lempriere & Booth, I 998; Bella & De Francheschi, I 980). 

To determine the carbon content in branches, foliage, stump and tops, these 

components are destructively sampled and the carbon content determined through the 

"dry" method already described in 2.3 .2.1.1, which is presently considered the best 

available method for this purpose (Watson et al., 2000; Grava et al., 1998). A default 

value similar to the carbon content in the merchantable wood of 50% is often used for 

these trees' components (Kurz eta/., 1992; Watson et al., 2000; Peterson et al, 1999). 
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2.3.2.2 Carbon stocks belowground 

Carbon can be stored belowground m the roots and soil within forest 

ecosystems (Watson eta/., 2000; Kurz eta/., 1992), and therefore also in the forest 

component of agroforestry ecosystems. The development of roots and subsequent 

carbon sequestered depends greatly on the soil conditions, while the soil carbon 

sequestration potential in turn depends on the trees development (Peterson & Peterson, 

1992; Fisher & Binkley, 1999). 

The more efficiently roots can pump nutrients from the soil, less carbon needs 

to be allocated to the roots system development, and the aboveground biomass 

production will be higher, with subsequent more plant residues entering the soil carbon 

pool, where carbon can be stored for longer periods of time (Fisher & Binkley, 1999; 

Watson et al., 2000). 

The belowground carbon pool can be both an important sink and source of 

carbon to the atmosphere and presently is the pool where most carbon can be stored in 

all forest ecosystems (0-1 m depth) (Watson et al., 2000). Conversion of forest soils to 

agriculture causes carbon losses; while disturbances such as harvest and fire 

temporarily increase losses, but new growth quickly causes the system to become a net 

sink (Watson eta/., 2000; Fisher & Binkley, 1999). And although repeated harvest in 

short-rotation plantations may not release carbon, it may reduce carbon storage to 

obtain equilibrium (Fisher & Binkley, 1999). 

The soil carbon pool can be further divided in two components or pools: the 

forest floor, and the mineral soil (Fisher & Binkley, 1999; Kurz et al., 1992, Siltanen et 

a/., 1997). In these pools, further fractionation needs to be done to separate the organic 

and inorganic carbon contents, so that the parent material contribution in the total soil 

carbon (inorganic) can be excluded from the forest ecosystem components contribution 

(plants and animal residues, and soil microorganisms) (Baldock & Nelson, 1999, Fisher 

& Binkley, 1999). 

Nevertheless, due to difficulties in distinguishing the sources of soil organic 

carbon when sampling, adding estimations of carbon stocks in roots biomass to 

estimations of carbon stocks in the soil organic matter and mineral soil horizons is 

likely to cause double accounting for the belowground carbon pool (Dan Pennock and 
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Marie Boehm, personal communication). Therefore Dan Pennock and Marie Boehm 

concluded that one of these should be chosen. 

2.3.2.2.1 Accounting for carbon stocks in roots 

Root systems can be characterized on the basis of (I) rooting habit, which 

relates to the form, direction, and distribution of the larger (structural) roots, and is 

mostly controlled by genetic and local site conditions; and (2) root intensity, which 

relates to the form, distribution, and number of small roots, and is controlled mostly by 

nutrients and moisture availability (Fisher & Binkley, 1999). Fisher & Binkley (1999) 

reported that other soil conditions that can have profound effects in rooting habit and 

intensity include the physical impedance for roots penetration in the soil (caused either 

by compaction, high bulk density, and soil texture and structure which favors anaerobic 

conditions), soil temperature outside of the optimum range for root growth, and the soil 

chemistry which can impede root growth and cause nutrients deficits. In general terms, 

as Fisher & Binkley (1999) concluded, the less suitable the site conditions are including 

high levels of competition, the more carbon trees will allocate to roots growth, and 

higher will be the biomass and carbon sequestered in the roots system, a trend that can 

be noticed from early stages of the trees development. 

Measuring the amount ofbiomass and carbon in roots is very expensive and 

difficult (Watson et al., 2000). Large roots are excavated and the biomass and carbon 

content determined with the dry weigh method and the ''dry'" method respectively 

(Watson et al., 2000; Kurz et al., 1996; Friend et al., 1991). Fine roots can be collected 

with cores, or ingrowth cores (or bags) previously installed; and roots are further 

separated from the soil by flotation in water and mashes (Bauhus et al., 1998; Finer et 

a/., 1997). As Bauhus eta/. (1998) reported, when live and dead roots are separated, it 

is done visually, and this can increase uncertainties in this process. 

Other difficulties arise when fme roots are classified, as little agreement exists 

as to what the upper root diameter should be considered (Baldock & Nelson, 1999; 

Fisher & Binkley, 1999; Kurz eta/., 1996). As a resuh, the upper root diameter limit 

varies in the literature from 1 to 5 millimeters (Kurz et al., 1996). The same methods 

used to determine the biomass and carbon for large roots are also used for fme roots 

(Finer eta/., 1991; Friend eta/., 1991). 
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To overcome differences in the root classification and data scarcity, biomass 

of fine and large roots are often added in a single database for total root biomass 

(Watson et al., 2000; Kurz et al., 1996). Allometric relationships are then developed 

between the total aboveground biomass and the total root biomass and these are widely 

available in the literature (Watson et al., 2000; Kurz et al., 1996; Peterson et al., 1999; 

Samson et al., 1999; Friend et al., 1991; Horwath et al., 1994). 

To convert the root biomass to carbon content, it would be best if roots were 

destructively sampled and the carbon content determined through the ''dry" method 

already described in 2.3.2.1.1 (Watson et al., 2000). Nevertheless, because sampling 

roots is expensive and demanding, this information is rare in the literature, and often 

the same conversion factor used for all aboveground components is also applied to 

roots (Lempriere & Booth, 1998). 

2.3.2.2.2 Accounting for carbon stocks in the soil organic matter 

Soil organic matter has great heterogeneity of organic materials in terms of its 

source, chemical and physical composition, diversity of function, and dynamic, ever 

changing character (Baldock & Nelson, 1999; Sparks, 1995). Ahhough many attempts 

have been made to describe the soil organic matter and to establish a system to describe 

its fractions, Baldock & Nelson (I 999) and Sparks (I 995) concluded that the literature 

shows little agreement. 

Generally, the term soil organic matter consists of ali forest floor matter 

including litter and decomposing organic layers resting on, and not mixed with, the 

mineral soil surface; i.e., soil organic matter consists of ail the carbon-containing 

substances in the soil, except carbonates (Fisher & Binkley, 1999). It includes, within 

the forest ecosystem, all dead materials from either plant, microbial and animal source 

that are deposited on the forest floor (Fisher & Binkley, 1999; Watson et al., 2000). 

The organic matter content in a given soil does not increase forever, but rather 

tends to an equilibrium level dictated by the soil formation factors- time, climate, 

vegetation parent material and topography (Sparks, 1995). As Sparks (1995) reported, 

the soil organic matter quantity in the soil takes longer to reach equilibrium for coarser 

textured (parent material) soils than for finer textured soils. At equilibrium, the amount 

of residues input to the soil is nearly equal to the rate of decomposition (Sparks, I 995; 
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Kurz eta/., 1992; Baldock & Nelson, 1999). The mechanisms capable of biologically 

stabilizing decomposition are the soil mineral phase and the chemical structures of the 

organic residues added to the soil (Baldock & Nelson, 1999). 

The accumulation of organic materials on the forest floor is then a function of 

the annual amount of litterfall minus the annual rate of decomposition and time after 

disturbances (Fisher & Binkley, 1999). Fisher & Binkley (1999) reported that the soil 

organic matter also mcreases in thickness faster in the early stages of stand 

development and in the frrst decade or so following burning, achieving faster 

equilibrium under favorable conditions for trees growth than under extremes of 

temperature or moisture. 

Annual litterfall is determined by collecting all debris falling on the forest 

floor in a litter trap, which consists of a square frame with low sides and a mesh bottom 

to allow drainage (Watson eta/., 2000; Baldock & Nelson, 1999). The litter is further 

dried and weighed for biomass content determination (Fisher & Binkley, 1999; Watson 

et al., 2000). 

The carbon content in the soil organic matter can be best determined using the 

"dry" method, already described in 2.3.2.1.1; and the difference between these values 

assessed at different times, yields the carbon accumulated in the soil organic matter 

(Watson et a/., 2000). As the quantity of soil organic matter has great inter-annual 

variation, it is important that re-sampling is done at the same time of the year as the 

previous sampling (Baldock & Nelson, 1999). 

When soil organic matter is fractionated other measurement techniques can 

also be used (Fisher & Binkley, 1999). The most useful fractionation system for forest 

ecosystem studies is based on breakdown or turnover time (Fisher & Binkley, 1999; 

Kurz eta/., 1992). 

2.3.2.2.3 Accounting for carbon stocks in the mineral soil horizons 

Usually the amount of soil organic matter declines exponentially with depth in 

the soil profile (Nakane, 1976). Forest management activities, however, that cause 

mixing of the soil such as site preparation with root extraction and logging operations, 

can often redistribute organic matter deeper in the soil profile (Fisher & Binkley, 1999; 

Y anai et a/., 2000). The soil organic carbon entering the mineral soil can also 
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accumulate in different amounts at different depths in the soil profile as a result of 

activities stimulating leaching such as clear-cut and fire (Fisher & Binkley, I 999). 

These explain the need for forest soils to be sampled and studied deeper in the soil 

profile (Fisher & Binkley, I999; Yanai eta!., 2000). 

The best and most accurate method to determine the total soil organic carbon 

is currently the "dry" method (Watson eta!., 2000; Baldock & Nelson, I999; Fisher & 

Binkley, 1999), described in 2.3.2.1.1. This method can be used for both soil organic 

carbon determination (with furnace at 850°C) and total soil organic carbon 

determination (with furnace at 1' 1 00°C) and the difference is the inorganic carbon 

content (Renato de Freitas, personal communication). The dichromate oxidation 

method, used in the past to determine organic carbon, has been largely replaced by the 

"dry" method, due to biases caused by the basic assumption that carbon has valence 

zero and also to other interferences in the soil chemical composition- further explained 

in Baldock & Nelson (I999). 

The area-based carbon content for each mineral soil horizon is calculated by 

multiplying the organic carbon by the bulk density and the thickness of the horizon 

(Siltanen et al., I 997, Baldock & Nelson, I 999). 

2.3.2.3 Carbon stocks in forest products 

To account for forest products in the carbon cycle, there is a wide range of 

methods and little agreement in the literature. That can be attributed to progressive 

changes of opinion following a gradual improvement in the understanding of the carbon 

cycle (Matthews eta/., 1996; Matthews, 1996; Watson eta/., 2000). Also, as the forest 

products pool is not yet included under the Kyoto Protoco~ no baselines have been 

clearly defmed as to what should be considered in an accounting system. 

Nevertheless, Lim eta!. (I999) identified three accounting systems to be used 

for the carbon sequestration in the forest products pool: the atmospheric-flow, the stock 

change, and the production approaches. 

The atmospheric-flow approach accounts for the flows of carbon as carbon 

dioxide between the atmosphere and the biosphere (Lim et al., I 999; Houghton, I 996). 

Lim et al. (1999) and Houghton (1996) report that this approach considers both where 

and when flows occur, makes no clear reference to countries'J boundaries, and due to 
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data constrains can be best suited to a national scale accounting rather than to a more 

local scale. 

The stock change approach accounts for the net change in carbon stocks in the 

forest and in the wood products pool (Lim eta!., 1999; Winjum eta!., 1997). Lim eta!. 

(1999) and Winjum et al. (1997) report that this approach considers both when and 

where stock changes occur, has a clear reference to countries' boundaries (i.e., stock 

changes in forests are accounted in the producing country, whereas stock changes from 

wood products are accounted in the consuming country), and is mostly constrained by 

the availability of data for end-use products. 

The production approach accounts for stock changes in the forest and in wood 

products within a forest boundary (i.e., has a system boundary around the wood that 

that was grown in a particular country) (Lim eta!., 1999; Winjum eta!., 1997). Lim et 

al. ( 1999) and Winjum et al. ( 1997) concluded that this approach considers when but 

not where stock changes occur, as all stock changes are accounted in the producing 

country or where the wood is grown. 

Further implications of each approach and methods used for forest products 

have been discussed by many authors, such as Matthews (1996), Matthews et al. 

(1996), Lim eta!. (1999), and Winjum eta!. (1997). 

Among these methods, the stock change approach is the one that most closely 

mimics reality when forest products are traded (Lim eta!., 1999; Winjum eta!., 1998). 

As Lim et al. (1999) and Winjum et al. (1997) indicated, this is the most consistent 

method with the accounting systems being used for aboveground and belowground 

carbon pools, and for fossil fuels. The general equation suggested by Lim et al. (1999) 

and Winjum eta!. (1997) for this approach is: net change in carbon storage equals net 

change in the carbon stock of forests due to harvesting and regrowth plus net change in 

the carbon storage in the wood of forest products. According to Lim et al. (1999) and 

Winjum et al. (1997) also, the net change in the carbon stock in the forest plantation is 

the difference between the carbon accumulation by regrowth and the amount of wood 

harvested and the decomposition of the resulting wood slash. The change in the long

term product pool is the difference between production of long-term wood commodities 

and inherited emissions from past wood usage (Lim eta!., 1999; Winjum eta!., 1998). 
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To account for the forest growth and regrowth, forest inventories, conversion 

and expansion factors are normally used (Matthews et al., I 996). From that, to account 

for the fate of the harvested wood in products and slash, inventories of the industrial 

processes are used as well as databases containing this information. Nevertheless, the 

availability of such information greatly varies across scales (Lim et al., 1999; Winjum 

et al., I 998). 

Due to the lack of studies regarding the decomposition of wood slash, for 

accounting purpose, slash (i.e., leaves, branches, tops and stumps) is often assumed to 

be oxidized (i.e., decomposed or burned) in the same year as harvesting, as suggested 

by IPCC (1995). For the Canadian boreal forest, Price eta!. (I996) assumed that 20% 

of the slash is disposed in landfills and would persist indefinitely (i.e., decomposition 

equal zero), as they argue that this would have a very slow turnover rate as compared to 

the time period used for simulations (500 years). When the products lifetime is 

unknown, it is also often assumed that these products would have a lifetime equal to a 

rotation length (Dewar & Cannel, 1992). 

2.3.3 Influence of scale in carbon accounting 

In assessing the carbon sequestration potential of the forest component in 

agroforestry ecosystems, distinct time and spatial scales will require different 

parameters to be assessed. Different parameters, in turn, will require different sampling 

techniques to be used (Watson et al., 2000; Waring & Running, 1998, Winjum et al., 

1998). 

In a practical example, for a short time assessment such as a daytime period, 

carbon sequestration essentially fo Ilows solar radiation, and this parameter needs to be 

quantified (Watson et al., 2000; Waring & Running, 1998). Also in this case, according 

to Watson et al. (2000) and Waring & Running (1998), losses to respiration from 

different sources need to be measured. Watson et al. (2000) and Waring & Running 

(1998) report that such measurements are most frequently done in hourly basis, and 

depending on the balance between these short-term gains and losses, there may be a net 

gain or loss of carbon over any day (24 hours) in the year. This type of assessment, due 

to its complex measurements, is also restricted to local scale assessments (Watson et 

al., 2000; Waring & Running, I 998). 
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Over longer time periods such as yearly, or broader spatial assessments, the 

difference in the carbon stored in the carbon pools yields the resulting carbon 

sequestered within the ecosystem after losses to respiration (Waring & Running, 1998; 

Watson et al., 2000). Therefore, as Watson et al. (2000) and Waring & Running (1998) 

report, measurements needed are the carbon content of the living biomass and the soil. 

In this case, Watson et al. (2000) and Waring & Running (1998) indicated that the 

quantification of respiration is not needed. Assessments at this scale are particularly 

important as they aiiow following different stages in a life cycle within terrestrial 

ecosystems (Waring & Running, 1998; Watson et al., 2000). 

Defming the desired scale of research is then the first step when assessing the 

carbon sequestration in ecosystems, as measurement techniques and research designs 

need to be carefuiiy chosen (Waring & Running, 1998; Winjum et al., 1998). 

Another practical example is the forest products pool. While the production 

approach is considered accurate for local and short-term assessments, it loses accuracy 

as the assessment is less localized and in the longer term, as it involves in most cases 

the wood products trade (Waring & Running, I 998; Winjum et al., 1998). At a broader 

scale, other approaches become more reliable, namely the atmospheric-flow and the 

stock change approaches, which in turn, will require that different parameters be 

measured (Winjum et al., 1998). While the production and the stock change approaches 

require measurements of carbon stocks, the atmospheric-flow approach requires 

measurements of carbon flows (Winjum et al., 1998; Lim et al., 1999). 

When assessing carbon sequestration over large areas and longer times, land 

use changes also need to be accounted as they will result in carbon loss (e.g. 

deforestation and conversion to agriculture) or gain (e.g. reforestation or afforestation) 

due to the ecosystem change in size (Waring & Running, 1998; Watson et al., 2000). 

The most accepted technique, as suggested by Waring & Running (1998) is the use of 

satellite images, which can be processed in GIS to give the land area occupied by 

forest, and the difference between images taken at different times gives the land use 

changes within an area. Other methods include aerial photographs and historical 

records (Waring & Running, I 998, Watson et al, 2000). 
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Chapter 3 
STUDY METHODOLOGY AND DATA SOURCES 

3.1 OVERVIEW OF METHODOLOGY 

It was noted in Chapter One that the objectives of this study were to estimate 

the carbon sequestration gain with the conversion of land use from agriculture to 

agroforestry within the gray soils of Saskatchewan (Gray Luvisolic and Dark Gray 

Chemozemic/Luvisolic), and to identify research needs. The estimations were done 

based on available secondary data sources. 

The methodology was divided in 2 major parts: 

Part I: Selection and description of the study area 

Part 2: Carbon sequestration estimation for agroforestry systems 

Research needs were discussed through each of these parts. 

3.2 STUDY AREA 

3.2.1 Selection of the study area 

The study area included the rural areas of Meadow Lake, Prince Albert and 

Hudson Bay. These communities were chosen due to their heavy economic reliance on 

the forestry industry (Canadian Forest Service, 1999a; Mak et al., 1999). These 

communities have two pulp mills and a paper mill, two OSB mills, a plywood mill, and 

over 130 sawmills (Brady & Appleby, 2000; Acton et al., 1998). From these mills 

come products such as lumber, plywood, wood chips, OSB, pulp and paper (Brady & 

Appleby, 2000). Therefore the market for wood already exists. Mak et al. (1999) 

reported that there are already regional deficits of softwood for Prince Albert and 

Hudson Bay. 

The study area boundaries were defmed according to: 1) the distance that the 

forestry companies would be willing to transport wood; and 2) within these distances, 

only the Rural Municipalities (RM) of Gray Luvisolic and Dark Gray 

Chemozemic/Luvisolic soils were considered. In the area of Meadow Lake, the 

distance that companies would be willing to transport wood is within 150 km radius 

from Meadow Lake (city) (Mike Martel, personal communication). In the area of 
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Prince Albert, this distance is within 50 km south, 50 km north, 100 km east, and 150 

km west from the city ofPrince Albert (Darryl Sande, personal communication). In the 

area ofHudson Bay, this distance is within 150 km radius from the city ofHudson Bay 

(Darryl Sande, personal communication). 

The study area was delimited using GIS/ArcView 3.2. The RM's map was 

provided by the Data Library Service/University of Saskatchewan (Statistics Canada, 

1996), and was overlaid with the soil type map and the city locations map, both 

provided by the Saskatchewan Land Resource Centre/University of Saskatchewan. Ali 

maps provided by the Saskatchewan Land Resource Centre/University of Saskatchewan 

are at scale 1:1,000,000. The resulting map is in the UTM NAD 27 ZONE 13 

projection, as shown in Figure 3.1. 
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The RM's with more than 50% of their area within the gray soils (Gray 

Luvisolic and Dark Gray Chernozemic/Luvisolic) and, at the same time, with more than 

50% of their area within the distance that forestry companies would transport wood 

:from, were selected. Thirty-five RM' s met these criteria and therefore composed the 

study area. The names of the RM's are given in Table 3.1 as identified in Statistics 

Canada's 1996 database (Statistics Canada 1996). 

Table 3.1 Rural Municipalities in the study area (source: Statistics Canada 1996). 

