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Chapter 20

Carbon balance and climate change in boreal forests

J.S. Bhatti, G.C. van Kooten, M.J. Apps, L.D. Laird,
I.D. Campbell, C. Campbell, M.R. Turetsky, Z. Yu,
and E. Banfield

“The greatest threat of all may be yet to come, in the form of global warming.”

“Great Northern Forest” (1994),

a film directed by Joseph Viszmeg,

produced by Albert Karvonen and Jerry Krepakevich,
Karvonen Films Ltd., and National Film Board of Canada

Introduction

Most scientists agree that the global climate is changing as a consequence of human-
caused perturbations to global biogeochemical cycles, especially the carbon cycle
(IPCC 2001a). In addition, the impacts of these changes are becoming increasingly evi-
dent (IPCC 20015). The boreal forest biome is one of the Earth’s ecosystems most
affected by the changing climate (IPCC 2001a; Gitay et al. 2001). The forests in this
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biome also have the potential to either accelerate or retard the progression of climate
change through their influence on the global carbon cycle.

This chapter explores the role of the boreal forest in the global carbon cycle, the
expected impacts of climate change on the boreal ecosystem, and the effects of various
factors (both natural and human) on the carbon balance of the forest. The last part of the
chapter discusses the economic and forest management issues that arise when the car-
bon resources of the forest are considered in light of Kyoto Protocol commitments to
reduce greenhouse gas emissions. While the primary focus of this chapter is the chal-
lenges (Box 20.1) climate change poses for the Canadian boreal forest, the boreal forest
in other regions of the world will also be discussed where appropriate.

Box 20.1. Challenges to sustainable forest management in light of climate
change.

Climate change poses many challenges for sustainable forest management in boreal areas.
These include determining how to:

* manage carbon pools and fluxes, as well as the fibre supply from trees and stands;

e minimize use of fossil fuels;

+ control disturbance, growth, and decomposition processes in an economically and eco-
logically feasible way;

» exploit opportunities for carbon sequestration and associated credits;

* maintain the ecological integrity of the forest in the face of increasing climate change and
other global change stresses; and

» inventory forest ecosystem carbon stocks and to estimate carbon sources and sinks.

Forests and climate

Forests are highly influenced by climate, which determines their distribution, structure
and composition, and much of their ecological function. Climate also affects forests
indirectly through its impact on disturbance regimes such as those due to fire, insects,
diseases, and windstorms. In turn, forests have an impact on global climate through their
influence on surface roughness, albedo, hydrological cycles, and the carbon cycle. The
influence of the boreal forest on climate through its effect on the global carbon cycle has
been receiving increasing attention in recent years because of escalating concern about
climate change. The role of carbon in climate change, the importance of the boreal for-
est in the global carbon cycle, and the expected impacts of climate change on the boreal
forest are explored below.

The role of carbon in global climate change

Scientific background

The Earth’s climate is determined in large part by the proportion of solar energy retained
by the Earth’s atmosphere. Certain gases (called greenhouse gases or GHGs) in the
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atmosphere allow short-wavelength solar energy (visible light) to pass through to the
Earth but absorb outgoing infrared (radiant heat) wavelengths, thus making the Earth
warmer than it would otherwise be. Without this greenhouse effect the Earth would be
uninhabitable for most existing lifeforms, including humans. Naturally occurring GHGs
include water vapour (H,O) and various trace gases such as carbon dioxide (CO,),
methane (CH,), ozone (O,), and nitrous oxide (N,O). Synthetic GHGs include chloro-
fluorocarbons (CFCs). The concentrations of GHGs in the atmosphere are largely regu-
lated by global hydrological and biogeochemical cycles, including the carbon cycle.