No. 301 
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3.2.2 General information 

The study area is characterized by elevations ranging from 500 m in its 

eastern part to 600 m in its western part, with generally a gradual break from plains to 

uplands (Acton et al., 1998). As Acton et al. (1998) report, it has a humid continental 

climate at lower elevations and in the southern part of the study area, and sub-arctic 

climate at higher elevations and in its northern part, with temperatures generally 

decreasing from south to north and from east to west. Total precipitation, according to 

Acton et al. (1998), is variable and low, increasing from southwest to northeast the 

study area. The area has long and cold to very cold and snowy winters and short, warm 

and moist summers (Acton et al., 1998). 

There is a gradual increase in wildlife productivity and diversity from north to 

south in the study area, as the vegetation diversity increases (Acton et al., 1998). Aspen 

forests and their understory vegetation provide habitat for many wildlife, such as 

beaver, deer, snowshoe, white tailed rabbit, etc (Acton et al., 1998; Peterson & 

Peterson, 1992). 

The main human activities in the study area are forestry, agriculture, hunting, 

trapping outdoor recreation, tourism, oil and gas exploration and production, and 

mining (Acton et al., 1998). Forestry operations focus on pulp and paper production in 

this area, with some panelboard and saw mill operations. Less than 9% of the study area 

is within some form of park or protected area, the majority of which are Wildlife 

Habitat Protection Act lands (Acton et al., 1998). 

3.2.3 Current agricultural land-use and potential for conversion to agroforestry 

systems 

The current agricultural land-use of the study area was defmed though 

compiling data for the RM' s within the study area from Statistics Canada 1996 Census. 

From that and from visual analysis to land-use maps by Fung (1999), the main 

agricultural activities are determined to be wheat, barley and canola in the eastern part 

of the study area; and pasture land in the western part of the study area. The compiled 

information from Statistics Canada 1996 is given in more detail in Appendix A- Tables 

1A and 2A, and Figures 1A and 2A. 
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To identify the potentially available area to be converted from agriculture to 

agroforestry systems, the best method would be to overlay a GIS Arc View on layers 

that linked it to the agriculture activity, so that calculations could proceed in the GIS 

ArcView. As such information is not available; the next best choice was to use the 

agriculture information from Statistics Canada 1996, and to assume that all agricultural 

activities reported are taking place within the gray soils (Gray Luvisolic and Dark Gray 

Chemozemic/Luvisolic). Nevertheless, further research needs to be done to assess to 

what extend this assumption is true. 

The available land within the study area was then estimated from Statistics 

Canada 1996 compiled data. Statistics Canada 1996 reported that the total area of farms 

within the study area was 3,566,304 ha, and a total number of farms (reporting) within 

the study area was 9,295. The average farm size for the study area was 383.68 ha. 

According to data compiled from Statistics Canada ( 1996) for each rural 

municipality in the study area, 16.1 %of farms reporting (1,498 farms) had shelterbelts 

or windbreaks in 1996. The number of farms with Christmas trees was estimated 

through deducting from the total number of farms reporting, the number of farms 

reporting land in crops excluding Christmas trees (8, 704 farms), which resulted in 

6.36% of farms (591 farms) with Christmas trees. By excluding the number of farms 

with Christmas trees (591 farms) and with shelterbelts or windbreaks (1,498 farms), 

which are considered already as agroforestry systems, 7,206 farms were estimated to 

have the potential to be converted to agroforestry systems. From this calculation, it was 

assumed that no farms reporting areas in Christmas tree production had also reported 

shelterbelts or windbreaks. Therefore, the number of potential farms to be converted to 

agroforestry systems could be underestimated if the same farm reported both Christmas 

tree production and shelterbelts or windbreaks. As no information is available about 

whether such data overlap exists and to what extent, a conservative approach was 

chosen. 

With this approach, all farms within the study area are assumed to have 

participated in the Statistics Canada 1996 census (i.e., are representative of the study 

area). Shelterbelts and Christmas tree operations are also assumed to meet the 

agroforestry system definition (i.e., are managed as separate enterprises within the same 

farmland unit). As its unknown to what extent these assumptions are true, the available 
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number of farms to be converted in agroforestry systems can be at best considered an 

approximation. 

3.2.4 Natural vegetation in the study area 

To maximize the environmental benefits from agroforestry systems, it would 

be best to use species that occur or used to occur in natural stands within this area, 

helping restore the ecosystem and wildlife habitat (Canadian Climate Change 

Secretariat, 1999). To assess such information, GIS/ArcView 3.2 was used to overlay 

the study area with the ecozones and ecoregions maps, both provided by the 

Saskatchewan Land Resource Centre/University of Saskatchewan. The resulting maps 

are in the UTM NAD 27 ZONE 13 projection and are shown in Figure 3 .4. 
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In the southern boreal forest, most of the study area is located in the Boreal 

Plain ecozone, in the following ecoregions listed in decreasing order area: Boreal 

Transition, Mid-Boreal Upland, and Mid-Boreal Lowland. A negligible portion of the 

study area is within the Prairie ecozone in the Parkland ecoregion. The following 

description of vegetation in the study area is a summary based on the description of 

ecozones and ecoregions of Saskatchewan (Acton et al., 1998). 

As a general rule, the soil types can normally indicate the vegetation, which 

originated its development. Chemozemic soils are associated with grasslands, while 

Luvisolic soils are associated with forests. Generally the vegetation of the study area 

can be characterized by a closed-crown mixedwood and coniferous forest, with the 

deciduous component increasing from north to south in the study area, and being 

mostly represented by trembling aspen, white spruce, and balsam poplar. White spruce, 

black spruce, jack pine and tamarack are the main coniferous species, with black spruce 

and tamarack increasing dominance from south to north the study area. 

The land cover in the study area is the following: agricultural land, aspen 

forest, mixedwood forest, jack pine forest, grassland, peatland, boreal wetland, white 

spruce forest, and black spruce forest. 

Approximately 50% of the study area was converted to agricultural land, with 

agricultural suitability increasing from north to south. Aspen forests occur in most the 

study area, tending to increase in importance with the absence of frre. Mixedwood 

forests occur throughout the study area, and are composed of a mix of white spruce and 

trembling aspen and balsam poplar. Grasslands are found mainly in the Boreal 

Transition and Parkland ecoregions, normally mixed with shrubs and trembling aspen, 

occupying soils with reduced moisture or shortly after fire. Fire suppression in this area 

has been responsible for the gradual replacement of grasses by aspen. 

White spruce forests occur mostly in the Mid-Boreal Upland ecoregion and 

achieve good growth in stands on Dark Gray Chernozemic soils on relatively level, 

water-modified glacial till or lacustrine materials. Black spruce forests occur mainly in 

the Mid-Boreal Upland and Lowland ecoregions, occurring on wet or moderately well

drained soils. 

The Mid-Boreal Lowland ecoregion occupies less than 10% of the study area. 

In this area, levees, which are built up by the periodic deposition of river sediments, 
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represent the most productive forestlands in the province, with large white spruce, 

balsam poplar, and trembling aspen. These species can be found in mixture with balsam 

frr and white birch, along with American elm, green ash, and Manitoba maple. 

3.2.5 Soil types in the study area 

The dominant soils in the study area are shown in Figure 3.3. According to 

this figure, most of the study area is within the Gray Luvisol, Dark Gray Chemozem 

and Dark Gray Luvisol but other soil types also present in the study area are Black 

Chemozem and Organic Mesisols, Eutric Brunisols, soils from the Regosolic and 

Gleysolic orders, and Organic Fibrisols (from an analysis to the RM's map overlaid 

with the soil type map). The following description of the dominant soil zones for the 

study area is a summary from the Canadian System of Soil Classification (Soil 

Classification Working Group, 1998). 

Soils of the Luvisolic order are generally light colored, have eluviated A 

horizons and illuvial B horizons, in which silicate clay has accumulated. They develop 

characteristically in well to imperfectly drained sites, in sandy loam to clay, generally 

in base saturated parent materials under forest vegetation in sub humid to humid, mild 

to very cold climates. 

The Dark Gray Luvisols subgroup has eluvial and Bt horizons and may have a 

degraded Ah or Ahe horizon that resembles the upper A horizon of Dark Gray 

Chemozemic soils, with commonly an AB or BA horizon under the Ae horizon in 

which the ped sufaces are grayer than the interiors of peds. This subgroup normally has 

L, F, and H horizons, and occurs typically under boreal or mixed forest vegetation, and 

in forest-grassland transition zones in various climatic areas. The Dark Gray Luvisols 

differ from the Orthic Gray Luvisols by having an Ah or Ahe horizon 5 em or more in 

thickness. 

The Chemozemic soil order, of which the Dark Gray Chemozem great group 

is a part, develops in well- to imperfectly-drained soils, having surface horizons 

darkened by the accumulation of organic matter from the decomposition of xerophytic 

or mesophytic grasses and forbs representative of grasslands or of grassland-forest 

communities with associated shrubs and forbs. This soil order occurs mostly in cool, 

subarid to subhumid Interior Plains, and also in some valleys and mountain slopes. 
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Soils in this order have an A horizon in which organic matter has accumulated (Ah, 

Abe, Ap) and meets the requirements of a Chemozemic A horizon. 

The Dark Gray Chernozems great group has a Chernozemic A horizon with 

characteristics indicative of eluviation associated with soils developed under forest 

vegetation. Dark Gray Chemozemic soils usually occur under mixed native vegetation 

of trees, shrubs, forbs, and grasses in forest-grassland transition zones in areas of cold, 

subhumid soil climate. Virgin Dark Gray Chemozems usually have leaf mats (L-H 

horizons) overlying Ah or Abe horizons, and the peds of the A horizon may have dark

colored surfaces, although crushed peds have usually gray or brownwish colors of 

higher value or chroma. A "salt and pepper" effect, light gray spots, or bands on a 

darker matrix may be observable in the A horizon for this, which tend to have platy 

structure. 

3.3 SPECIES CONSIDERED FOR AGROFORESTRY PLANTATIONS 

Three species were selected to be used in agroforestry systems in the study 

area, namely trembling aspen, white spruce, and hybrid poplar (varieties Walker and 

Assiniboine ). 

Trembling aspen (Populus tremuloides) is the most widely distributed species 

in North America; it is known as quaking aspen, trembling poplar, white poplar, and 

popple (Farm Woodlot Association of Saskatchewan, N.D.). This pioneer species, as 

the Farm Woodlot Association of Saskatchewan (N.D.) reported, grows on almost any 

soil type and in a wide variety of soil moisture conditions, but grows best on open sites 

on moist, well drained, sandy or gravelly loam soils (as it does not tolerate flooding 

well). It has fairly high nutrient requirements, particularly for calcium and prefers a pH 

above 6.0; and often occurs in pure stands after frres, where it can act as a "nurse tree" 

to various softwoods and be gradually replaced by shade tolerant species, resulting in a 

mixed-wood and mature softwood stands common in the boreal forest (Peterson & 

Peterson, 1992; Farm Woodlot Association of Saskatchewan, N.D.). Trembling aspen is 

also intolerant of shade, soil compaction, frre, and mechanical damage to roots (Farm 

Woodlot Association of Saskatchewan, N.D.). Because trembling aspen can easily 

propagate from roots, pure stands can often belong to the same clone, although most 

clones on the prairies occupy less than one hectare (Peterson & Peterson, 1992; Farm 
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Woodlot Association of Saskatchewan, N.D.). The wood of trembling aspen has 

various uses, such as waferboard, OSB, paperboard, pulp and paper, plywood, lumber, 

pallets, boxes, furniture stock, flooring, fuelwood and other products (Farm Woodlot 

Association of Saskatchewan, N.D.; Farrar, 1997). 

White spruce (Picea glauca) is a widespread native species in the boreal 

forest, but rarely in pure stands due to its tolerance to shade (Farm Woodlot Association 

of Saskatchewan, N.D.). It is also known as eastern white spruce, porsild spruce, silver 

spruce (Farm Woodlot Association of Saskatchewan, N.D.), cat spruce, skunk spruce, 

pasture spruce, and Canadian spruce (Farrar, 1997). 

White spruce grows best on well-drained moist silt textured soils, but occurs 

in many soil types (Farm Woodlot Association of Saskatchewan, N.D.). It has a 

medium tolerance to drought, can tolerate some flooding during the growing season, 

and can suffer wind throw when poorly stocked (Farm Woodlot Association of 

Saskatchewan, N.D.). Its seedlings will tolerate acid soils to pH 4.5 although they have 

a low tolerance to soil salinity. The Farm Woodlot Association of Saskatchewan (N.D.) 

reported that white spruce can be used for a wide range of products, such as lumber, 

plywood, pulpwood, log houses, musical instruments, paddles, boxes and containers, 

and also for fuel wood. This species is often used by wildlife for thermal cover in the 

winter, and for nesting and roosting cover for small birds during the summer (Farm 

Woodlot Association of Saskatchewan, N.D.). 

Hybrid poplar, according to the Farm Woodlot Association of Saskatchewan 

(N.D.), is a result of natural or manmade crosses among poplar species, and can be 

found across the southern prairies either in pure stands or associated with hardwoods, 

especially near rivers and streams. It grows best on deep, rich, well-drained loam 

textured soils with good moisture holding capability; and can be less tolerant to harsh 

winters compared to local poplar species. It also grows fast and has a low salt tolerance 

(PFRA Shelterbelt Centre, 1999). 

Hybrid poplar wood has many uses, such as for pallets, rough construction, 

interior parts or furniture, boxes, wood pulp, for roughage for animal feed and stock 

for, and for fuel wood (Farm Woodlot Association of Saskatchewan, N.D.; Carlson & 

Berger, 1998; PFRA Shelterbelt Centre, 1999). 
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The hybrid poplar varieties Walker and Assiniboine are currently grown in 

various regions of Saskatchewan. According to Shroeder (1996), they are considered 

well adapted to prairie climate and soils, and have proven to have superior growth 

compared to other poplars. Although hybrid poplar may not be as widespread as 

trembling aspen, its fast growth rate has placed it as the most probable species to be 

adopted in agroforestry systems (Nagle, 1990). That justifies its inclusion in this study. 

The Walker poplar is a female clone, putative hybrid of Populus deltoides var. 

occidentalis (plains cottonwood), and has vigorous growth, upright form, and good 

resistance for insect and disease (Shroeder, 1996). Assiniboine poplar is a male clone 

selected from a half-sib population of Walker poplar, with superior qualities of growth 

and insect resistance (Shroeder, 1996). 

3.4 AGROFORESTRY CARBON STOCKS 

Within the stock change approach, information used for the forest component 

of agroforestry systems in decreasing order of importance included: 

1) Data from agroforestry systems within the study area and or at least on 

Gray Luvisolic and Dark Gray Chemozemic/Luvisolic soils, 

2) Information from planted stands on abandoned farmlands within the study 

area or at least within the Gray Luvisolic and Dark Gray 

Chemozemic/Luvisolic soils, 

3) Information and data from planted forest stands within the study area or at 

least within the Gray Luvisolic and Dark Gray Chemozemic!Luvisolic 

soils, 

4) Information and data from natural stands within the study area or at least 

within the Gray Luvisolic and Dark Gray Chemozemic/Luvisolic soils, 

5) Information within the Prairie Provinces, if possible, from the Gray 

Luvisolic and Dark Gray Chernozemic/Luvisolic soils, 

6) Information from elsewhere with close characteristics as possible to the 

study area. 

For the trees planted in agroforestry systems, no information was available for 

specific agroforestry categories and systems. Because of that, this study was restricted 
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to block-arrangements, most specifically to wood fiber plantations, as this system 

resembles natural stands managed for pulp production. With this approach, the 

knowledge that has already been developed for forest stands could be applied to the 

purpose of this research. Nevertheless, more research is needed on carbon sequestration 

in agroforestry systems so that other categories and designs can be investigated. 

Furthermore, the units used in this study are shown in Appendix C. 

3.4.1 Aboveground carbon stocks 

3.4.1.1 Hybrid poplar 

Peterson et al. ( 1999) concluded from an extensive literature review that soil 

quality, site management, and clone selection are the determining factors for a 

successful hybrid poplar plantation. Peterson et al. (1999) concluded that moisture 

stress and weed competition are often causes of failure. These factors can be expected 

to highly influence carbon sequestration potential in both aboveground and 

belowground biomass of hybrid poplar. However, Bill Shroeder (personnal 

communication) found through personal field experience that moisture availability is 

the most important limiting factor for hybrid poplar stand development. The influence 

of irrigation and shallow water table on plantations can substantially increase the yield 

of hybrid poplar plantations (Shroeder, 1996; Peterson et al., 1999). 

To predict hybrid poplar growth, Peterson et al. (1999) reported the only 

growth curve available for the Prairie Provinces (for pulpwood production). This 

growth curve was adapted from Guy & Benowicz (1998). Peterson et a/. (1999) 

checked the validity of this curve (with various Canadian and US data), and constructed 

three exponential curves with asymptotes of 200, 250, and 300 m3 /ha to be used for 

poor, medium and good sites in the prairies. Peterson et al. (1999) also changed the 

curve shapes after the age of culmination of biomass accumulation (28 years) based on 

professional judgment to reflect the rapid decay and collapse of the stand that follows 

biomass culmination, a trend that was not identified in the curve from Guy & Benowicz 

(1998). As hybrid poplar is assumed to be used in the study area for pulp and paper and 

for OSB, the type of growth curve presently available (for pulpwood production) is 

appropriate. 
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The growth curve given by Peterson eta/. (1999) is based on planted stands, 

assumes no mortality in the stand before the stand decline (at 28 years old), and also 

assumes a spacing of 3m x 3m (1,111 trees/ha). According to studies done to release 

varieties Walker and Assiniboine for Saskatchewan by the PFRA Shelterbelt Centre, 

the assumption of no mortality within the stand before the stand decline is feasible. It 

agrees with results for previously cultivated fields in Saskatchewan (Carrot River, 

within the Dark Gray soils), after 31 growing seasons with spacing of 1.8m x1.8m (Dan 

Walker, personal communication). Although in the past, the PFRA Shelterbelt Centre 

has used spacing trials of 1.8m, it currently recommends a spacing of2.5m x 2.5m (Dan 

Walker, personal communication). Using the growth curve by Peterson et al. (1999), 

then, could underestimate the carbon sequestration potential for this study because it 

assumes a wider spacing than suggested by PFRA. Nevertheless, adjustments of 

spacing would imply in a different level of competition, and a conservative approach 

was taken in not doing so. 

Also, although this curve is not variety specific, it assumes that clones best 

suited for each location would be chosen (Peterson et al., 1999). It also assumes that 

plantations would be managed at a medium intensity, which includes site preparation, 

some cultivation and weed control (Peterson et a/., 1999). The growth curve from 

Peterson et al. (1999) largely reflects the currently available information, which is 

mostly from intensive managed plantations. Therefore, yields from this curve reflect 

effects of fertilization, irrigation, weed and pest control, as well as clone selection and 

environmental conditions of plantations (Peterson et al., 1999). Data from this curve are 

also mainly from young plantations, as information from the stand development is often 

only available from early age of stands (before the frrst rotation) (Peterson et al., 1999). 

Research is clearly needed to provide data for later stages of hybrid poplar plantations. 

Also, the growth curve by Peterson et al. (1999) originated from values for all major 

soil zones, so that the resulting curve is not specific for the soil types analyzed in this 

study. It is also not specific to the hybrid poplar varieties considered best suited to 

Saskatchewan (Walker and Assiniboine). Although the growth curve by Peterson et al. 

(1999) needs further improvement, it is the most acceptable for the Prairie Provinces, 

and therefore assumed to be representative of hybrid poplar wood fiber plantations in 

the study area. 
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Overlaying the Hybrid Poplar Suitability map provided by the Saskatchewan 

Land Resource Centre/University of Saskatchewan in GIS/ Arc View 3.2 on the study 

area resulted in most of the study area classified as good site quality. However, this 

classification system could not be linked to the growth curves classification system. 

The intermediate site quality growth curve (for medium sites) was then chosen to 

represent the study area. As, through visual analysis, the dominant class of hybrid 

poplar suitability in the study area was found to be also its intermediate site quality 

class, this approach was considered feasible. Nevertheless, this could somewhat 

underestimate the carbon sequestration potential in this study, as good site quality in the 

hybrid poplar suitability classification is considered equivalent to the medium site 

quality in the growth curve classification. 

The growth curve from Peterson et al. (1999) is reported in merchantable 

volume. To convert from merchantable volume to biomass, the average wood basic 

density was taken from the median of 4 sites with Walker poplar, and the average from 

2 sites with Assiniboine poplar (Shroeder; 1996). As described by Shroeder (1996), all 

sites had 11 year old shelterbeh plantations varying in spacing from 2 to 2.5m x 4.5m. 

The average value for these varieties wood basic density of 0.358 t/m3 was multiplied 

by the merchantable volume. Through this approach, half the farmers were assumed to 

choose Assiniboine, while the other half were assumed to choose Walker. 