Human activities such as burning fossil fuels, production of cement, and changes in
land use have perturbed the carbon cycle, which has resulted in elevated levels of atmos-
pheric CO,, thus enhancing the greenhouse effect and causing global warming at an
unprecedented rate (IPCC 2001a). It is estimated that during the period from 1850 to
1998, 405 Pg (1 Pg= 10" g, 10'? kg, or 10° Mg or tonnes) of carbon was emitted to the
atmosphere as a result of these activities (IPCC 2000). This has resulted in a 28%
increase in atmospheric CO, concentrations (IPCC 2000), which is believed to be a pri-
mary cause of the observed 0.6°C increase in global temperature in the 20th century
(IPCC 2001a). The climatic changes are, however, not uniformly distributed: the
changes in solar insolation cause changes in atmospheric circulation patterns, resulting
in changes in regional weather patterns. Some regions, especially northern and mid-con-
tinental landmasses, undergo larger climate changes than others.

Carbon thus plays a vital role in determining global climate. The global carbon cycle
and the exchange of carbon between the atmosphere and various natural and anthro-
pogenic components are illustrated in Fig. 20.1. Carbon is exchanged between terrestrial
ecosystems and the atmosphere through photosynthesis, respiration, decomposition, and
combustion. Boreal forests and their associated peatlands represent the largest terrestrial
reservoir of carbon (IPCC 2000), as well as being located in a region especially sensi-
tive to climate change. The boreal biome therefore plays a critical role in the global car-
bon cycle and has the capacity for either accelerating or slowing climate change to some
degree, depending on whether the forest acts as a net source or a net sink of carbon. This
source or sink status is, however, not a static characteristic of the ecosystem, but can
change over time as a result of changes in forest age-class structure, disturbance regime,
and resource use (Kurz and Apps 1999; Kauppi et al. 2001).

Projected future climates of boreal regions

Global climate is expected to warm by an average of 1.4—5.8°C by 2100, but the tem-
perature increase in the boreal region and other high latitude biomes in the Northern
Hemisphere is predicted to be more than 40% higher than this (IPCC 2001a). Changes
in precipitation are more difficult to predict, but several models suggest regional
changes in summer and winter precipitation of £20% for the boreal region (Kirschbaum
and Fishlin 1996; Amiro et al. 2001a). For example, precipitation is expected to
decrease by 20% in northern Alberta, Saskatchewan, and Manitoba (Amiro et al. 2001q;
Flannigan et al. 2001), while parts of eastern Canada (Flannigan et al. 2001; Amiro et
al. 2001a) and Fennoscandia (IPCC 20015) are expected to experience an increase in
precipitation. Higher temperatures will result in higher evaporation rates, and hence
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Fig. 20.1. Overview of the global carbon cycle, showing the stocks and fluxes of C (Pg)
between various components of the biosphere (courtesy of Canadian Forest Service).
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soils in some boreal regions are expected to be drier in the summer (Flannigan et al.
1998; Amiro et al. 2001a). The frequency and severity of storm events is also expected
to increase (IPCC 2001a).

Boreal forests have experienced large climate swings in the past. During geologi-
cally recent Ice Ages, almost the entire present range of the North American boreal
forests was glaciated, so that most of these forests have occupied their present range for
only a few hundred generations of trees. Boreal forests therefore are composed mainly
of species that are able to spread relatively quickly over previously unvegetated or
recently vegetated terrain. Even these relatively rapid migration rates may not be fast
enough to keep pace with the coming climate change, however, which is predicted to
occur at a rate at least 10 times faster than the warming since the end of the last Ice Age
(Schneider 1995).

The effects of climate change and other global changes on forests

Climate change is expected to affect both the distribution and the character of the boreal
forest through changes in temperature, precipitation, and natural disturbance patterns
(IPCC 2001b). These impacts on the forest are not entirely separable from the effects of
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Fig. 20.2. Feedbacks between the atmosphere and various components of the boreal forest
(modified from Bhatti et al. 2001).
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other global changes, such as increases in CO,, NO,, and O, levels, and anthropogenic
pressures which may be enhanced by climate change. Figure 20.2 illustrates the web of
interaction among climate, vegetation, disturbance regimes, and carbon pools in the
boreal forest. Various components of this web are discussed in the following sections.