Ahhough this average value from Shroeder (1996) comes from only a few 

samples (single tree sampling at 6 locations) and these plantations were mostly located 

on Black Chemozemic soils, this is currently the best available information for the 

hybrid poplar varieties considered in this study. Nevertheless, this value is similar to the 

value reported by Beaudoin (200 1 ), who reported average wood basic density for 10 

clones tested for hybrid poplar Populus x euramericana in Canada of0.351 t/m3
; and is 

substantially lower than the conversion factor widely used for all Canadian species of 

0.43 (Peterson et a/., 1999; Lempriere & Booth, 1998; Robinson et a/., 1999). All 

values here were given for debarked wood. Clearly, this conversion factor could be 

improved if taken from a wider number of samples and for sites on Gray Luvisolic and 

Dark Gray Chemozemic/Luvisolic soils of Saskatchewan, preferably from wood fiber 

plantations at closer age to harvesting. 
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To include the aboveground non-merchantable components to the inside bark 

merchantable biomass, an expansion factor of 1.454 was multiplied by the 

merchantable biomass, as suggested by Peterson et al. (1999). This factor also agrees 

with Robinson et al. (1999) and Lempriere and Booth (1998). Although this factor is 

not species or soil type specific, a more specific expansion factor is currently not 

available. Clearly, research is needed to develop a more specific expansion factor. 

Nevertheless, this expansion factor was assumed applicable for Walker and Assiniboine 

hybrid poplar varieties in wood fiber plantations in the study area. 

All aboveground biomass was then converted to carbon content by 

multiplying the aboveground biomass by a conversion factor of 0.42, which is the 

average carbon concentration for hybrid poplar plantations in short-rotation between 

the value for both early summer and late summer/early fall (Horwath et al., 1994). 

Although this conversion factor, as Horwath et al. (1994) reported, comes from 2 year 

old (3m tall) plantations of Populus Euramericana cv on Gray Brown Luvisol soils 

(Typic Hapudalf) at Kalamazoo Michigan; the only comparable value is the one 

reported by Kort & Turnock (2000). Kort & Turnock (2000) reported an average value 

of 48.2% C for mature (1 00 year old) hybrid poplar shelterbelts in Manitoba and 

Saskatchewan in the black, dark brown and brown soil zones. 

As hybrid poplar is expected to be used in short -rotation, these trees would not 

reach maturity. Therefore the value suggested by Kort & Turnock (2000) would 

overestimate the aboveground carbon sequestered in hybrid poplar plantations. 

Although the value suggested by Horwath et al. (1994) could underestimate the 

aboveground carbon sequestered in hybrid poplar plantations, as the carbon content in 

trees is expected to increase with age, a conservative approach was chosen. 

Nevertheless, values by Horwath et al. (1994) and Kort & Turnock (2000) are lower 

than the conversion factor that has been extensively used for all Canadian species of 

50% C (Peterson et al., 1999; Lempriere and Booth, 1998; Robinson et al., 1999). 

Research is clearly needed to improve this conversion factor, frrst by sampling trees 

closer to harvesting age, and second by sampling stands on Gray Luvisolic and Dark 

Gray Chemozemic/Luvisolic soils. As no better information is available, this 

conversion factor was assumed applicable to Walker and Assiniboine hybrid poplar 

varieties in wood fiber plantations within the study area. 
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3.4.1.2 Trembling aspen 

To predict trembling aspen growth, the most reliable data come from 

provincial growth curves. These growth curves are reported in merchantable volume 

from 30 em stump height to 8 em top diameter inside bark (2.6 m log length) for natural 

stands in the commercial forest of Saskatchewan (Golder Associates Ltd., 2001; Phil 

Loseth, personal communication). They include mixed stands of trembling aspen and 

balsam poplar (Golder Associates Ltd., 2001; Phil Loseth, personal communication). 

The provincial growth curves for trembling aspen are a compilation of data 

from various local inventories, which were part of the Volume Sampling Program 

carried out between 1970 and 1990 (Phil Loseth, personal communication). The 

reported growth curves are available for various locations within the province of 

Saskatchewan. 

To represent the study area, growth curves from inventory zones C20, C50 

and C60 were needed. These zones represent, respectively, the western, central and 

eastern portions of the commercial forest region, and are from the portion of the 

commercial forest nearest to the study area. Curves from zones C20 and C50 were 

recently compiled by Golder Associates Ltd. (2001 ), while those of C60 were provided 

by Saskatchewan Environment (Phil Loseth, personal communication). 

The median of these growth curves (C20, C50 and C60) was taken, which 

produced one growth curve for each of the four crown density classes (i.e., crown cover 

of>10% :::;30%, >30% ::;55%, >55% :::;80%, and >80%). Second, the average between 

the two growth curves for the intermediate crown density classes was taken and 

assumed representative of the study area. Further research is needed to validate this 

assumption, and also to develop a curve for pure trembling aspen plantations in the 

study area. Using growth curves from natural stands could underestimate this species' 

carbon sequestration potential, as managed stands would be expected to reach maturity 

earlier than naturally regenerated stands (Canadian Climate Change Secretariat, 1999). 

An attempt was done to overlay the map of agricultural soils capability (which 

is currently used to predict trembling aspen suitability) on the study area, but the study 

area was poorly covered and the resulting map inconclusive. Clearly, if the map for 

trembling aspen suitability was improved, the choice of representative growth curves 

for the study area could also be improved. 
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To convert from merchantable volume to biomass, Singh (1987) reported an 

average wood basic density at breast height of 0.408 t/m3 ± 9.5% from a total of 19 

samples (disks and cores) from natural stands of trembling aspen in the forest-tundra 

and forest grassland transition areas of Saskatchewan. This value is similar to the 

average basic density for trembling aspen in natural stands reported also by Singh 

(1987) for Manitoba forest-tundra and forest grassland transition (of 0.401 t/m3 ± 
11.7%) from 175 samples (disks and cores). It is somewhat higher than the average 

value reported by Jessome (1977) of0.374 t/m3 from 20 trembling aspen trees sampled 

from 3 locations (New Brunswick, Manitoba, and Saskatchewan); and similar to the 

conversion factor widely used for all Canadian species of 0.43 (Peterson et al., 1999; 

Lempriere & Booth, 1998; Robinson et al., 1999). 

The merchantable volume was then muhiplied by the basic density of 0.408 

t/m3 in order to estimate its biomass content. Further research is needed to validate this 

assumption and also to develop a conversion factor specifically from plantations from 

the Gray Luvisolic and Dark Gray Chernozemic/Luvisolic soils of Saskatchewan. 

To include aboveground non-merchantable components of trembling aspen, 

the merchantable biomass was multiplied by an expansion factor of 1.18. Singh (1982) 

reported 18% of the trembling aspen aboveground biomass content in components other 

than the stem2: 10 em, including stump, branches, foliage, and stem <10 em. This value 

was based on sampling 60 trembling aspen trees in natural stands of Alberta, Manitoba, 

and Saskatchewan on unknown soil types (Singh, 1982). Although more research is 

needed to improve the quality ofthis expansion factor, the value from Singh (1982) was 

lower than the one by Bella & De Francheschi (1980). Bella & De Francheschi (1980) 

reported a factor of 1.333 from 25 samples from trembling aspen natural stands from 

the Hudson Bay area (excluding the stump). Singh (1982) value is also lower than the 

expansion factor that has been widely used to all Canadian species of 1.454 (Peterson et 

al., 1999; Lempriere and Booth, 1998; Robinson et al., 1999). 

To convert the tree biomass to carbon content, a conversion factor by Tillman 

et al. (1981) of 50.2% C was applied, as suggested by Samson et al. (1999) and 

Ragland et al. (1991) for all North American hardwood species. Tillman et al. (1981) 

value was from 11 trees sampled from various hardwood species (poplar, white ash, 

and white oak). This factor is similar to the conversion factor widely used for all 
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Canadian species of 50% carbon (Peterson et al., 1999; Lempriere and Booth, 1998; 

Robinson et al., 1999). Further research is needed to improve this factor so as to be 

species specific and from stands on the Gray Luvisolic and Dark Gray 

Chemozemic/Luvisolic soils of Saskatchewan, and also to be from trees close to their 

harvesting age. 

3.4.1.3 White spruce 

To predict white spruce growth, the most reliable data also come from 

provincial growth curves. These curves are reported in merchantable volume from 30 

em stump to 8 em top diameter inside bark for natural stands in the commercial forest 

zone of Saskatchewan (Golder Associates Ltd., 2001; Phil Loseth, personal 

communication). They include mixed stands of white spruce and balsam frr (Golder 

Associates Ltd., 2001; Phil Loseth, personal communication). 

White spruce growth curves for inventory zones C20, C50 and C60 were used, 

and a single growth curve was developed from the two intermediate crown density 

classes as previously described for trembling aspen (3.4.1.2). Further research is needed 

to develop a growth curve for pure white spruce plantations on Gray Luvisolic and 

Dark Gray Chemozemic/Luvisolic soils of Saskatchewan. Also, the use of growth 

curves from natural stands instead of planted stands can underestimate this species' 

carbon sequestration potential, as planted trees can reach maturity I 0 to 12 years earlier 

than naturally regenerated stands (Canadian Climate Change Secretariat, 1999). 

Wang & Micko (1984) reported an average wood basic density for white 

spruce of 0.364 t/m3 ± 7 .I% from 34 cores and disks sampled :from ten trees per site, 

from a total of four sites sampled, from which three had mature stands of white spruce 

(over 70 years of age), and one had younger trees (mean age 46). The stands sampled 

by Wang & Micko (1984) were located in Slave Lake Alberta, presumably on Gray 

Luvisols. Roddy (1986) also reported an average value of 0.342 t/m3 ± 9.1% from 31 

cores of white spruce juvenile wood (10 rings closest to the pith), collected from parent 

trees in natural stands from Saskatchewan. Although the value by Roddy (1986) is 

lower than the one by Wang & Micko (1984), it lacks information regarding to the soil 

zone which the sampling was done, and the value by Wang & Micko (1984) was 

chosen. 
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The average wood basic density value from Wang & Micko (1984) is 

comparable to the Canadian mean of0.354 t/m3 from 43 white spruce trees sampled in 

7 sites across Canada (New Brunswick, Quebec, Manitoba, Alberta, and Saskatchewan) 

(Jessome, 1977); and is substantially lower than the conversion factor widely used for 

all Canadian species of 0.43 (Peterson et al., 1999; Lempriere & Booth, 1998; 

Robinson et al., 1999). 

To convert from merchantable volume to biomass, the merchantable volume 

was multiplied by 0.364 t/m3
, assuming this value is applicable to white spruce wood 

fiber plantations in the study area. Further research is needed to validate this 

assumption and also to develop a conversion factor specifically from white spruce 

wood fiber plantations (in farmlands) from the Gray Luvisolic and Dark Gray 

Chemozemic/Luvisolic soils of Saskatchewan. 

To include the aboveground non-merchantable components, the merchantable 

volume was multiplied by 1.20. This expansion factor was taken from Singh (1982), 

who reported an average proportion for white spruce of 20% of the total aboveground 

biomass (oven dry weight) stored in components other than the stem 2: 10 em, including 

stump, branches, foliage, and stem <10 em. This value was the average from 60 white 

spruce trees sampled from natural stands in Saskatchewan, Manitoba, and Alberta 

(Singh, 1982) - on unknown soil types. This value was lower than the expansion factor 

that is widely applied for all Canadian species of 1.454 (Peterson et al., 1999; 

Lempriere and Booth, 1998; Robinson et al., 1999). Research is also needed to 

improve the quality of this expansion factor to restrict to stands within the Gray 

Luvisolic and Dark Gray Chernozemic/Luvisolic soils of Saskatchewan only, and to be 

from white spruce wood fiber plantations. Nevertheless, the expansion factor by Singh 

(1982) is assumed to be representative for the aboveground component of white spruce 

wood fiber plantations in the study area. 

To convert the tree biomass to carbon content, a conversion factor by Tillman 

et al. (1981) was applied, as suggested by Samson et al. (1999) and Ragland et al. 

(1991) for all North American softwood species. Tillman et al. (1981) reported an 

average carbon concentration of 52.7% carbon from 9 trees sampled from various 

softwood species (Douglas fir, pitch pine, western hemlock, white cedar, and redwood). 

This factor was multiplied by the biomass in order to estimate its carbon content. The 
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factor by Tillman et al. ( 1981) is similar to the one widely used for all Canadian species 

of 50% carbon (Peterson et al., 1999; Lempriere and Booth, 1998; Robinson et al., 

1999). 

The conversion factor by Tillman et al. (1981) was assumed to be valid for all 

aboveground biomass of white spruce wood fiber plantations. Further research is 

needed to improve this factor so that it is species specific and restricted to stands on 

farmlands within the Gray Luvisolic and Dark Gray Chernozemic/Luvisolic soils. 

3.4.2 Belowground carbon stocks 

3.4.2.1 Hybrid poplar 

To estimate the belowground (roots and soils) carbon sequestration, very little 

information is available; and no information is available for the hybrid poplar varieties 

considered in this study, nor for other varieties only on Gray Luvisolic and Dark Gray 

Chemozemic/Luvisolic soils. 

Nevertheless, Hansen (1993) reported that, at age 15, hybrid poplar 

plantations accreted 24.4 t ha-1 more soil carbon (including soils 0-lm depth and roots) 

than adjacent tilled row crops or grasslands. This value is the total soil carbon averaged 

from 5 plantations (on Chemozemic and Luvisolic soils) in Western Minnesota and 

Northern Dakota, with plantations at least 15m wide and ranging from age 12 to 18 

(Hansen, 1993). Assuming a constant rate of soil carbon sequestration, the soil carbon 

sequestration rate exceeded adjacent tilled row crops or grasslands by 1.63 ± 0.16 t ha-1 

yr-1 (Hansen, 1993). Due to different climatic and overall conditions for hybrid poplar 

growth in this study compared to the study area, this value can be considered at best an 

approximation. To use the value by Hansen (1993), the total soil carbon content was 

assumed similar to the soil organic carbon content (i.e., that there are no carbonates in 

the soil). 

The value by Hansen (1993) is within the range suggested by Grigal & 

Berguson (1998). Grigal & Berguson (1998) showed that under most conditions, short

rotation hybrid poplar plantations can be expected to increase the soil carbon over 10 to 

15 years from 10 to 25 t C/ha. Grigal & Berguson (1998) concluded that from 5 

plantations in various soil types in Minnesota. 
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Information in the literature regarding the impacts of harvesting hybrid poplar 

plantations on the soil organic carbon content (from Canada or elsewhere) is not 

available. A conservative assumption was made that at all harvesting times, the soil 

organic carbon content in the entire soil profile would be equal to the soil organic 

carbon content in the frrst rotation. In other words, the soil organic carbon storage in the 

soil was assumed not to increase with continued use of hybrid poplar planted in short

rotation on agricultural land over more than one rotation length. Through this approach, 

the possible positive effects of these plantations on the long-term soil organic carbon 

storage capacity are ignored. The long-term storage of carbon in the soil under these 

plantations and the harvesting effects on soil carbon accumulation need to be further 

investigated. 

3.4.2.2 Trembling aspen 

To predict the carbon sequestration in the belowground pool (roots and soils) 

for trembling aspen wood fiber plantations, no information was found either from 

agroforestry plantations or from former cultivated soils that permitted to assess the soil 

organic carbon stored in the entire soil profile (i.e. soil carbon sequestration) for this 

species. The best available soil organic carbon database that permitted queries to be 

done simultaneously for soil zones, species (at mature age), ecoclimatic provinces or 

provinces, and also soil organic carbon measurements for the entire soil profile, was the 

one by Siltanen et al. (1997). The database by Siltanen et al. (1997) is assumed to 

include roots as it is difficult to remove roots when sampling soils (Dan Pennock, 

personal communication). 

A different approach was then needed to use this data set and incorporate the 

available knowledge on long-term effects of cultivation on soils. The soil carbon 

sequestration under this species was calculated by dividing the amount of soil organic 

carbon lost to the frrst land-use conversion to agriculture by its rotation length. This 

calculation was done using equations 3.1 and 3 .2. The calculations and values in 

parenthesis apply to trembling aspen plantations only. 

65 



SCRAs = (MaxSCs x SRC) (i.e. 88.5 t/ha * 0.3 = 26.55 t/ha) (3.1) 

Where: MaxSCs- Maximum soil carbon sequestration potential in the total 

soil profile under trembling aspen in wood fiber plantations (88.5 

t/ha); 

SRC- Expected recovery level for soil carbon lost to land use 

conversion (100%). 

SCs = SCRAs/RL (i.e., 26.55 tlha I 10 yr = 0.38 t ha-1 yr-1
) (3.2) 

Where: SCs- Soil carbon sequestration rate in the total soil profile under 

trembling aspen wood fiber plantations (i.e., soil organic carbon 

content including roots) (0.38 t ha-1 yr-1
); 

SCRAs- Soil carbon sequestration expected to be recovered in the 

total soil profile under trembling aspen wood fiber plantations (0.3); 

RL- Rotation length (70 yr). 

With this approach, the rate of soil carbon accretion was assumed constant 

throughout the trees life cycle, flattening the curve of soil carbon sequestration. 

Through flattening this curve, the soil carbon sequestration potential for the initial years 

of the trees life cycle can be overestimated, and the soil carbon sequestration potential 

for later highly productive stages in the trees life cycle can be underestimated (Watson 

et al., 2000). 

Second, the maximum potential for soil carbon sequestration under wood fiber 

plantations is assumed equal to the soil organic carbon stored under mature natural 

forests. Further field investigation is needed to support this assumption, preferably for 

wood fiber plantations on the Gray Luvisolic and Dark Gray Chernozemic/Luvisolic 

soils of Saskatchewan, and at least sampled once at harvesting age. 

Third, the soil organic carbon content at a mature stand age is assumed equal 

to the soil organic carbon content of trembling aspen at the age these trees would be 

harvested in wood fiber plantations. 

The soil carbon sequestration was assumed also to be recovered completely in 

the frrst rotation and that this value would remain the same in the end of the following 

rotations (i.e., that the net gain in the following rotations would be zero, as gains in 
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these rotations would just compensate for the losses from the harvesting impact to the 

soil). To support these assumptions, the longest-term study of harvesting effects in the 

soil is the study by Y anai et al. (2000). Y anai et al. (2000) studied 13 natural stands 

(including trembling aspen, ash, yellow birch, paper birch, sugar maple, beech, pin 

cherry, red maple, and stripped maple) mostly subjected to clear-cut in New Hampshire 

(typic haplorthod soils- orthic humo-ferric podzol soils). Results from this study 

suggested that the forest floor organic matter would be totally recovered to pre

harvested levels when the stands approached age 90. 

Although Pennock & Van Kessel (1997) reported no major soil organic 

carbon losses (0-45 em depth) in the short-term, and 24% of soil organic carbon losses 

in the medium-term, Pennock & Van Kessel (1997) did not assess sites older than 20 

years after clear-cut has taken place, but instead assessed soil organic carbon losses 

when organic mass losses from the forest floor were at their peak (in the medium-term), 

according to the study by Yanai et al. (2000). 

However, as managed stands can be expected to have increased biomass 

production as compared to natural stands, with higher amounts of carbon being 

transferred to the soil, trees in agroforestry systems were assumed to have recovered the 

soil organic carbon in the first rotation. 

Further research is needed to assess the long-tern impact of harvesting in the 

soil carbon storage (e.g. Pennock & Van Kessel, 1997), but should include the entire 

soil profile, for longer time after harvesting, and preferably from trees in wood fiber 

plantations close to harvesting age in the study area. Y anai et al. (2000) and Fisher & 

Binkley (1999) called attention to the difficulties associated with this type of study as 

harvesting methods have evolved over time, and also to the importance of sampling the 

entire soil profile as carbon can be redistributed in the soil profile by site preparation, 

logging techniques, and also by the species present in the site. 

Finally, in this study, peatlands and wetlands were not considered. 

Nevertheless, these would probably have being long ago drained to support agricuhural 

activity (Jeff Schoenau, personal communication). 
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3.4.2.2.1 Maximum soil carbon sequestration potential (MaxSCs) 

The maximum soil carbon sequestration under trembling aspen in agroforestry 

plantations is likely to be similar to the soil organic carbon content within natural forest 

stands of this species. Although long-term soil organic carbon information from 

agroforestry ecosystems is not available, many authors support the idea that the 

maximum potential for carbon storage in agricultural soils in unlikely to exceed that of 

their native condition, and that, therefore, soils returned to their native vegetation 

should not exceed their initial conditions (Janzen et al., 1998; Bruce et al., 1999; 

Watson et al., 1999; Nagle, 1990). From field studies, however, Dormaar & Smoliak 

(1985) concluded that more than 55 years are required for the abandoned revegetated 

crop fields to approach native range conditions if soils are moderately grazed after 

being abandoned. They used chronosequence studies in soil carbon content (0-60 em 

depth) from 3 pairs of native versus revegetated abandoned crop fields in secondary 

succession on Orthic Brown Chemozemic soils of Alberta. 

Little long-term research has been carried out to analyze soil carbon changes 

on former cultivated lands (Johnston et al., 1996) and therefore, research is needed to 

further investigate the idea that the maximum potential for carbon storage in 

agricultural soils is comparable to its native condition. Nevertheless, this assumption 

was considered valid for wood fiber plantations within the study area. 

To determine the maximum potential for carbon storage in the study area for 

trembling aspen, the database for Canadian forest soils by Siltanen et al. (1997) was 

used. This database is a compilation of scattered published and unpublished data for 

relatively undisturbed areas dating from 194 7 to 1992, from work carried by the 

federal, provincial and private agencies. Siltanen et al. (1997) reported that the 

minimum criteria for inclusion of data in this database were measured values for the 

soil profile, the soil profile description, the horizon thickness, the organic carbon or 

organic matter analysis by horizon, the site location, and the dominant vegetation. 

As Siltanen et al. (1997) also reported, exceptions were made for the LFH and 

Ae horizons which were often not included in the survey reports. Missing organic 

carbon content values for the Ae horizon were estimated by similar adjacent profiles. 

The missing organic carbon content values for the LFH horizon data which included 

thickness values were estimated giving a set value of 30% organic carbon content, 
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while for some profiles where the LFH thickness was not given but indicated to be 

present, an arbitrary thickness of either 5 em or 3 em was used in the database based on 

vegetation and soil condition. For example, a Luvisol under aspen cover was given a 5 

em LFH thickness. According to Siltanen et a/. (1997), profiles with large gaps in soil 

organic carbon data for the mineral horizons, organic peaty soils, and agricultural soils, 

were not added to the database. As bulk density samples are largely absent in the 

original measurements for the soil profiles in this database, the empirical relationship 

between organic carbon content and bulk density from Grigal et a/.(1989) was used to 

estimate the bulk density when that was the case. A single bulk density equation then 

was applied to all soil conditions across Canada, which constitutes the main weakness 

of this database (Siltanen eta/., 1997). 

It is also worth calling attention to the calculation done to arrive at the total 

carbon content in the soil profile. Carbon content for the horizon, according to Siltanen 

et al. (1997), is calculated using percentage of organic carbon, bulk density, and 

thickness. Besides the data simplification for bulk density, they converted data on loss 

on ignition or percent organic matter by dividing by 1. 725. This may overestimate the 

carbon content in soil organic matter, as a higher conversion factor could have being 

used instead (Mann, 1986). Also, as Werner Kurz (personal communication) indicated, 

such a database is likely to cause some underestimation in the soil carbon sequestration, 

as soils are sampled differently (including lower amounts of litter on the top soil) as 

compared to forestry measurements. 

For soils under trembling aspen, Access 2000 software was used to query 

simultaneously trembling aspen as the dominant vegetation, the plots on Gray Luvisolic 

and Dark Gray Luvisolic soils within the Boreal West Ecoclimatic Province, and soil 

organic carbon values for the entire soil profile. The Ecoclimatic Provinces framework 

was proposed by the Ecoregions Working Group (1989) and grouped ecosystems with 

similar characteristics. Within this framework, the Boreal West Ecoclimatic Province 

includes part of Manitoba, Alberta, Saskatchewan and British Columbia. Although it 

would be best to restrict the data query to Saskatchewan, that restriction would result in 

the loss of73% or 111 plots of the database. The resulting data query consisted of 152 

plots (soil profiles), which was further broken down in the Great Groups and 

Subgroups, to better understand the database, using Excel2000. 
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The frequency histograms showed a non-normal frequency distribution and 

were interpreted as having a single peak. To estimate the average soil organic carbon 

content for the total soil profile under trembling aspen, the central tendency (median) 

and dispersion (interquartile range) were assessed through non-parametric statistics 

(Pennock, 1991 ), and were readily assessed from stem-and-leaf diagrams. The 

frequency distribution observed was assumed to reflect the action of one or more soil 

processes and their interactions. 

The soil organic carbon (SOC) content values from the trembling aspen 

dominated plots are shown in Table 3.2. The codominant vegetation for the plots, when 

this information was available, was mainly white spruce ( 48%) and balsam poplar 

(30.4%). 
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Table 3.2 Soil organic carbon content in tlha for the total soil profile from plots 

sampled within the Boreal West Ecoclimatic Province, with trembling 

aspen as the dominant vegetation (source: data compiled from Siltanen eta/., 1997). 

Gray Luvisols 
73 ± 42.5 (134)3 

29.5%AMS 
Average SOC from 70.5%BMS 
Gray Luvisols and 

Dark Gray Luvisols 
88.5 

24.4%AMS1 

75.6%BMS2 

Dark Gray Luvisols 
104 ± 27 (18) 
19.3 %AMS 
80.7%BMS 

1- AMS refers to the above the soil mineral surface; 
2- BMS refers to the below the soil mineral surface; 
3- All numbers in parenthesis refer to the number of plots sampled. 

Orthic Gray Luvisol 
73 ±54 (95) 
29.5%AMS 
70.5 %BMS 

Brunisolic Gray Luvisol 
73 ±_19 (8) 

34.9%AMS 
65.1 %BMS 

Gleyed Gray Luvisol 
63 ±56 (16) 
34.4%AMS 
65.6%BMS 

Solonetzic Gray Luvisol 
85.5 ± 32 (15) 
23.4%AMS 
76.6%BMS 

Dark Gray Luvisol 
103.5 ± 31 (15) 

21 %AMS 
79%BMS 

Gleyed Dark Gray 
Luvisol 

115±43(3) 
12.5 %AMS 
87.5 %BMS 

The value used for maximum soil carbon sequestration under trembling aspen 

in agroforestry systems (wood fiber plantations) was the average of Gray Luvisolic and 

Dark Gray Luvisolic soils, which was 88.5 tlha. 

This value was frrst assumed to be representative of the farmed lands in the 

study area. Second, through using the average between Gray Luvisolic and Dark Gray 

Luvisolic soils, the study area was assumed to be composed 50% of each of these soil 

types. Although visual assessment of the soils zone map within the study area led to the 

conclusion that this is the case (assuming the value for Dark Gray Luvisols applicable 

to Dark Gray Chernozems ), further investigation is needed to spatially locate farms 
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within the soil zones. Therefore, a GIS ArcView layer containing farmland spatial 

information to be overlaid on the soil zones layer of Saskatchewan would enhance 

estimates. 

Furthermore, through using this database, the influence on soil organtc 

carbon content of tree spacing, understory, forest management practices, soil texture, 

site quality, and the interaction between crops and trees is not considered. These factors 

need to be further investigated. 

The value for soil organic carbon content for the total soil profile from this 

study (88.5 t/ha) was higher than that estimated for Saskatchewan boreal forests from 

the Canadian Soil Organic Carbon Database for the total soil profile (80 tlha), as 

reported by Bhatti eta/. (2000). Nevertheless, it was lower than the estimated value for 

Saskatchewan boreal forests from the Canadian Budget Model- Phase 2 (CBM-CFS 2) 

for the total soil profile (140 t/ha), also reported by Bhatti eta/. (2000). 

The soil organic carbon value for the below mineral surface under trembling 

aspen on Gray Luvisolic soils in this study (51.5 tlha) was in the range suggested by 

Xiao (1987) and Xiao eta/. (1991), from 50.2 tJha in lower slope position to 71.5 tlha 

in upper slope positions. The value for the above mineral surface in this study (21.5 

t/ha) was lower than the range suggested by these authors- from 24.7 t/ha for midslope 

positions to 33.3 tlha for lower slope positions. Xiao (1987) and Xiao et al. (1991) 

studies considered well stocked mature aspen sites (ranging from 50 to 100 years old) 

on soils developed on glacial till of clay loam texture in Saskatchewan. 

Although more data and studies are needed for soil organic carbon 

measurements :from the total soil profile, Darwin Anderson (personal communication) 

indicated that values from this study are consistent with the expected variations in these 

soils. 

3.4.2.2.2 Soil carbon sequestration expected to be recovered (SCRAs) 

Many studies have reported estimates for the amount of soil organic carbon 

losses due to agricultural activities in the boreal forest area in Canada. The Canadian 

Climate Change Secretariat (1999) estimated that cultivation in western Canada has 

resulted in a loss of 20 to 30% of soil organic carbon. McGill et al. (1988) estimated a 

soil organic carbon loss of39% for Luvisolic soils in western Canada and soil organic 
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carbon losses of24% for Dark Gray soils (to the bottom of the B horizon). Smith eta!. 

(1996) reported soil organic carbon losses of 27.3% for Dark Gray 

Chemozemic/Luvisolic soils (0-30 em depth), and of 10.4% for Gray Luvisolic soils in 

Canada. 

However, as Davidson & Ackerman (1993) reported, estimates for the surface 

soil profile losses as a percentage of the native soil carbon content for the same part of 

the soil profile yields higher losses than if the entire soil profile was considered. 

Davidson & Ackerman (1993) analyzed 56 comparisons of cultivated (untilled soils) 

and uncultivated soils which included sites with Chemozemic soils of north American 

grasslands, tropical forests (3 sites), and forests from the temperate or boreal regions ( 5 

sites). They concluded that while 40% of soil carbon is lost to cultivation in the A 

horizon, 30% of soil carbon is lost to cultivation from the entire soil profile. 

Although the value by Davidson & Ackerman (1993) includes different 

ecosystems, it also shows a similar trend across ecosystems to carbon losses to soils 

conversion to agriculture. Davidson & Ackerman (1993) study was also the only one 

found that reported a value for carbon losses from the entire soil profile. Although that 

reason alone justifies its applicability to this study, as to keep consistency with the 

calculations, the value from Davidson & Ackerman (1993) is consistent to estimates by 

McGill eta!. (1998) of31.5%- average value for soil organic carbon loss to cultivation 

from Luvisolic soils (western Canada) and Dark Gray soils (0- bottom of B horizon 

depth). It is also consistent to the range suggested by the Canadian Climate Change 

Secretariat (1999) for western Canada- between 20% and 30% soil carbon loss to 

cultivation. 

Even though Smith eta!. (1996) suggested lower values to carbon losses from 

the top soil as compared to values by than Davidson & Ackerman (1993), field study 

was chosen instead of modeling estimates. By using data from these models, its various 

assumptions would also need to be carried on, such as to consider that wood fiber 

plantations would be replacing other soil management techniques that restore some 

organic carbon lost to cultivation. 
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As Saskatchewan is in the initial stages of agroforestry adoption, the 

agricultural soils presently in cultivation were assumed unlikely to be converted to 

wood fiber plantations. Instead, these plantations would be most likely established on 

set -aside lands and lands surrounding lakes and streams. In this context, these 

plantations would not need to compete with crops revenues to be economically viable, 

allowing farmers to learn enough through trying and error without incurring in 

economic losses. 

Therefore, through applying the percentage of carbon losses to cultivation by 

Davidson & Ackerman (1993), it is assumed that no soil carbon has been recovered 

from the frrst land-use conversion from forest to agriculture in the study area. However, 

if other soil management activities capable of restoring some carbon to the soil are 

actually replaced by trees in wood fiber plantations, they would need to be subtracted 

from the gains considered in this study. 

Through using Davidson & Ackerman (1993) data then, many assumptions 

are needed. This information is assumed applicable to the study area; the soil organic 

carbon losses are assumed equal to the total carbon losses (i.e., that there are no 

carbonates in the sampled soils); and all farmlands considered in the study area are 

assumed to have being converted to agriculture for a time period which permitted the 

soil organic carbon levels to have reached equilibrium in the carbon cycle. According 

to Davidson & Ackerman (1993), this takes nearly 20 years although most losses occur 

in the first 5 years after cultivation. Clearly, more research is needed to assess losses 

from the entire soil profile, preferably from farms on Gray Luvisolic and Dark Gray 

Chemozemic/Luvisolic soils within the study area. To account for the expected level of 

soil organic carbon stock recovery through land-use conversion from agriculture to 

wood fiber plantations, no information was found from North America or elsewhere for 

trees planted in agricultural land (converted from boreal forest). The soil organic carbon 

lost to cultivation needed to be assumed to rebuild to forest value (MaxSCs) over a 

rotation. From that, the soil carbon lost to cultivation was assumed to be recovered in 

100% from what was lost to cultivation within the first rotation. This assumption was 

used by Nagle (1990) in an attempt to overcome the lack of information on the recovery 
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level of soil organic carbon for afforestation, and to design estimates to fit Canadian 

conditions more closely. 

However, there is little information in the literature available from other 

ecosystems to support that. From studies done in tropical forests, Watson eta/. (2000) 

concluded that the expected level of soil carbon recovery for trees in agroforestry 

system would be in the range of80 to 100% relative to undisturbed forests for the 0-20 

em soil depth. Paustian et al. (1997) also concluded that in most cases, soil carbon 

stocks do not fully recover from the conversion of agriculture to agroforestry, with 

exceptions in a few cases (from specific studies in Europe, the Amazon forest, and 

Australia). In these cases, intensive soil management with organic matter or 

phosphorous additions over many years caused the soil carbon in agricultural lands to 

exceed their amounts as compared to their native conditions. 

Therefore, based in the information available for other ecosystems, the 

assumption of I 00% of soil organic carbon recovery level is expected to cause 

overestimation of the soil carbon sequestration for soils under trembling aspen wood 

fiber plantations. More research is needed for the long-term effect of land-use change 

from agriculture in the boreal forest zone to wood fiber plantations regarding to the soil 

organic carbon recovery level. 

3.4.2.2.3 Rotation length 

In Saskatchewan boreal forests, trembling aspen is normally harvested at age 

70 by Weyerhaeuser and Mistik Management, although most stands being presently 

harvested are older (age range from 70 to 90) (Darryl Sande and Mike Martel, personal 

communication). Based on that, a rotation length for trembling aspen in agroforestry 

systems (wood fiber plantation) of70 years was assumed. 

Nevertheless, research is needed to verify if this would be the optimum 

rotation length for trembling aspen in wood fiber plantations, preferably from 

plantations within the Gray Luvisolic and Dark Gray Chemozemic/Luvisolic soils of 

Saskatchewan. Saskatchewan Environment forest managers are considering reducing 

the rotation for aspen to 50-60 years on highly productive sites (AI Willcocks, personal 

communication). 
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3.4.2.3 White spruce 

To predict the carbon sequestration in the belowground pool (roots and soils) 

for white spruce wood fiber plantations, no information was found either for 

agroforestry systems or for stands in former cultivated soils that permitted to assess the 

soil organic carbon stored in the entire soil profile (i.e. soil carbon sequestration) for 

this species. The best available soil organic carbon database that permitted queries to be 

done simultaneously for soil zone, species at maturity, and ecoclimatic provinces, with 

soil organic measurements for the entire soil profile, was Siltanen et al. (1997). The 

database by Siltanen et al. (1997) is assumed to include roots as it is difficult to remove 

roots when sampling soils (Dan Pennock, personal communication). 

A different approach was then needed to use these data and also incorporate 

the available knowledge on long-term effects of cultivation on soils. The soil carbon 

sequestration under this species was accounted by dividing the amount of soil organic 

carbon lost to the first land-use conversion to agriculture (at expected level of soil 

organic carbon recovery) by its rotation length. This calculation was done using the 

equations 3.3 and 3.4. The calculations and values in parenthesis apply to white spruce 

plantations only. 

SCRAs = (MaxSCs x SRC) (i.e. 66.5 tlha * 0.3 = 19.95 t/ha) (3.3) 

Where: MaxSCs- Maximum soil carbon sequestration potential in the total 

soil profile under white spruce in wood fiber plantations (66.5 tlha); 

SRC- Expected recovery level for soil carbon lost to land use 

conversion (100%). 

SCs = SCRAs/RL (i.e., 19.95 tlha /70 yr = 0.28 t ha-1 yr-1
) (3.4) 

Where: SCs- Soil carbon sequestration rate in the total soil profile under white 

spruce wood fiber plantations (i.e., soil organic carbon content 

including roots) (0.28 t ha-1 yr-1
); 

SCRAs- Soil carbon sequestration expected to be recovered in the 

total soil profile under white spruce wood fiber plantations (0.3); 

RL- Rotation length (70 yr). 
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With this approach, similar assumptions as for trembling aspen are also 

considered valid for white spruce: a constant rate of soil carbon sequestration (which 

can overestimate soil carbon sequestration for initial stages of the stand development 

and underestimate soil carbon sequestration in later stages of stand development); that 

the maximum potential for soil carbon sequestration for white spruce wood fiber 

plantations would be equal to the soil organic carbon stored under mature natural white 

spruce forests; that the soil organic carbon content under mature white spruce natural 

forests would be equal to the soil organic carbon content under the same species in 

wood fiber plantations at harvesting age; that the soil carbon sequestration would be 

fully recovered from losses to land-use conversion to agriculture within the first 

rotation length, and also that this value would remain the same in the end of the 

following rotations (ie., that the net gain in the following rotations would be zero, as 

gains in these rotations would just compensate for losses from the harvesting impact to 

the soil). Although further long-term research is needed to support these assumptions, 

studies done in mixedwood forests earlier described in 3.4.3.2 are assumed to be also 

applicable to white spruce in wood fiber plantations. 

Nevertheless, studies by Johnson & Curtis (200 1) suggested that sawlog 

harvesting in conifers could increase soil organic carbon by 18% as compared to whole 

tree harvesting. Although this study was limited to I 0 years after harvesting and did not 

consider the A horizon, it suggests that the approach used in this study could 

underestimate the soil carbon sequestration in subsequent harvesting periods after the 

frrst rotation. Clearly, more studies are needed to verify the long-term impacts of 

harvesting white spruce wood fiber plantations, and also from the entire soil profile. 

Also in this case, peatlands and wetlands were not considered. Nevertheless, 

wetlands and peatlands would probably have being long ago drained to support 

agricultural activity (JeffSchoenau, personal communication). 

3.4.2.3.1 Maximum soil carbon sequestration potential (MaxSCs) 

The maximum soil carbon sequestration for white spruce in wood fiber 

plantations is assumed to be equal to the soil organic carbon content within natural 

forest stands of this species. Although Dormaar & Smoliak (1985) study suggest that 

more than 55 years are required for abandoned revegetated crop fields to approach 
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native soil conditions after abandonment, more long-term research is needed for cases 

other than natural succession and that consider the entire soil profile (Johnston et a/., 

1996). Nevertheless, many authors support the idea that the maximum potential for 

carbon storage in agricultural soils is unlikely to exceed their original condition (Janzen 

eta/., 1998; Bruce eta/., 1999; Watson et al., 1999; Nagle, 1990). 

To determine the maximum potential for carbon sequestered originally in the 

study area for white spruce, the database by Siltanen et al. (1997) was used and 

assumed to include roots. 

For soils under white spruce then, Access 2000 software was again used to 

query relevant data from the database by Siltanen et al. (1997). The resulting database 

for white spruce on Gray Luvisolic and Dark Gray Luvisolic soils, and the Boreal West 

Ecoclimatic Province had only 9 plots (soil profiles). To estimate the average soil 

organic carbon content for the total soil profile, as diagrams showed non-normal 

frequency distribution and were interpreted as having a single peak, the central 

tendency (median) and dispersion (interquartile range) were assessed through non

parametric statistics, as suggested by Pennock (1991). From that, the frequency 

distribution observed was assumed to reflect the action of one or more soil processes 

and their interactions. The median and interquartile range values were easily extracted 

from the stem-and-leaf diagram. 

The soil organic carbon content values from white spruce plots are shown in 

Table 3.3. The codominant vegetation, from the plots where this information was 

available, was mainly trembling aspen (55%), black spruce (22.2%), balsam poplar and 

jack pine (11.1% each). 
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Table 3.3 Soil organic carbon content in t/ha for the total soil profile from plots 

sampled within the Boreal West Ecoclimatic Province, with white spruce 

as the dominant vegetation (source: data compiled from Siltanen et al., 1997). 

Gray Luvisols 
66.5 ±20 (9) 
42.9%AMS 

Gray Luvisols 57.1 %BMS 
66.5 ±20 (9) 
43%AMS 
57%BMS 

Dark Gray Luvisols 
-

1- AMS refers to the above the sod mmeral surface; 
2- BMS refers to the below the soil mineral surface; 
3- All numbers in parenthesis refer to the number of plots sampled. 

Orthic Gray Luviso 1 
66 ± 21.5 (6) 
41.9%AMS 
58.1%BMS 

Brunisolic Gray 
Luvisol 
69 (2) 

51.3 %AMS 
48.5 %BMS 

Gleyed Gray Luvisol 
-

Solonetzic Gray 
Luvisol 

101 ± (1) 
34.7%AMS 
65.3 %BMS 

Dark Gray Luvisol 
-

Gleyed Dark Gray 
Luvisol 

-

The value used for maximum soil carbon sequestration under white spruce 

wood fiber plantations was then the median value from gray soils plots only, of 66.5 ± 

20 t/ha, as no information was available from dark gray soil plots. 

The value for the soil organic carbon content for the total soil profile from this 

study (66.5 t/ha) was lower than that estimated for Saskatchewan boreal forests from 

the Canadian Soil Organic Carbon Database for the total soil profile (80 t/ha), as 

reported by Bhatti et al. (2000). It was also lower than the estimated value for 

Saskatchewan boreal forests from the Canadian Budget Model- Phase 2 (CBM-CFS 2) 

for the total soil profile (140 tlha) (Bhatti et al., 2000). 

The value for the soil organic carbon content in the organic layer under white 

spruce in this study (28.6 t/ha) was slightly higher than that found by Xiao (1987) of 
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26.4 kg/m2 for a mixedwood site composed of white spruce, birch and aspen within the 

Saskatchewan southern boreal forest. 

The soil organic carbon content for the mineral soil under white spruce, 

however, for this study (37.9 tlha) was almost half the value found by Xiao (1987) 

(70. 7 kg/m2
) for the same mixedwood site. It was also substantially lower than the 

value reported by Xiao ( 1987) for another site- with aspen, white spruce and jack pine. 

However, according to Darwin Anderson (personal communication), the value 

for soil organic carbon content under white spruce from this study is not inconsistent 

with the high variations that can occur in natural soils. However, a possible cause of 

this difference may lie on the lack of measurements from dark gray soils. Through 

using this value, then, the carbon sequestration for soils under white spruce wood fiber 

plantations can be underestimated, as dark gray soils are not represented. In this 

context, clearly, further research is needed for the soil organic carbon content 

determination under white spruce, with samples also from dark gray soils, and 

preferably from wood fiber plantations. 

Furthermore, through using this database, the influence of trees spacing, 

forest management practices, soil texture, site quality, and the interaction between 

crops and trees on the soil organic carbon content are not considered. Nevertheless, as 

better information is currently not available, these estimates were assumed applicable to 

white spruce wood fiber plantations in the study area. 

3.4.3.2.2 Soil carbon sequestration expected to be recovered (SCRAs) 

For soils under white spruce, a soil organic carbon loss to agriculture of 30% 

from the original soil organic carbon as suggested by Davidson & Ackerman (1993) 

was assumed. The expected level of soil carbon recovery was also assumed to be 100% 

from native status (Nagle, 1990), as used earlier for trembling aspen. 

Farmlands in the study area were assumed to have been converted to 

agriculture within a time period that allowed soils to have reached equilibrium in the 

carbon cycle; that the soil organic carbon lost to cultivation would be recovered within 

one rotation length; and also that a loss of soil organic carbon to cultivation from the 

entire soil profile by Davidson & Ackerman (1993) is applicable to the study area. 

Clearly, more research is needed to validate these assumptions. 
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3.4.2.2.3 Rotation length 

In Saskatchewan boreal forests, white spruce is presently harvested at age 70 

by Weyerhaeuser (Darryl Sande, personal communication), and at age 90 or older by 

Mistik Management (Mike Martel, personal communication). Using a conservative 

approach, a rotation length for white spruce wood fiber plantations of 70 years was 

assumed. 

Nevertheless, further research is needed to verify if this would be the optimum 

rotation length for white spruce in wood fiber plantations, which would preferably 

come from plantations within the gray soils of Saskatchewan. 

3.4.3 Forest products carbon stocks 

3.4.3.1 Hybrid poplar 

Most hybrid poplar produced from agroforestry systems in the study area is 

predicted to feed the OSB mills being constructed in Hudson Bay and Meadow Lake 

(Darryl Sande and Mark Johnston, personal communication). Therefore, the end-use of 

hybrid poplar would be for house construction and home improvements (Darryl Sande, 

personal communication), which have an estimated half-life of 85 years (average half

life between single-family homes post 1980 and multi-family homes) (Skog & 

Nicholson, 1998). 

The products from OSB mills were further estimated to be 80% exported, 

while only 20% would stay in Canada, as for all other species (Darryl Sande, personal 

communication). Therefore, as a result of using the stock change approach, while the 

carbon sequestration for most products would be accounted in the consuming countries, 

the respective emissions would be mostly accounted in Canada. Although export 

estimates need to be further improved for each specific species in the study area, they 

were assumed applicable to this study. Also, even though the market for forest products 

could shift driving the production up to supply increased foreign demand (as happened 

in the past), such shift was not considered, i.e. future demand was assumed to remain as 

it is today. This could cause underestimation of carbon sequestration in the forest 

products pool. 
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From estimates for the hardwood product conversion as a percentage of the 

merchantable wood (Mark Johnston and AI Willcocks, personal communication), 72% 

of the merchantable wood would be converted to OSB products, 2% would be stored in 

chips and sawdust piles. They also estimated that 26% of carbon in merchantable wood 

would be lost during processing the wood (OSB emissions). From the carbon in OSB 

products, Mark Johnston and Al Willcocks (personal communication) estimated that 

2% emitted in its end-use should be accounted in Canada. Although these values are for 

hardwood species currently being used for OSB (aspen and birch), they were assumed 

representative of hybrid poplar as well. Nevertheless, more research is needed to 

improve these estimates to be specific to hybrid poplar in the study area. 

Of the carbon stored in chips and sawdust piles, 20% was assumed to be 

stored indefmitely and 80% to be burned. Although 20% of chips and sawdust stored in 

piles in landfills at some point would be oxidized (either burned or decomposed), Price 

et al. (1996) suggested for the boreal forest that it would take much longer for these to 

decompose than their period of analysis (500 years), as they have extensive turnover 

time, and therefore decomposition would be negligible. Using this approach, 

decomposition was assumed zero for 20% of the chips and sawdust piles. Even though 

this assumption may be more realistic than the assumption that carbon stored in these 

piles would be instantly released, as suggested by IPCC (1995), the truth lies in 

between these assumptions. More studies are needed to assess the fate of the carbon 

contained in chips and sawdust piles. 

For the non-merchantable tree components, 90% was estimated to be left on 

site and 10% to be burned. According to Bill Shroeder (personal communication), 

farmers often chip the wood and spread back in the plantation, or simply leave the non

merchantable components in the field to decompose. Therefore, the only portion that 

would be burned (10%) would be from the bark unnecessarily taken to the mill, as trees 

are normally not debarked on site. 

Nevertheless, accurate estimates to what farmers would do and to how much 

carbon would be transferred unnecessarily to the mill can only be achieved after these 

plantations meet their harvesting age, which has not happened yet. Therefore, estimates 

can only be improved as wood fiber plantations are harvested in the study area, 

sometime in the future. 
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The fate of the tree components is shown in Table 3.4, where carbon 

sequestration is shown as positive and carbon emission is shown as negative. 

Table 3.4 Carbon stock accounting for hybrid poplar forest products. 

From the carbon 
Carbon Transferred 

Process transferred Accounted Accounted Time for 
(%) in Canada (%) elsewher~ (%) carbon release 

OSB +72 +14.4 +57.6 No 
release 

OSB -26 -26 0 Instant 

Merchantable Processing release 

wood 

End-use -72 -1 -71 85 yr3 

+0.44 +0.4 0 No 
Chips and release 
sawdust piles 

-1.64 -1.6 0 Instant 
release 

Aboveground Burned -10 -10 0 Instant 
non-
merchantable 

release 

wood 
Left in the (tops, 
field +90 01 0 branches, -

foliage, and (production 
stump) site) 

1- The carbon from non-merchantable wood left in the production site to decompose was not 
accounted to avoid overlap with the belowground pool; 

2- Consuming country; 
3- Half-life (i.e., time that takes for half carbon to be released); 
4- Assumed 20% to be sequestered indefinitely, while 80% would be released instantly 

(Price et al., 1996). 

Although the forest industry would most probably increase its efficiency in 

fiber use (as it has done in the past) and therefore would have lower emissions in the 

future, quantitative improvements cannot be predicted. Therefore, no increase in 

efficiency was taken into account, i.e., the fiber use efficiency in the future is assumed 

the same as it is currently. This could result in the underestimation of carbon 

sequestration in the forest products pool. 
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Furthermore, for the forest products pool, the sequestration and emissions 

from pre-existing agroforestry systems were also not considered. Instead, only the 

sequestration and emissions from new plantations were considered. 

3.4.3.2 Trembling aspen 

The merchantable wood of trembling aspen is presently used roughly 50% for 

OSB and 50% for pulp and paper by Weyerhaeuser (Darryl Sande, personal 

communication) and Mistik Management (Roger Nelsdoy, personal communication). 

Therefore, the end-use of trembling aspen in OSB would be for house 

construction and home improvements (Darryl Sande, personal communication) which 

has an estimated half-life of 85 years (Skog & Nicholson, 1998); and for paper 

production (Darryl Sande, personal communication) which has an estimated half-life of 

6 years (Skog & Nicholson, 1998). 

The products from both OSB and pulp mills are further estimated to be 80% 

exported, while 20% would stay in Canada (Darryl Sande, personal communication). 

Therefore, as a result of using the stock change approach, while the carbon 

sequestration for most products would be accounted in the consuming countries, the 

respective emissions would be mostly accounted in Canada. 

From that, first, export estimates are assumed applicable to this study. Second, 

no shifts in demand of forest products was assumed, what could cause underestimation 

to the carbon sequestration in the forest products pool. 

For hardwood products conversion, Mark Johnston and AI Willcocks 

(personal communication) indicated that 36% of the merchantable wood would be 

converted to OSB products, 36% to pulp and paper (sequestered in these products), and 

2% would be stored in chips and sawdust piles. Mark Johnston and AI Willcocks 

(personal communication) estimated that 11% of the merchantable wood would be lost 

during OSB production (OSB processing emissions), 15% of the would be emitted in 

pulp and paper production process, and 2% of carbon lost in products as end-use 

emissions should be accounted in Canada. Of the carbon stored in chips and sawdust 

piles, 20% was assumed to be stored indefmitely and 80% to be burned, as suggested 

by Price eta/. (1996). 
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For the non-merchantable tree components, 90% is estimated to be left on site 

and I 0% to be burned (bark). 

The fate of tree components is shown in Table 3.5. In this table, carbon 

sequestration is shown as positive and carbon emission is negative. 

Table 3.5 Carbon stock accounting for trembling aspen forest products. 

From the carbon transferred 
Carbon Accounted Accounted 

Process transferred in Canada (%) elsewhere2 (%) Time for 
(%) carbon release 

OSB +36 +7.2 +28.8 No 
release 

Pulp and paper +36 +7.2 +28.8 No 
release 

OSB -11 -11 0 Instant 
Processing release 

Merchantable 
wood Pulp and Instant 

Paper processing -15 -15 0 release 

OSBend-use -36 -0.7 -35.3 85 yr3 

Pulp and paper -36 -0.7 -35.3 6 yr3 
end-use 

+0.44 +0.4 0 No 
Chips and release 
sawdust piles 

-1.64 -1.6 0 Instant 
release 

Aboveground Burned -10 -10 0 Instant 
non- release 
merchantable 
wood 

Left in the One (tops, 
field +90 01 0 rotation branches, 

foliage, and (production length 
stump) site) 
1- The carbon from non-merchantable wood was not accounted to avmd overlap wtth the belowground 

pool; 
2- Consuming country; 
3- Half-life (i.e., time that takes for half carbon to be released); 
4- Assumed 20% to be sequestered indefmitely, while 80% would be released instantly 

(Price et al., 1996). 
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With this approach, emissions in the future are assumed to be as currently 

(i.e., no increase in fiber use efficiency). The sequestration and emissions from pre

existing agroforestry systems were also not considered, i.e., only those resulting from 

new plantations are considered. 

3.4.3.3 White spruce 

The merchantable wood of white spruce is presently used for OSB by 

Weyerhaeuser (Darryl Sande, personal communication) and for lumber by Mistik 

Management (Mike Marte~ personal communication). 

Therefore, the end-use of white spruce from lumber and panels would be for 

house construction and home improvements, which has an estimated half-life of 85 

years; and for paper production, which has an estimated half-life of 6 years (Skog & 

Nicholson, 1998). 

Eighty percent of products from white spruce are estimated to be exported, 

while 20% would stay in Canada (Darryl Sande, personal communication). Therefore, 

as a result of using the stock change approach, while the carbon sequestration for most 

products would be accounted in the consuming countries, the respective emissions 

would be mostly accounted in Canada. From that, first, export estimates are assumed 

applicable to this study. Second, no shifts in demand of forest products was assumed, 

what could cause underestimation to the carbon sequestration in the forest products 

pool. 

For softwood products conversion, Mark Johnston and AI Willcocks (personal 

communication) estimated that 31% of the merchantable wood would be used in 

lumber production, 9.5% would be converted to panels, 24.7% would be converted to 

paper (sequestered in these products), and 10% would be stored in chips and sawdust 

piles. They also estimated that 16.6% of the carbon in biomass would be lost through 

burning, 8.2% would be lost during energy generation, and 2% of carbon in products 

would be lost to end-use emissions and accounted in Canada. Of the carbon stored in 

chips and sawdust piles, 20% was assumed to be stored indefmitely and 80% to be 

burned (Price et al., 1996). 

For the non-merchantable tree components, 90% was estimated to be left on 

site, while 10% was estimated to be burned, although accurate estimates can only be 
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achieved when the existing plantations are harvested. The fate of tree components is 

shown in Table 3.6. In this table, carbon sequestration is shown positive and carbon 

emission is shown negative. 

Table 3.6: Carbon stock accounting for white spruce forest products. 

Carbon From the carbon transferred 
transferred Accounted Accounted Time for 

Process (%) in Canada (%) elsewhere4 (%) carbon release 

Lumber +31 +6.2 +24.8 No 
release 

Panels +9.5 +1.9 +7.6 No 
release 

Paper +24.7 +4.9 +19.8 No 
release 

Burned -16.6 -16.6 0 Instant 

Merchantable 
release 

Wood 
02 Energy -8.2 0 Instant 

Generation release 

Lumber end-use -31 -0.6 -30.4 85 yr5 

Panels end-use -9.5 -0.2 -9.3 85 yr5 

Paper end-use -24.7 -0.5 -24.2 6~ 

+21 +2 0 No 
Chips and sawdust release 
Piles 

-81 -8 0 Instant 
release 

Aboveground Burned -10 -10 0 Instant 
non- release 
merchantable 
wood 

Left in the One (tops, 
field +90 03 0 rotation branches, 

foliage, and (production length 
stump) site) 

1- Assumed 20% to be sequestered indefinitely and 80% to be released instantly (Price et al., 1996); 
2- Do not take part in the accounting, as it is not defined in the Kyoto Protocol; 
3- The carbon from non-merchantable wood was not accounted to avoid overlap with the belowground 

pool; 
4- Consuming country; 
5- Half-life (i.e., time that takes for half carbon to be released). 
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The carbon transferred to energy generation was chosen to be excluded from 

the accounting system for white spruce forest products, as the Kyoto Protocol is not 

clear as how and if such carbon would be accounted. Nevertheless, this carbon 

transference would certainly cause emissions and should be accounted in the energy 

sector under the Kyoto Protocol. 

The future fiber use efficiency is also assumed the same as currently, what 

could cause underestimation of carbon sequestration in the forest products pool. 

Furthermore, for the forest products pool, only sequestration and emissions 

resulting from new plantations were accounted, i.e., pre-existing agroforestry systems 

were not considered. 
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4.1 FUTURE SCENARIOS 

Chapter 4 
RESULTS AND DISCUSSIONS 

The methodology previously described was applied to future scenarios in 

order to estimate carbon sequestration in agroforestry systems (wood fiber plantations). 

The scenarios were separated by species and calculations were done as close as possible 

to a 500 year horizon. The rotation length was the time-step used for the accounting. 

Single species scenarios considered in this study included hybrid poplar, 

trembling aspen, and white spruce. From these scenarios, scenarios 1, 5, and 8 assumed 

each available farm would convert 10 ha to wood fiber plantations immediately, and 

carbon sequestration was estimated for 2 carbon pools (aboveground and 

belowground). Scenarios 2, 6, and 9 also assumed that each farm converted I 0 ha to 

wood fiber plantations, but carbon sequestration was estimated for 3 carbon pools 

(aboveground, belowground, and forest products). Scenario 3 was similar to scenario 

scenario 2, except that all carbon sequestration for the forest products pool was 

accounted in Canada. Scenario 3 was created for comparison purposes only, as the 

production approach would not be normally used for cases which include forest 

products trade between countries. Scenarios 4, 7, and IO assumed that an average of24 

farms per year would establish wood fiber plantations (i.e. 0.33% of the available farms 

established plantations yearly), and carbon sequestration was estimated for 2 carbon 

pools (aboveground and belowground). 

Multi-species scenarios included trembling aspen and white spruce being used 

each in 50% the study area, and carbon sequestration was estimated for 2 carbon pools 

(aboveground and belowground). These scenarios also assumed I 0 ha per farm would 

be converted to wood fiber plantations. Of these scenarios, scenario 11 assumed all 

available area was converted to wood fiber plantations at once, and scenario 12 

assumed an average adoption of24 farms per year. 

As the Kyoto Protocol does not yet recognize the forest products pool in the 

carbon sequestration accounting system for biological sinks, most of the predictions 

were chosen to be done without the forest products pool, and therefore only scenarios 2, 

3, 4, 6, and 9 included the forest products pool. 
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The 10 ha per farm considered to be converted to wood fiber plantation was 

suggested by the Canadian Climate Change Secretariat (1999) and is considered a 

feasible goal by the PFRA Shelterbelt Centre (John Kort, personal communication). 

The rate of farms adopting agroforestry systems was taken from an estimated 10% of 

farms adopting hybrid poplar plantations over 15 years (Mak et al., 1999, PFRA 

Shelterbelt Centre, personal communication). The number of farms adopting hybrid 

poplar plantations in agroforestry systems in one rotation was assumed also valid for 

trembling aspen and white spruce plantations (for each rotation). 

Each future scenario analyzed is explained in the following table (Table 4.1). 
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Table 4.1: Future scenarios considered for carbon sequestration accounting in wood 
fiber plantations. 

Scenario 1: All farms currently without agroforestry systems convert 10 ha 
to hybrid poplar wood fiber plantations. The projection was done for 495 years, 
included 2 carbon pools (aboveground and belowground carbon stocks), and rotation 
periods of 15 years (as suggested for the prairie provinces by Peterson eta/., 1999). 
Scenario 2: All farms currently without agroforestry systems convert 10 ha 
to hybrid poplar wood fiber plantations. The projection was done for 495 
years, included 3 carbon pools (aboveground, belowground, and forest products), 

Hybrid and rotation periods of 15 years. 
Poplar Scenario 3: All farms currently without agroforestry systems convert 10 ha 

to hybrid poplar wood fiber plantations. The projection was done for 495 
years, included 3 carbon pools (aboveground, belowground, and forest products), 
and rotation periods of 15 years. In this scenario, all sequestration in the forest products 
pool was accounted for Canada (production approach). 
Scenario 4: 360 farms convert 10 ha to hybrid poplar wood fiber plantations over 
15 years (average adoption of 24 farms per year), until all farms currently without 
agroforestry systems are converted. The projection was done for 495 years, included 
2 carbon pools (aboveground and belowground carbon stocks), and rotation periods 
of15 years. 
Scenario S: All farms currently without agroforestry systems convert 10 ha 
to trembling aspen wood fiber plantations. The projection was done for 490 
years, included 2 carbon pools (aboveground and belowground carbon stocks), 
and rotation periods of 70 years. 
Scenario 6: All farms currently without agroforestry systems convert 10 ha 

Trembling to trembling aspen wood fiber plantations. The projection was done for 490 
aspen years, included 3 carbon pools (aboveground, belowground, and the forest products), 

and rotation periods of 70 years. 
Scenario 7: 1,680 farms convert 10 ha to trembling aspen wood fiber plantations over 
70 years (average adoption of24 farms per year), until al farms currently without 
agroforestry systems are converted. The projection was done for 495 years, included 2 
carbon pools (aboveground and belowground carbon stocks), and rotations of 70 years. 
Scenario 8: All farms currently without agroforestry systems convert 10 ha 
to white spruce wood fiber plantations. The projection was done for 490 
years, included 2 carbon pools (aboveground and belowground carbon stocks), 
and rotation periods of 70 years. 
Scenario 9: All farms currently without agroforestry systems convert 10 ha 

White to white spruce wood fiber plantations at once. The projection was done for 490 
Spruce years, included 3 carbon pools (aboveground, belowground, and the forest 

products), and rotation periods of 70 years. 
Scenario 10: 1,680 farms convert 10 ha to white spruce wood fiber plantations 
over 70 years (average adoption of24 farms per year), until al farms currently without 
agroforestry systems are converted. The projection was done for 495 years, included 
2 carbon pools (aboveground and belowground carbon stocks), and rotations of 70 years. 
Scenario 11: 50% of farms currently without agroforestry systems converted 10 ha 
to trembling aspen wood fiber plantations, while the other 500/o converted 10 ha 
to white spruce wood fiber plantations. The projection was done for 490 years, considered 

Trembling all available farms convert at once, included 2 carbon pools (aboveground and 
aspen and belowground carbon stocks), and rotation periods of 70 years. 
white spruce Scenario 12: 840 farms convert 10 ha to trembling aspen wood fiber plantations 

over 70 years (average adoption of 12 farms per year). Simultaneously, 840 farms 
convert 10 ha each to white spruce wood fiber plantations in each 70 years as well. The 
projection was done for 490 years, and included 2 carbon pools (aboveground and 
belowground carbon stocks), and rotation periods of 70 years. 
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Furthermore, some important considerations included in all future scenarios 

are the following: 

Due to data constrains, the only agroforestry type considered for future 

scenarios was the wood fiber plantation; 

As a result of using past and present field data (such as growth curves, 

conversion, and expansion factors), the effects of climate change 

in future predictions were not considered, i.e., tree growth would 

be equal to that in the past, with no increase in intensity and 

frequency of pests, diseases, or frre; 

Future trends in the wood processing industry, such as its expansion to 

accomodate a possible increase in demand and the possible 

increase in fiber use, were also not considered, i.e., the wood 

processing industry is assumed to be the same in the future as it is 

today; 

In the future scenarios, predictions only considered the plantations 

newly established, i.e., inherited sequestration and emissions from 

pre-existing agroforestry systems in the study area are not taken 

into account; 

For the carbon stocks in the belowground carbon pool (roots and soil), 

carbon sequestration was only considered in the frrst rotation, as 

they are assumed to have zero net gain in the following rotations 

(i.e., carbon gains in these rotations are equal to losses). 

4.2 CARBON SEQUESTRATION IN SINGLE SPECIES SCENARIOS 

4.2.1 Carbon sequestration in hybrid poplar wood fiber plantations 

The dynamics of carbon sequestration in hybrid poplar wood fiber plantations 

(varieties Assiniboine and Walker) in both aboveground and belowground carbon pools 

and also for these pools together (ecosystem carbon sequestration), before frrst 

harvesting takes place, are shown in Figure 4.1. 
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Figure 4.1 Carbon sequestration in hybrid poplar wood fiber plantations. 

Figure 4.1 shows a continuous mcrease m carbon sequestration for the 

aboveground biomass (merchantable and non-merchantable), for the belowground 

(soils and roots), and also for the ecosystem (aboveground and belowground). The 

linear increase in belowground carbon sequestration is a result of applying a constant to 

this pool, i.e., using a single age measurement for the stand. Although this pattern 

would not occur in nature, more complete data (e.g. annual) to determine the 

accumulation curve is currently not available. The data for figure 4.1 is presented in 

Appendix B, Table lB. 

The allocation of the sequestered carbon in hybrid poplar plantations before 

the first harvest takes place is shown in Figure 4.2. This shows that hybrid poplar 

plantations at age 15 have sequestered most of the carbon in merchantable wood ( 42% 

of the total ecosystem carbon sequestration or 25 .91 t c/ha) and in belowground pools 

(39% or 24.45 t c/ha). Carbon sequestered in other aboveground (non-merchantable) 

components was 19% or 11 .77 t c/ha. 
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Figure 4.2 Percentage of carbon stock in ecosystem components for 15 

year old hybrid poplar wood fiber plantations. 

In Figure 4.3, the total ecosystem (aboveground and belowground) carbon 

sequestration gain for different rotation lengths within 70 years was estimated using 

equations 4.1 and 4.2. Equation 4.1 gives the number of rotations for the time 

considered (e.g 70 years for hybrid poplar), and equation 4.2 gives the carbon 

sequestration for the assumed rotation length in a given period of time considered for 

simulations (e.g. for 5.8 rotations of 12 years each, 5.4 rotations of 13 years each, 5 

rotations of 14 years each, etc). 

SIMt I RLa = NRs 

Where: SIMt- Time considered for simulation (yr)~ 

RLa- Assumed rotation length (yr)~ 

NRs- Number of rotations (for the time considered). 

ECsRLa + (NRs- 1) = TotECs 

Where: ECsRLa- Ecosystem carbon sequestration for the assumed 

rotation length (t C/ha)~ 

(4.1) 

(4.2) 

TotECs- Total ecosystem carbon sequestration for the various rotation 

lengths in the time considered (t C/ha). 
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The belowground sequestration was assumed to increase only in the first 

rotation and assumed constant through the following rotations. From this calculation, 

most carbon sequestration is achieved when hybrid poplar is harvested 14 to 16 years 

after the plantation establishment, when total carbon accumulation is 200 t C/ha. 

210 

200 +--=--..-....----------

190 +------~------

~ 180 +--- ---- ---==----(..) 

170 +-----------------___:-..-

160 +--------------------

1 50 +-r--,---,-,--,----,---,---r-,--,-,-.,.--,---,---r--,---,~ 

12 14 16 18 20 22 24 26 28 30 

Rotation lengths 

- Ecosystem 
carbon 

Figure 4.3 Ecosystem carbon gain over 70 years in hybrid poplar wood 

fiber plantations at various rotation lengths 

The mean annual increment (MAl) for the merchantable wood of hybrid 

poplar plantations at age 10 in this study (llm3ha"1yr"1) was lower than estimates for 

hybrid poplar plantations at same age in good sites by the Canadian Climate Change 

Secretariat (1999), of 13.2 m3ha"1yr"1. Nevertheless, the aboveground biomass carbon 

sequestration (mean annual accumulated carbon) for 12 year old hybrid poplar in this 

study (2.5 t C ha"1yr"1) was within the range suggested by Samson eta!. (1999) for the 

prairies, from 1 to 5 t C ha"1yr"1 for plantations from age 10 to 15. 

4.2.1.1 Scenario 1 

Scenario 1 would result in 72,060 ha of hybrid poplar wood fiber plantations 

in the study area. In 495 years, assuming no mortality in the stands and also that no 

plantations would be abandoned, there would be 33 rotations of 15 years each. That 

would result in a total carbon sequestration of91.3 Mt C [(one rotation * 62.12 t C/ha * 

72,060ha) + (32 rotations * 37.67 t C/ha * 72,060ha)]. From that, 89.6 Mt C was 
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accumulated in the aboveground C pool and 1.7 Mt C was accumulated in the 

belowground carbon pool. 

4.2.1.2 Scenario 2 

Scenario 2 would result in 72,060 ha of hybrid poplar wood fiber plantations 

in the study area. In 495 years, assuming no mortality in the stands and also that no 

plantations would be abandoned, there would be a deficit of 9 Mt C, i.e., the carbon 

sequestration would be negative [Net storage in the wood fiber plantation = + 

1,761,867 t C (soil accretion in the frrst rotation only) + 246,358.9 t C (permanent 

stocks in chips and sawdust piles) + 8,868,914.3 t C (stocked in products) -

19,795,256.6 t C (losses to instant release from merchantable and non-merchantable 

wood) -115,564 t C (losses to products disposal) =- 9,033,681 t C]. The calculations 

for this scenario are shown in Table 4.2. 
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Table 4.2: Calculations for scenario 2 

Stock Stock 
Stock Change Forest change 

Bel~round change due due to product due to Net stock 
stock

1 
to instant permanent stock

4 products change in 
Time change release2 

storage3 change disposal5 plantations 
(years) (t C) (t C) (tC) (t C) (t C) (t C) 

15 +1,761,867.0 -599,856.3 +7,465.4 +268,755.0 0 +1 ,430, 765.7 

30 0 -599,856.3 +7,465.4 +268,755.0 0 -331,101.3 

45 0 -599,856.3 +7,465.4 +268,755.0 0 -331,101.3 

60 0 -599,856.3 +7,465.4 +268,755.0 0 -331,101.3 

75 0 -599,856.3 +7,465.4 +268,755.0 0 -331,101.3 

90 0 -599,856.3 +7,465.4 +268,755.0 0 -331,101.3 

105 0 -599,856.3 +7,465.4 +268,755.0 -2,687.6 -333,788.8 

120 0 -599,856.3 +7,465.4 +268,755.0 -2,687.6 -333,788.8 

135 0 -599,856.3 +7,465.4 +268,755.0 -2,687.6 -333,788.8 

150 0 -599,856.3 +7,465.4 +268,755.0 -2,687.6 -333,788.8 

165 0 -599,856.3 +7,465.4 +268,755.0 -2,687.6 -333,788.8 

180 0 -599,856.3 +7,465.4 +268,755.0 -2,687.6 -333,788.8 

195 0 -599,856.3 +7,465.4 +268,755.0 -4,031.3 -335,132.6 

210 0 -599,856.3 +7,465.4 +268,755.0 -4,031.3 -335,132.6 

225 0 -599,856.3 +7,465.4 +268,755.0 -4,031.3 -335,132.6 

240 0 -599,856.3 +7,465.4 +268,755.0 -4,031.3 -335,132.6 

255 0 -599,856.3 +7,465.4 +268,755.0 -4,031.3 -335,132.6 

270 0 -599,856.3 +7,465.4 +268,755.0 -4,703.2 -335,804.5 

285 0 -599,856.3 +7,465.4 +268,755.0 -4,703.2 -335,804.5 

300 0 -599,856.3 +7,465.4 +268,755.0 -4,703.2 -335,804.5 

315 0 -599,856.3 +7,465.4 +268,755.0 -4,703.2 -335,804.5 

330 0 -599,856.3 +7,465.4 +268,755.0 -4,703.2 -335,804.5 

345 0 -599,856.3 +7,465.4 +268,755.0 -4,703.2 -335,804.5 

360 0 -599,856.3 +7,465.4 +268,755.0 -5,039.2 -336,140.4 

375 0 -599,856.3 +7,465.4 +268,755.0 -5,039.2 -336,140.4 

390 0 -599,856.3 +7,465.4 +268,755.0 -5,039.2 -336,140.4 

405 0 -599,856.3 +7,465.4 +268,755.0 -5,039.2 -336,140.4 

420 0 -599,856.3 +7,465.4 +268,755.0 -5,039.2 -336,140.4 

435 0 -599,856.3 +7,465.4 +268,755.0 -5,039.2 -336,140.4 

450 0 -599,856.3 +7,465.4 +268,755.0 -5,207.1 -336,308.4 

465 0 -599,856.3 +7,465.4 +268,755.0 -5,207.1 -336,308.4 

480 0 -599,856.3 +7,465.4 +268,755.0 -5,207.1 -336,308.4 

495 0 -599,856.3 +7,465.4 +268,755.0 -5,207.1 -336,308.4 
Total 
(t C) +1,761,867.0 -19,795,256.6 +246,358.9 +8,868,914.3 -115,564.6 -9,033,681 

1- Gams accounted m the first rotation only= 72,060 ha* 24.45 t C/ha (belowground C); 
2- From each harvesting= 26% from the merchantable wood (OSB emissions) (485,252.04 t C)+ 1.6% 

from chips and sawdust piles emissions (29,861.66 t C)+ 10% from the non-merchantable wood 
(84,742.56 t C); 

3- From chips and sawdust piles= 0.4% from merchantable wood {7,465.4 t C); 
4- From each harvesting = 14.4% from the merchantable wood (Canada stocks only); 
5- Half-life of85 years, accounted in the next closest harvesting. 
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4.2.1.3 Scenario 3 

Scenario 3 would result in 72,060 ha of hybrid poplar wood fiber plantations 

in the study area. In 495 years, assuming no mortality in the stands and also that no 

plantations would be abandoned, there would be a deficit of 2.3 Mt C, i.e., the carbon 

sequestration would be negative [Net storage in the wood fiber plantation = + 

1, 761,867 t C (soil accretion in the frrst rotation only) + 246,358.9 t C (permanent 

stocks in chips and sawdust piles) + 44,344,571.0 t C (stocked in products) -

19,795,256.6 t C (losses to instant release from merchantable and non-merchantable 

wood) -28,891,157.4 t C (losses to products disposal) = - 2,333,617.1 t C]. The 

calculations for this scenario are shown in Table 4.3. 
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Table 4.3: Calculations for scenario 3 

Stock Stock 
Stock Change Forest change 
change due due to product due to Net stock 

Belowground to instant permanent stock4 products change in 
Time stock 1 change release2 storage3 change disposal5 (t plantations 

(years) (t C) (t C) {t C) (t C) C) (t C) 

15 +1,761,867.0 -599,856.3 +7,465.4 +1,343,774.9 0 +2,513,251.0 

30 0 -599,856.3 +7,465.4 +1,343,774.9 0 +751,384.0 

45 0 -599,856.3 +7,465.4 +1,343,774.9 0 +751,384.0 

60 0 -599,856.3 +7,465.4 +1,343,774.9 0 +751,384.0 

75 0 -599,856.3 +7,465.4 +1,343,774.9 0 +751,384.0 

90 0 -599,856.3 +7,465.4 +1,343,774.9 0 +751,384.0 

105 0 -599,856.3 +7,465.4 +1,343,774.9 -671,887.4 +79,496.6 

120 0 -599,856.3 +7,465.4 +1,343,774.9 -671,887.4 +79,496.6 

135 0 -599,856.3 +7,465.4 +1,343,774.9 -671,887.4 +79,496.6 

150 0 -599,856.3 +7,465.4 +1,343,774.9 -671,887.4 +79,496.6 

165 0 -599,856.3 +7,465.4 +1,343,774.9 -671,887.4 +79,496.6 

180 0 -599,856.3 +7,465.4 +1 ,343, 77 4.9 -671,887.4 +79,496.6 

195 0 -599,856.3 +7,465.4 +1 ,343,774.9 -1,007,831.2 -256,447.1 

210 0 -599,856.3 +7,465.4 +1,343,774.9 -1,007,831.2 -256,447.1 

225 0 -599,856.3 +7,465.4 +1 ,343,774.9 -1,007,831.2 -256,447.1 

240 0 -599,856.3 +7,465.4 +1,343,774.9 -1,007,831.2 -256,447.1 

255 0 -599,856.3 +7,465.4 +1,343,774.9 -1,007,831.2 -256,447.1 

270 0 -599,856.3 +7,465.4 +1,343,774.9 -1 '175,802.9 -424,418.9 

285 0 -599,856.3 +7,465.4 +1,343,774.9 -1 '175,802.9 -424,418.9 

300 0 -599,856.3 +7,465.4 +1,343,774.9 -1 '175,802.9 -424,418.9 

315 0 -599,856.3 +7,465.4 +1,343,774.9 -1 '175,802.9 -424,418.9 

330 0 -599,856.3 +7,465.4 +1,343,774.9 -1,175,802.9 -424,418.9 

345 0 -599,856.3 +7,465.4 +1,343,774.9 -1 '175,802.9 -424,418.9 

360 0 -599,856.3 +7,465.4 +1,343,774.9 -1 ,259, 788.8 -508,404.8 

375 0 -599,856.3 +7,465.4 +1,343,774.9 -1,259,788.8 -508,404.8 

390 0 -599,856.3 +7,465.4 +1,343,774.9 -1,259,788.8 -508,404.8 

405 0 -599,856.3 +7,465.4 +1,343,774.9 -1,259,788.8 -508,404.8 

420 0 -599,856.3 +7,465.4 +1 ,343, 774.9 -1,259,788.8 -508,404.8 

435 0 -599,856.3 +7,465.4 +1,343,774.9 -1,259,788.8 -508,404.8 

450 0 -599,856.3 +7,465.4 +1,343,774.9 -1,301,781.7 -550,397.7 

465 0 -599,856.3 +7,465.4 +1,343,774.9 -1,301,781.7 -550,397.7 

480 0 -599,856.3 +7,465.4 +1,343,774.9 -1,301,781.7 -550,397.7 

495 0 -599,856.3 +7,465.4 +1,343,774.9 -1,301,781.7 -550,397.7 
Total 
(t C) +1,761,867.0 -19,795,256.6 +246,358.9 +44,344,571.0 -28,891' 157.4 -2,333,617.1 

1- Gams accounted m the first rotation only= 72,060 ha* 24.45 t C/ha (belowground C); 
2- From each harvesting= 26% from the merchantable wood (OSB emissions) (485,252.04 t C)+ 1.6% 

from chips and sawdust piles emissions (29,861.66 t C)+ 10% from the non-merchantable wood 
(84,742.56 t C); 

3- From chips and sawdust piles= 0.4% from merchantable wood (7,465.4 t C); 
4- From each harvesting = 72% from the merchantable wood; 
5- Half-life of85 years, accounted in the next closest harvesting. 
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4.2.1.4 Scenario 4 

Scenario 4 would result in 72,060 ha of hybrid poplar plantations after 300 

years in the study area, as 360 farms would establish wood fiber plantations per 15 year 

rotation period (an average annual adoption rate of 24 farms or 0.33% of all farms). 

After 495 years, assuming no mortality in the stands and that no plantations would be 

abandoned, the total carbon sequestration would be 65.5 Mt C [1,761,867 t C 

(belowground- soils and roots) + 63,790,755 (aboveground) = 65,552,622 t C]. The 

calculations for this scenario are shown in Table 4.4. 
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Table 4.4: Calculations for scenario 4. 

BeiOV!Qround Abov~round 
Time Area in stock1 stocl( change Net stock change in 
(years) production (ha) change(t C) (t C) plantations (t C) 

15 3,603.0 +88,093.4 +135,725.0 +223,818.4 
30 7,206.0 +88,093.4 +271,450.0 +359,543.4 
45 10,809.0 +88,093.4 +407,175.0 +495,268.4 
60 14,412.0 +88,093.4 +542,900.0 +630,993.4 
75 18,015.0 +88,093.4 +678,625.1 +766,718.4 
90 21,618.0 +88,093.4 +814,350.1 +902,443.4 
105 25,221.0 +88,093.4 +950,075.1 +1 ,038,168.4 
120 28,824.0 +88,093.4 +1 ,085,800.1 +1 1173,893.4 
135 32,427.0 +88,093.4 +1,221,525.1 +1 ,309,618.4 
150 36,030.0 +88,093.4 +1,357,250.1 +1 ,445,343.5 
165 39,633.0 +88,093.4 +1 ,492,975.1 +1,581,068.5 
180 43,236.0 +88,093.4 +1 ,628,700.1 +1,716,793.5 
195 46,839.0 +88,093.4 +1 '764,425.1 +1 ,852,518.5 
210 50,442.0 +88,093.4 +1 ,900, 150.1 +1,988,243.5 
225 54,045.0 +88,093.4 +2,035,875.2 +2, 123,968.5 
240 57,648.0 +88,093.4 +2,171,600.2 +2,259,693.5 
255 61,251.0 +88,093.4 +2,307,325.2 +2,395,418.5 
270 64,854.0 +88,093.4 +2,443,050.2 +2,531 1143.5 
285 68,457.0 +88,093.4 +2,578, 775.2 +2,666,868.5 
300 72,060.0 +88,093.4 +2, 714,500.2 +2,802,593.6 
315 72,060.0 0 +2,714,500.2 +2, 714,500.2 
330 72,060.0 0 +2,714,500.2 +2,714,500.2 
345 72,060.0 0 +2, 714,500.2 +2,714,500.2 
360 72,060.0 0 +2,714,500.2 +2,714,500.2 
375 72,060.0 0 +2,714,500.2 +2, 714,500.2 
390 72,060.0 0 +2, 714,500.2 +2,714,500.2 
405 72,060.0 0 +2, 714,500.2 +2, 714,500.2 
420 72,060.0 0 +2,714,500.2 +2,714,500.2 
435 72,060.0 0 +2,714,500.2 +2, 714,500.2 

450 72,060.0 0 +2,714,500.2 +2,714,500.2 

465 72,060.0 0 +2,714,500.2 +2,714,500.2 

480 72,060.0 0 +2,714,500.2 +2, 714,500.2 

495 72,060.0 0 +2, 714,500.2 +2,714,500.2 

Total (t C) 72,060.0 +1,761,867.0 +63, 790,754.7 +65,552,621. 7 
1- Area entermg m productiOn* 24.45 t C/ha (carbon m sods and roots); 
2- Total area in production*37.67 t C/ha (includes carbon in merchantable and 

non-merchantable wood). 

4.2.2 Carbon sequestration in trembling aspen wood fiber plantations 

The dynamics of carbon sequestration in trembling aspen wood fiber 

plantations, in both aboveground and belowground carbon pools and also for these 
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pools together (ecosystem carbon sequestration) before the first harvest takes place, is 

shown in Figure 4.4. 
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Figure 4.4 Carbon sequestration in trembling aspen wood fiber 

plantations. 

Figure 4.4 shows a continuous mcrease m carbon sequestration for the 

aboveground biomass (merchantable and non-merchantable), for the belowground 

(soils and roots), and also for the ecosystem (aboveground and belowground). The 

linear increase in belowground carbon sequestration is a result of applying a constant to 

this pool, i.e., using a single age measurement for the stand. Although this would not 

occur in nature, more complete data collection (e.g. annual or decade based) to better 

represent this accumulation curve is currently not available. The data from Figure 4.4 is 

given in Appendix B, Table 2B. 

The allocation of sequestered carbon in trembling aspen plantations before 

harvest takes place is shown in Figure 4.5. This shows that aspen plantations at age 70 

have sequestered most carbon in the merchantable wood (47% or 28.93 t C/ha) and in 

the belowground (44% of the total ecosystem carbon sequestration or 26.53 t C/ha); as 

compared to the carbon sequestered in other aboveground (non-merchantable) 

components (9% or 5.21 t C/ha). 
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Figure 4.5 Percentage of carbon stock in ecosystem components for 70 

year old trembling aspen wood fiber plantations. 

In Figure 4.6, the total ecosystem (aboveground + belowground) carbon 

sequestration gain for different rotation lengths within 300 years was estimated using 

equations 4.1 and 4.2. From that, most carbon sequestration can be achieved when 

aspen is harvested 80 years after the plantation establishment, when total carbon 

accumulation is 174 t C/ha. 
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Figure 4.6 Ecosystem carbon gain over 300 years in trembling aspen 

wood fiber plantations at various rotation lengths. 
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The MAl for merchantable wood in trembling aspen plantations in this study 

was substantially lower than estimations by the Canadian Climate Change Secretariat 

(1999). The Canadian Climate Change Secretariat (1999) estimated a MAl for aspen 

plantations at age 10 for the prairies of 1.8 m3ha-1yr-1 and, at age 50, of 3 m3ha-1yr-1
. 

This study showed a MAl for aspen plantations at age 10 of zero and, at age 50, of 1.8 

m3ha-1yr-1
• This study then, had a MAl at age 50 similar to estimates by the Canadian 

Climate Change Secretariat (1999) for plantations at age 10; and about two thirds of the 

MAl at age 50 as compared to the study by the Canadian Climate Change Secretariat 

(1999). 

Nevertheless, the MAl from this study for plantations at age 80 had the same 

value as given by Freedman & Keith (1995) on poor sites, of2.0 m3ha-1yr-1
• 

4.2.2.1 Scenario 5 

Scenario 5 would result in 72,060 ha of trembling aspen plantations in the 

study area. In 490 years, there would be 7 rotations of 70 years, assuming no 

plantations would be abandoned. Assuming also no major losses to disturbances and 

diseases, that would result in a total carbon sequestration of 19.1 Mt C [(one rotation* 

60.67 t C/ha* 72,060) + (6 rotations* 34.14 t C/ha* 72,060)]. From that, 17.2 Mt C was 

accumulated in the aboveground C pool and 1.9 Mt C was accumulated in the 

belowground (as the belowground C accumulation is just considered in the frrst 

rotation). 

4.2.2.2 Scenario 6 

Scenario 6 would result in 72,060 ha of trembling aspen plantations in the 

study area. Assuming no major losses to disturbances and diseases and also that no 

plantations would be abandoned, in 490 years, there would be 0.4 Mt C sequestered 

[Net C storage in the wood fiber plantation = + 2,543, 718.0 t C (soil accretion in the 

frrst rotation only) + 58,371.5 t C (permanent stocks in chips and sawdust piles) + 

1,050,686.7 t C (stocked in OSB products)+ 1,050,686.7 t C (stocked in pulp and paper 

products) - 4,290,435.1 t C (losses to instant release from merchantable and non

merchantable wood)- 12,007.8 t C (losses to OSB products disposal)- 18,011.0 t C 
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(losses to pulp and paper products disposal) = + 383,008.9 t C]. The calculations for 

this scenario are shown Table 4.5. 
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Table 4.5 Calculations for scenario 6. 

Stock Stock 
Pulp and change change 

Stock paper due to due to 
change due Stock change OSB products OSB paper Net stock 

BeiOY!Qround to instant due to products stock
5 products products change in 

Time stock1 change release2 permanent stock4 change change disposal6 Disposal7 
plantations 

(years) (t C) (t C) storage3 (t C) (t C) (t C) (t C) (t C) (t C) 
70 +2,543,718.0 -612,919.3 +8,338.8 +150,098.1 +150,098.1 0.0 0.0 +2,239,333. 7 

140 0 -612,919.3 +8,338.8 +150,098.1 +150,098.1 0.0 -3,001.2 -315,724.3 
210 0 -612,919.3 +8,338.8 +150,098.1 +150,098.1 -1,501.0 -3,002.0 -317,226.0 
280 0 -612,919.3 +8,338.8 +150,098.1 +150,098.1 -2,251.5 -3,002.0 -317,976.5 
350 0 -612,919.3 +8,338.8 +150,098.1 +150,098.1 -2,626.7 -3,002.0 -318,351.8 
420 0 -612,919.3 +8,338.8 +150,098.1 +150,098.1 -2,814.3 -3,002.0 -318,539.4 

490 0 -612,919.3 +8,338.8 +150,098.1 +150,098.1 -2,814.3 -3,002.0 -318,539.4 

L_ __ _I()tal __ +2S~_l1~~Q -4,290,435.1 +58,371.5 +1 ,050,686.7 +1,050,686. 7 -12,007.8 -18,011.0 383,008.9 

1- Gains accounted in the first rotation only= 72,060 ha* 35.3 t C/ha belowground C; 
2- From each harvesting = 11% from the merchantable wood in OSB emissions (229,316.54 t C) + 15% from the merchantable 

wood in pulp and paper emissions (312,704.37 t C)+ 1.6% from the merchantable wood in chips and sawdust piles emissions (33,355.13 t C) 
+ 100/o from the burning of non-merchantable wood (37,543.26 t); 

3- From chips and sawdust piles= 0.4% from merchantable wood (8,338.78 t C) 
4- From each harvesting, 7.2% from the merchantable wood in OSB products (Canada stocks only); 
5- From each harvesting, 7.2% from the merchantable wood in pulp and paper products (Canada stocks only); 
6- Half-life of 85 years, accounted in the next closest harvesting; 
7- Half-life of6 years (12 decays per rotation length). 
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4.2.2.3 Scenario 7 
Scenario 7 would result in 72,060 ha of trembling aspen plantations after year 

350 in the study area, as 1,680 farms would establish aspen plantations in 70 year 

rotation period (an average of 24 farms or 0.33% of all available farms establishing 

plantations per year). After 490 years, assuming no major losses to diseases and also 

that no plantations would be abandoned, the total carbon sequestration would be 15 Mt 

C [1,911,751.8 t C (belowground- soils and roots) + 13,115,905 t C (aboveground)= 

15,027,657.0 t C]. The calculations for this scenario are shown in Table 4.6. 

Table 4.6 Calculations for scenario 7. 

Belowground Abov~round 
Time Area in stock 1 change stoci( change Net stock change in 

(years) produdion (ha) (t C) (t C) plantations {t C) 
70 16,800.0 +445,704.0 +573,552.0 +1,019,256.0 
140 33,600.0 +445,704.0 +1 '147, 104.0 +1,592,808.0 
210 50,400.0 +445,704.0 +1,720,656.0 +2, 166,360.0 
280 67,200.0 +445,704.0 +2,294,208.0 +2,739,912.0 
350 72,060.0 +128,935.8 +2,460, 128.4 +2,589,064.2 
420 72,060.0 0 +2,460, 128.4 +2,460, 128.4 

490 72,060.0 0 +2,460, 128.4 +2,460, 128.4 

Total 72,060.0 +1,911,751.8 +13, 115,905.2 +15,027,657.0 
1- Area entermg m production* 26.53 t Clha (carbon in sotls and roots); 
2- Total area in production*34. I 4 t C/ha (includes carbon in merchantable and non-merchantable wood). 

4.2.3 Carbon sequestration in white spruce wood fiber plantations 

The dynamics of carbon sequestration in white spruce plantations, in both 

aboveground and belowground carbon pools and also for these pools together 

(ecosystem carbon sequestration), before the frrst harvest takes place, is shown in 

Figure 4.7. 
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Figure 4.7 Carbon sequestration in white spruce wood fiber plantations. 

Figure 4.7 shows a continuous mcrease m carbon sequestration for the 

aboveground biomass (merchantable and non-merchantable), for the belowground 

(soils and roots), and also for the ecosystem (aboveground and belowground). The 

linear increase in belowground carbon sequestration trend in this figure is a result of 

applying a constant to this pool, i.e., using a single age measurement for the stand. 

Although this would not occur in nature, more complete data collection (e.g. annual or 

decade based) to properly represent this accumulation curve is not available. The data 

regarding to figure 4.7 is given in Appendix B, Table 3B. 

The allocation of sequestered carbon in white spruce plantations before 

harvest takes place is shown in Figure 4.8. This shows that white spruce plantations at 

age 70 have sequestered the majority of carbon in the merchantable wood (52% or 

27.01 t C/ha) and in the belowground (38% of the total ecosystem carbon sequestration 

or 19.95 t Clha); as compared to the carbon sequestered in other aboveground (non

merchantable) components (10% or 5.4t C/ha). 
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Figure 4.8 Percentage of carbon stock in ecosystem components for 70 

year old white spruce wood fiber plantations. 

In Figure 4.9, the ecosystem (aboveground + belowground) carbon 

sequestration gain for different rotation lengths within 300 years was estimated using 

equations 4.1 and 4.2. From that, most carbon sequestration can be achieved when 

white spruce is harvested from 70 years after the plantation establishment, when total 

carbon sequestration is 159 t C/ha. 
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Figure 4.9 Ecosystem carbon gain over 300 years in white spruce 

wood fiber plantations at various rotation lengths. 

109 



The MAl for merchantable wood in white spruce plantations in this study was 

also substantially lower than estimations by the Canadian Climate Change Secretariat 

(1999). The Canadian Climate Change Secretariat (1999) estimated for white spruce 

plantations in the prairies 0.4 m3ha-1yr-1 MAl at age I 0 and 3.1 m3ha-1yr-1 MAl at age 

50. This study showed a MAl for white spruce plantations at age 10 of zero, and 1.9 

m3ha-1yr-1 MAl for white spruce plantations at age 50. 

Nevertheless, MAl estimations in this study for white spruce plantations at 

age 80 had a close value (of 1.9 m3ha-1yr-1
) as given by Freedman & Keith (1995) on 

poor sites, of2.0 m3ha-1yr-1
• 

4.2.3.1 Scenario 8 

Scenario 8 results in 72,060 ha of white spruce plantations in the study area. 

In 490 years, there would be 7 rotations of 70 years. Assuming there would be no major 

losses to disturbances and diseases and also that no plantations would be abandoned, 

this scenario would result in a total ecosystem carbon accumulation of 17.8 Mt C [(one 

rotation* 52.36 t Clha* 72,060) + (6 rotations* 32.41 t C/ha* 72,060)]. From that, 16.3 

Mt C was accumulated in the aboveground carbon pool and 1.4 Mt C was accumulated 

in the belowground carbon pool (as the belowground carbon accumulation is just 

considered in the frrst rotation). 

4.2.3.2 Scenario 9 

Scenario 9 would result in 72,060 ha of white spruce plantations in the study 

area. In 490 years, assuming no major losses to disturbances and diseases and also that 

no plantations would be abandoned, there would be, in 490 years, 0.4 Mt C sequestered 

[Net C storage in the wood fiber plantation=+ 1,978,767.6 t C (soil accretion in the 

frrst rotation only) + 272,487.7 (permanently stocked in chips and sawdust piles) + 

1,103,575.1 t C (stocked in lumber and panels) + 667,594.8 t C (stocked in paper)-

3,623,985.3 t C (losses to instant release from merchantable and non-merchantable 

wood)- 9,653.8 t C (losses to lumber products disposal)- 2,958.4 t C (losses to panels 

disposal)- 11,443.8 t C (losses to paper disposal) = +374,383.8 t C]. The calculations 

for this scenario are shown in Table 4. 7. 
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Table 4.7: Calculations for scenario 9. 

Stock 
Stock change Paper Stock Stock change Stock 

Belowground change due due to Lumber and product change due due to change due 
stock

1 to instant permanent panel products stock
5 to lumber panels to paper 

Time change release2 storage3 stock4 change change disposals disposals Disposal
7 

(years) (t C) {t C) (t C) {t C) (t C) (t C) (t C) {t C) 

70 +1 ,978, 767.6 -517,712.2 +38,926.8 +157,653.6 +95,370.7 0.0 0 0 

140 0 -517,712.2 +38,926.8 +157,653.6 +95,370.7 0.0 0 -1,906.9 

210 0 -517,712.2 +38,926.8 +157,653.6 +95,370.7 -1,206.7 -369.8 -1,907.4 

280 0 -517,712.2 +38,926.8 +157,653.6 +95,370.7 -1,810.1 -554.7 -1,907.4 

350 0 -517,712.2 +38,926.8 +157,653.6 +95,370.7 -2,111.8 -647.2 -1,907.4 

420 0 -517,712.2 +38,926.8 +157,653.6 +95,370.7 -2,262.6 -693.4 -1,907.4 

490 0 -517,712.2 +38,926.8 +157,653.6 +95,370.7 -2,262.6 -693.4 -1,907.4 
Total 
(t C) +1 ,978, 767.6 -3,623,985.3 +272,487.7 +1 '103,575.1 +667,594.8 -9,653.8 -2,958.4 -11,443.8 

1- Gains accounted in the first rotation only= 72,060 ha* 27.46 t/ha belowground C; 
2- From each harvesting= 24.6% from the merchantable wood (16.6% from processing and 8% from chips and sawdust piles)+ 10% from the 

non-merchantable wood; 
3- From chips and sawdust piles = 2% from merchantable wood (3 8,926 t C); 
4- From each harvesting, 6.2% from the merchantable wood in lumber and 1.9% in panels (Canada stocks only); 
5- From each harvesting, 4.9% from the merchantable wood in paper products (Canada stocks only); 
6- Half-life of 85 years, accounted in the next closest harvesting; 
7- Half-life of6 years (12 decays per rotation). 
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4.2.3.3 Scenario 10 

Scenario 10 would result in 72,060 ha of white spruce plantations after year 

350 in the study area, as 1,680 farms would establish white spruce plantations in 70 

year rotation period (an average of 24 farms or 0.33% of all available farms adopting 

wood fiber plantations per year). After 490 years, assuming no major losses to 

disturbances and diseases and also that no plantations would be abandoned, the total 

carbon sequestration would be of 13.9 Mt C [1,437,597.0 t C (belowground- soils and 

roots) + 12,451,274 t C (aboveground) = 13,888,870.8 t C]. The calculations for this 

scenario are shown in Table 4.8. 

Table 4.8 Calculations for scenario 10. 

Bel~round Net stock change in 
Time Area in stock1 change Aboveground plantations 

(years) production (ha) (t C) Stock change (t C) (t C) 
70 16,800.0 +335,160.0 +544,488.0 +879,648.0 

140 33,600.0 +335,160.0 +1 ,088,976.0 +1,424,136.0 

210 50,400.0 +335,160.0 +1 ,633,464.0 +1 ,968,624.0 

280 67,200.0 +335,160.0 +2, 177,952.0 +2,513, 112.0 

350 72,060.0 +96,957.0 +2,335,464.6 +2,432,421.6 

420 72,060.0 0 +2,335,464.6 +2,335,464.6 

490 72,060.0 0 +2,335,464.6 +2,335,464.6 

Total 72,060.0 +1 ,437,597.0 +12,451 ,274.8 +13,888,870.8 
1- Area entermg m productiOn* 19.95 t Clha (carbon in soils and roots); 
2- Total area in production*32.41t C/ha (includes carbon in merchantable and non-merchantable wood). 

4.3 CARBON SEQUESTRATION IN MULTI-SPECIES SCENARIOS 

4.3.1 Scenario 11 

Scenario 11 would result in 36,030 ha of trembling aspen plantations and 

36,030 ha of white spruce plantations in the study area. In 490 years, there would be 7 

rotations of 70 years each for each species, assuming no plantations would be 

abandoned anytime. Assuming also no major losses to disturbances and diseases, the 

total carbon sequestration in 490 years would be of 18.5 Mt C; 9.6 Mt C from aspen 

plantations [(one rotation* 60.67 t C/ha* 36,030) + (6 rotations* 34.14 t C/ha * 36,030) 

= 9,566,325.3 t C]; and 8.9 Mt C from white spruce plantations [(one rotation* 52.36 t 

C/ha * 36,030) + (6 rotations* 32.41 t C/ha* 36,030) = 8,892,924.6 t C]. 
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4.3.2 Scenario 12 

Scenario 12 would result in a total carbon sequestration after 490 years, 

assuming that no plantations would be abandoned and also no major losses to 

disturbances and diseases, of 14.5 Mt C [955,875.9 t C (aspen belowground stocks) + 

718,799 t C (white spruce belowground stocks) + 6,557,953 t C (aspen aboveground 

stocks) + 6,225,637 t C (white spruce aboveground stocks) = 14,458,263.9 t C]. The 

calculations for this scenario are shown in the Table 4.9. 

Table 4.9 Calculations for scenario 12. 

Area in Area in Trembling White Trembling 
trembling white aspen spruce aspen White spruce Net stock 
aspen spruce belowground belowground aboveground aboveground change in 

Time production production stock stock stock stock plantations 
(years) (ha) (ha) change (t C) change (t C) change (tC) change (t C) (t C) 

70 8,400.0 8,400.0 +222,852.0 +167,580.0 +286,776.0 +272,244.0 +949,452.0 

140 16,800.0 16,800.0 +222,852.0 +167,580.0 +573,552.0 +544,488.0 +1 ,508,472.0 

210 25,200.0 25,200.0 +222,852.0 +167,580.0 +860,328.0 +816,732.0 +2,067,492.0 

280 33,600.0 33,600.0 +222,852.0 +167,580.0 +1' 147,104.0 +1,088,976.0 +2,626,512.0 

350 36,030.0 36,030.0 +64,467.9 +48,478.5 +1 ,230,064.2 +1, 167,732.3 +2,510,742.9 

420 36,030.0 36,030.0 0 0 +1 ,230,064.2 +1, 167,732.3 +2,397, 796.5 

490 36,030.0 36,030.0 0 0 +1 ,230,064.2 +1, 167,732.3 +2,397, 796.5 

Total 36,030.0 36,030.0 +955,875.9 +718,799 +6,557,953 +6,225,637 +14,458,263.9 
1- From the land-use change only, as belowground (sod + roots) carbon sequestration ts accounted only 

for the frrst rotation. 

113 



5.1 FUTURE SCENARIOS RESULTS 

Chapter 5 
CONCLUSIONS 

If all assumptions are correct, future scenarios which considered single 

species established immediately within the available farms on the gray soils (Gray 

Luvisolic and Dark Gray Chemozemic/Luvisolic) of Saskatchewan (10 ha per farm), 

and accounted for carbon stocks in the 2 carbon pools (aboveground and belowground) 

would result in highest carbon sequestration potential. Total ecosystem carbon 

sequestration for these scenarios after approximately 500 years would be of91.3 Mt C 

for hybrid poplar (scenario 1), of 19.1 Mt C for trembling aspen (scenario 5), and of 

17.8 Mt C for white spruce wood fiber plantations (scenario 8). Under these scenarios, 

hybrid poplar has the highest carbon sequestration potential, followed by trembling 

aspen and white spruce. This result can be largely explained by the high rate of 

accumulation in the aboveground carbon pool of hybrid poplar, which compensates for 

low levels of sequestration in the belowground carbon pool. 

Future scenarios that also considered forest products (stock change approach) 

would result in a total carbon sequestration after approximately 500 years of -9 Mt C 

for hybrid poplar (scenario 2), and 0.4 Mt C for trembling aspen and white spruce wood 

fiber plantations (scenarios 6, 9). Although the only difference between scenarios 2, 6, 

and 9 and scenarios 1, 5, and 8 was the inclusion ofthe forest products pool, results 

diverged from the previous scenarios, with highest carbon sequestration for trembling 

aspen, followed by white spruce and hybrid poplar wood fiber plantations. This result 

can be explained by a group of factors which include the end use of each species in 

products, the number of rotations in these simulations for each species, and the storage 

capacity in the carbon pools considered. The lower results from scenarios that included 

the forest products pool can be partially attributed to the method used for accounting 

(stock change method), as this method results in most emissions being accounted in 

Canada, and most sequestration being accounted elsewhere, i.e., in the consuming 

country. Scenario 3, which was similar to scenario 2 except that the production 

approach was used as opposed to the stock change approach (i.e. carbon sequestration 

is accounted for the producing country), resulted in a total carbon sequestration (after 
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500years) of -2.3 Mt C. As expected, the scenario 3 resulted in a lower carbon 

sequestration deficit as compared to scenario 2. 

The results in this study also suggest that the inclusion of forest products pool 

in future simulations may implicate in a different species selection to be used in wood 

fiber plantations, for the time length considered. 

Future scenarios that considered single species stands and an average adoption 

rate 0.33% of farms per year and accounted for carbon stocks in 2 pools, would result 

in a total ecosystem carbon sequestration after approximately 500 years of 65.5 Mt C 

for hybrid poplar (scenario 4), of 15 Mt C for trembling aspen (scenario 7), and of 13.9 

Mt C for white spruce wood fiber plantations (scenario 10). These scenarios, then 

repeated the pattern as in scenarios 1, 5 and 8. They also had hybrid poplar with highest 

carbon sequestration potential, followed by trembling aspen and white spruce wood 

fiber plantations. 

Scenarios that considered stands of trembling aspen and white spruce (50% 

each) established immediately (scenario 11) and in an average adoption rate 0.33% 

farms yearly (scenario 12) and accounted for carbon stock changes in the 2 pools, 

would result in a total carbon sequestration in approximately 500 years, respectively, of 

18.5 Mt C and of 14.5 Mt C. The carbon sequestration in scenario 11 had then is an 

intermediate result between scenarios 5 and 8. Scenario 12 also had an intermediate 

value between scenarios 7 and 10. 

The wood fiber plantations with highest carbon sequestration potential 

(scenario 1) have the potential to offset 5.6 years of Saskatchewan carbon dioxide 

emissions, i.e., 1.2% of total emissions in 495 years, assuming Saskatchewan emissions 

are in the future as currently (Pembina Institute for Appropriate Development, 2000). 

Also, the same scenario would result in a total merchantable volume at the end of each 

rotation as high as 1.3 times the Saskatchewan annual allowable cut (Canadian Forest 

Service, 1999b). 

Through applying conversion and expansion factors that have been 

extensively used for Canada given by Peterson et al. (1999), Lempriere & Booth 

(1998), and Robinson et al. (1999) to the growth curves considered in this study, the 

aboveground carbon sequestration at harvesting age was found to be overestimated for 

115 



hybrid poplar by 43%, for trembling aspen by 29%, and for white spruce 36%; as 

compared to results from this study. 

Finally, although estimates from this study were done with the best available 

data and information, estimates are only as good as the data sources, and much data and 

information are needed to improve these estimates. 

5.2 APPLICATION OF RESEARCH 

This study produced refmed estimates as compared to previous estimates done 

to the prairies (e.g. Peterson eta/., 1999; Lempriere & Booth, 1998; and Robinson et 

a/., 1999). Results from this study apply to wood fiber plantations in cultivated Gray 

Luvisolic and Dark Gray Luvisolic/Chemozemic soils of Saskatchewan only, although 

the developed methodology can be further adapted to other case studies. 

From this study, hybrid poplar plantations were estimated to have an average 

aboveground (including merchantable and non-merchantable wood components) 

sequestration rate at age 15 of 2.5 t C ha-1 yr-1 (1. 7 t C ha-1 yr-1 in merchantable 

components and 0.8 t C ha-1 yr-1 in non-merchantable components). The belowground 

carbon sequestration rate (including soils and roots) for hybrid poplar at age 15 was 

estimated to be 1.63 t C ha-1 yr·1
• 

Trembling aspen plantations were estimated to have an average aboveground 

(including merchantable and non-merchantable wood components) sequestration rate at 

age 70 of 0.5 t C ha-1 yr-1 (0.4 t C ha-1 yr-1 in merchantable components and 0.1 t C ha-1 

yr-1 in non-merchantable components). The belowground carbon sequestration rate 

(including soils and roots) for trembling aspen (age 70) was estimated to be 0.4 t C ha-1 

yr-1. 

White spruce plantations were estimated to have an average aboveground 

(including merchantable and non-merchantable wood components) sequestration rate at 

age 70 (0.5 t C ha-1 yr-1
) similar to trembling aspen plantations (0.4 t C ha-1 yr-1 in 

merchantable components and 0.1 t C ha-1 yr-1 in non-merchantable components). The 

belowground carbon sequestration rate (including soils and roots) for white spruce (age 

70) was estimated to be 0.3 t C ha-1 yr-1
• 

For soils under trembling aspen and white spruce plantations, carbon 

sequestration from current land use (e.g. pasture) and management causing carbon 
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accretion need to be subtracted from the belowground sequestration rates given in this 

study. Also all belowground carbon sequestration rates were considered for the frrst 

rotation only. 

The best rotation length to maximize the ecosystem carbon sequestration for 

the species considered (in wood fiber plantations) were estimated. From that, most 

ecosystem carbon sequestration for hybrid poplar would be achieved if the rotation 

length ranged from 14 to 16 years; for trembling aspen if the rotation length was of 80 

years; and for white spruce if the rotation length was of70 years. 

5.3 RESEARCH NEEDS 

Among the most important research needs, the following were identified: 

Growth curves are needed for each species either compiled by soil 

zone or other ecological framework and, within those, for each 

agroforestry design and growth conditions, such as spacing, site 

quality, and stand management; 

Soil organic carbon measurements are needed for the entire soil 

profile from planted stands in agricultural or former agricultural 

soils, for each species, for each agroforestry design, and growth 

conditions (such as spacing, site quality, and stand management); 

and, within those, could be compiled by either soil zone or other 

ecological framework; 

Conversion and expansion factors are needed for each species, 

agroforestry design, and growth conditions (such as spacing, site 

quality, and stand management); and, within those, could be 

compiled by either soil zone or other ecological framework; 

More field data collection is needed, preferably from long-term 

plots (or else from chronosequential studies) for each agroforestry 

design, and growth conditions (such as spacing, site quality, and 

stand management); 
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Furthermore, the standardization of sampling, measurement and laboratory 

techniques and technologies would greatly enhance the chances of field data to be 

compared and compiled. 
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APPENDIX A: 

Table lA Crop management activities in the study area (source: data compiled :from 
Statistics Canada 1996). 

Total # of farms reporting 
Total farm 

area 
= 3,566,304 

= 9,295farms Ha 

Farms % of total # of Total area 

Crop management activities reporting farms reporting (Ha) 

Land in crops (excluding Christmas Trees) 8,704 93.6 1,969,384 

Summerfallow 4,372 47.0 253,826 

Tame or seeded pasture 3,322 35.7 257,210 

Natural land for pasture 4,876 52.5 715,907 

All other land (including Christmas trees' area) 7,621 82.0 369,973 

Irrigation 65 0.7 1,182 

Use of commercial fertilizer 6,197 66.7 1,452,313 

Use of herbicides 5,689 61.2 1,296,425 

Use of insecticides 947 10.2 106,626 

Use of fungicides 438 4.7 58,825 

Manure application solid spreader (95%) 1,607 17.3 36,363 

Manure a_pplication irrigation 1 0.0 0 

Manure application liquid spreader 76 0.8 1,563 

Manure application liquid spreader (injected) 19 0.2 81 

Crop rotation 6,797 73.1 N.A. 

Permanent grass cover 2,483 26.7 N.A. 

Winter cover crops for spring plough-down 114 1.2 N.A. 

Contour cultivation 503 5.4 N.A. 

Strip cropping 172 1.9 N.A. 

Grassed waterways 1,069 11.5 N.A. 

Windbreaks and shelterbeHs 1,498 16.1 N.A. 

Total land prepared for seedling 7,620 82.0 1,615,307 

Tillage 8,163 87.8 1,468,942 

Tillage incorporating most crop residue into soil (24%); 5,498 59.2 942,720 

Tillage retaining most crop residue in the surface (13.4%); 2,665 28.7 526,222 

No tillage prior to seedling 694 7.5 146,365 

Weed control on summerfallow land, chemical only 291 3.1 14,802 

Weed control on summerfallow land, tiJiage only 2,287 24.6 111,131 
Weed control on summerfallow land, tillage and chemical 
combination 2,010 21.6 119,706.00 

Average farm 
size 

= 383.68 Ha 

%of total 

farm area 

55.2 

7.1 

7.2 

20.1 

10.4 

0.0 

40.7 

36.4 

3.0 

1.6 

1.0 

0.0 

0.0 

0.0 

N.A. 

N.A. 

N.A. 

N.A. 

N.A. 

N.A. 

N.A. 

45.3 

41.2 

26.4 

14.8 

4.1 

0.4 

3.1 

3.4 



Table 2A Crop activities in the study area (source: data compiled from Statistics 
Canada 1996. 

% of total land in 
crops 

Farms o/o of total ( excl. Christmas 
Crop activities reporting Ha farm area trees) area 

Total wheat 5,607.0 519,379.0 14.6 26.4 
Spring wheat (excluding durum) 5,009.0 397,607.0 11.1 20.2 
Durumwheat 55.0 1,508.0 0.0 0.1 
Winter wheat 72.0 890.0 0.0 0.0 
Oats 3,790.0 175,646.0 4.9 8.9 
Barley 5,136.0 429,271.0 12.0 21.8 
Mixed grains 128.0 5,512.0 0.2 0.3 
Com for grain 1.0 0.0 0.0 0.0 
Buckwheat 13.0 113.0 0.0 0.0 
Total rye 335.0 9,580.0 0.3 0.5 
Fall rye 303.0 6,474.0 0.2 0.3 
Spring rye 35.0 725.0 0.0 0.0 
Com for silage 1.0 0.0 0.0 0.0 
Alfalfa and alfalfa mixtures 4,125.0 279,442.0 7.8 14.2 
All other tame hay and fodder crops 1,481.0 65,842.0 1.8 3.3 
Canola (rapeseed) 4,036.0 321,090.0 9.0 16.3 
Flaxseed 756.0 39,958.0 1.1 2.0 
Soybeans 0.0 0.0 0.0 0.0 
Mustard seed 38.0 858.0 0.0 0.0 
Sunflower 12.0 8.0 0.0 0.0 
Safflower 1.0 0.0 0.0 0.0 
Potatoes 48.0 275.0 0.0 0.0 
Dry field peas 1,137.0 75,780.0 2.1 3.8 
Lentils 9.0 0.0 0.0 0.0 
Total dry field beans 1.0 0.0 0.0 0.0 
Dry white beans 1.0 0.0 0.0 0.0 
Fababeans 0.0 0.0 0.0 0.0 
Dry colored beans 1.0 0.0 0.0 0.0 
Canary seed 225.0 10,886.0 0.3 0.6 
Tobacco 0.0 0.0 0.0 0.0 
Sugar beets 0.0 0.0 0.0 0.0 
Triticale 24.0 246.0 0.0 0.0 
Forage seed for seed 381.0 22,396.0 0.6 1.1 
Other field crops 107.0 6,183.0 0.2 0.3 
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the study area (source: data compiled from Statistics Canada 1996). 
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APPENDIXB: 

Table lB Carbon sequestration by hybrid poplar wood fiber plantations. 

Merchantable wood carbon sequestration 

Hybrid poplar Conversion 

(accumulated) volume: 

merchantable volume biomass 

Time (m~lha) (x 0.3585 t/m~) 

1 0.60 0.22 

2 3.85 1.38 

3 10.61 3.80 

4 20.66 7.41 

5 33.32 11.95 

6 47.77 17.13 

7 63.26 22.68 

8 79.11 28.36 

9 94.84 34.00 

10 110.04 39.45 

11 124.47 44.62 

12 137.95 49.46 

13 150.39 53.91 

14 161.77 57.99 

15 172.08 61.69 

16 181.36 65.02 

17 189.67 68.00 

18 197.08 70.65 

19 203.65 73.01 

20 209.46 75.09 

21 214.59 76.93 

22 219.10 78.55 

23 223.06 79.97 

24 226.53 81.21 

25 229.57 82.30 

26 232.23 83.25 

27 231.00 82.81 

28 230.75 82.72 

29 230.50 82.63 

30 230.00 82.46 

Rotation length assumed for calculations. 

Assumed zero for simulations. 

Conversion 

biomass: 

carbon 

(x0.42) (tlha) 

0.09 

0.58 

1.60 

3.11 

5.02 

7.19 

9.53 

11.91 

14.28 

16.57 

18.74 

20.77 

22.64 

24.36 

25.91 

27.31 

28.56 

29.67 

30.66 

31.54 

32.31 

32.99 

33.59 

34.11 

34.57 

34.97 

34.78 

34.74 

34.71 

34.63 

Aboveground carbon sequestration 

Expansion Conversion 

merchantable: total aboveground 

aboveground biomass biomass: carbon 
(x1 .454) (m~lha) (x 0.42) (tlha) 

0.31 0.13 
2.01 0.84 
5.53 2.32 
10.77 4.52 
17.37 7.29 
24.90 10.46 
32.97 13.85 
41.24 17.32 
49.44 20.76 
57.36 24.09 
64.88 27.25 
71.91 30.20 
78.39 32.92 
84.32 35.42 

89.70 37.67 
94.54 39.70 
98.87 41.52 
102.73 43.15 
106.15 44.58 
109.18 45.86 
111.86 46.98 
114.21 47.97 
116.27 48.83 
118.08 49.59 
119.67 50.26 
121.05 50.84 
120.41 50.57 
120.28 50.52 
120.15 50.46 
119.89 50.35 

Belowground carbon Ecosystem carbon sequestration 

sequestration Total ecosystem 

Accumulated carbon accumulated carbon 

in soils and roots (aboveground and 

(tlha) belowground) (tlha) 

1.63 1.76 

3.26 4.10 

4.89 7.21 

6.52 11 .04 

8.15 15.44 

9.78 20.24 

11.41 25.26 

13.04 30.36 

14.67 35.43 

16.3 40.39 

17.93 45.18 

19.56 49.76 

21 .19 54.11 

22.82 58.24 

24.45 62.12 

26.08 65.78 

27.71 69.23 

29.34 72.49 

30.97 75.55 

32.6 78.46 

34.23 81.21 

35.86 83.83 

37.49 86.32 

39.12 88.71 

40.75 91.01 

42.38 93.22 

44.01 94.58 

45.64 96.16 

47.27 97.73 

48.9 00.25 



Table 2B Carbon sequestration by trembling aspen wood fiber plantations. 

Merchantable wood carbon sequestration 

Trembling aspen Conversion 

(accumulated) volume: 

merchantable biomass 

Time volume (m3Jha) (x0.400 t/m3) 

0 0.00 0.00 

10 0.00 0.00 

20 6.34 2.59 

~ 27.12 11 .07 

40 56.36 22.99 

50 87.89 35.86 

60 117.66 48.01 

70 141.26 57.63 

80 158.12 64.51 

90 168.13 68.60 

100 171 .91 70.14 

110 170.42 69.53 

120 164.77 67.23 

1~ 156.05 63.67 

140 145.25 59.26 

150 133.22 54.35 

160 120.64 49.22 

170 108.04 44.08 

180 95.82 39.00 

190 84.25 34.37 

200 61 .24 24.98 

Rotation length assumed for calculations. 

Assumed zero for simulations. 

Conversion 

biomass: 

carbon 

(x5.02) (tlha) 

0.00 

0.00 

1 .~ 

5.56 

11 .54 

18.00 

24.10 

28.93 

32.39 

34.44 

35.21 

34.91 

33.75 

31.96 

29.75 

27.29 

24.71 

22.13 

19.63 

17.26 

12.54 

Aboveground carbon sequestration 

Expansion Conversion 

merchantable: total aboveground 

aboveground biomass biomass: carbon 

(x 1 .18) (tlha) (x0.&>2) (tlha) 

0.00 0.00 

0.00 0.00 

3.05 1.53 

13.06 6.56 

27.13 13.62 

42.31 21.24 

56.65 28.44 

68.01 34.14 

76.12 38.21 

80.95 40.63 

82.76 41.55 

82.05 41.19 

79.33 39.82 

75.13 37.72 

69.93 35.11 

64.14 32.20 

58.06 29.16 

52.01 26.11 

46.13 23.16 

40.56 20.36 

29.48 14.80 

Belowground carbon Ecosystem carbon sequestration 

sequestration Total ecosystem 

Accumulated carbon accumulated carbon 

in soils and roots (aboveground and 

(tlha) belowground) (tlha) 

0.00 0.00 

3.79 3.79 

7.58 9.11 

11 .37 17.93 

15.16 28.78 

18.95 40.19 

22.74 51.18 

26.53 60.67 

~.32 68.53 

34.11 74.74 

37.90 79.45 

41.69 82.88 

45.48 85.~ 

49.27 86.99 

53.06 88.17 

56.85 89.05 

60.64 89.80 

64.43 90.54 

68.22 91.38 

72.01 92.37 

75.80 90.60 



Table 38 Carbon sequestration by white spruce wood fiber plantations. 

Merchantable wood carbon sequestration 

White spruce Conversion 

(accumulated) volume: 

merchantable biomass 

Time volume (m31ha) (x0.364 Um3) 

0 0.00 0.00 

10 0.00 0.00 

20 7.00 2.58 

~ 29.82 10.85 

40 60.99 22.20 

50 92.89 33.81 

60 120.35 43.81 

70 140.78 51.24 

80 153.45 55.86 

00 162.74 59.24 

100 162.06 58.99 

110 158.71 57.n 

120 151 .40 55.11 

1~ 139.62 50.82 

140 126.52 46.<E 

150 112.96 41.11 

160 99.55 36.23 

170 86.75 31 .58 

180 74.86 27.25 

100 64.04 23.31 

200 54.36 19.79 

Rotation length assumed for calculations. 

Assumed zero for simulations. 

Conversion 

biomass: 

carbon 

(x 0.57) (Uha) 

0.00 

0.00 

1.36 

5.72 

11 .70 

17.82 

23.00 

27.01 

29.44 

31 .22 

31 .00 

~.45 

29.04 

26.78 

24.27 

21 .67 

19.10 

16.64 

14.36 

12.29 

10.43 

Aboveground carbon sequestration 

Expansion Conversion 

merchantable: total aboveground 

aboveground biomass biomass: carbon 

(x1 .20) (Uha) (x 0.527) (Uha) 

0.00 0.00 

0.00 0.00 

3.10 1.63 

13.02 6.86 

26.64 14.04 

40.57 21 .38 

52.57 27.70 

61.49 32.41 

67.03 35.32 

71 .00 37.46 

70.79 37.31 

69.32 36.53 

66.13 34.85 

60.99 32.14 

55.27 29.12 

49.34 26.00 

43.48 22.91 

37.89 19.97 

32.70 17.23 

27.97 14.74 

23.74 12.51 

Belowground carbon Ecosystem carbon sequestration 

sequestration Total ecosystem 

Accumulated carbon accumulated carbon 

in soils and roots (aboveground and 

(Uha) belowground) (Uha) 

0.00 0.00 

2.85 2.85 

5.70 7.33 

8.55 15.41 

11 .40 25.44 

14.25 35.63 

17.10 44.80 

19.95 52.36 

22.80 58.12 

25.65 63.11 

28.50 65.81 

31.35 67.88 

34.20 69.<E 

37.05 69.19 

39.90 69.02 

42.75 68.75 

45.60 68.51 

48.45 68.42 

51.30 68.53 

54.15 68.89 

57.00 69.51 



APPENDIXC: 

Units used in this study: 

1 kg= 1,000 g 
1 t = 1,000,000 g 
1 M t = 1,000,000,000,000 t 
1 kg/m2 

= 10 tlha 
1 ha = 10,000 m2 
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