Water and energy exchange

Climate change has the potential to influence the dynamics of water and energy
exchange between boreal ecosystems and the atmosphere in several ways. At the forest—
tundra boundary, sharp discontinuities are hypothesized to have a strong influence on
temperature and precipitation (Eugster et al. 2000). Snow-covered tundra and boreal
peatlands have a much higher albedo, absorb less radiation, and warm the atmosphere
less than the forested areas (Chapin et al. 2000). Consequently, an expansion of the
boreal forest into regions now occupied by tundra and peatland (see below) has the
potential to reduce albedo and increase spring energy absorption, thereby enhancing
atmospheric warming (Bonan et al. 1992; Chapin et al. 2000). Other factors that
enhance atmospheric warming in the boreal forest include earlier snowmelt (which
reduces springtime albedo), and increased ground vegetation cover (which reduces
evapo-transpiration). Deciduous forests have twice the albedo and 50-80% higher
evapo-transpiration than coniferous forests during the growing season (Baldocchi et al.
2000). Changes in the disturbance regime that increase the proportion of deciduous
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forests have the potential to reduce spring energy absorption and act as a negative feed-
back to atmospheric warming (Chapin et al. 2000; Eugster et al. 2000). With frequent
fire, young boreal forest stands may have a ratio of sensible to latent heat that is § times
higher than that of mature stands (Schulze et al. 1999).

Forest distribution and character

Both simple and more complex models agree that the ranges of major forest types
around the world are likely to shift dramatically with future global climate change.
Models using modern correlations between climate and vegetation have projected the
stable ranges that might be achieved several hundred or thousand years from now. In
many regions, the change is not simply from one forest type to another, but rather from
forest to grassland or even desert in some regions, and from tundra to forest in others
(Rizzo and Wiken 1992). The predicted stable ranges are, however, in many ways less
of a concern than are the transitional displacements. Harder to predict than eventual sta-
ble ranges (should they actually stabilize), the transitional state may include significant
areas of essentially dead forest, where the existing vegetation is not able to cope with
changed climatic conditions, and a suitably adapted natural forest type has not yet had
time to migrate and establish itself.

Temperature-limited tree lines are expected to advance, either uphill in mountain
regions, or into tundra regions in the Arctic (IPCC 20015), although this potential is not
likely to be realized in the next 100-200 years. At the same time, it has been postulated
that climate warming will cause many dry forest regions (limited by water availability
rather than temperature) to give way to grassland or more open savanna as a conse-
quence of regeneration failure (Hogg and Hurdle 1995; Lenihan and Neilson 1995;
Hogg 1997). Temperature is not the sole control on species distribution, and change in
temperature cannot be considered in isolation. Other factors, including soil characteri-
zation, nutrient availability, and disturbance regimes may prove to be more important in
controlling future ecosystem dynamics. For example, the southern limit of boreal forests
appears to be influenced more by interspecific competition and moisture conditions than
by temperature tolerance (Loehle 1998). The distribution of trembling aspen (Populus
tremuloides Michx.) in western Canada is largely controlled by moisture conditions
(Hogg 1999). A decrease in water availability with climate change may therefore alter
the southern boundary of the boreal forest and the distribution of aspen in some regions.
Inertial effects may slow the loss of forest in dry regions, although many dry regions
also experience human population pressures tending toward deforestation. For example,
conifer density will likely decline in northeastern China, where climate warming may
reduce the area of coniferous forest substantially, while elsewhere in Asia forests will
be under increasing human pressures that will mask the effects of global warming
(IPCC 20015).

Many of the changes in forest distribution will not be brought about directly through
the impact of climate change on individual trees, but rather through the effect of climate
change on disturbance regimes and subsequent regeneration (Flannigan et al. 2000,
2001). The structure, pattern, and ecosystem processes of forests in many regions of the
world are highly sensitive to changes in disturbance regimes (see Chap. 9). In north-
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Fig. 20.3. Leaning dead trees are a good indicator of permafrost collapse. Permafrost melt can
be initiated by climate warming and (or) fire.
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eastern North America, the relative dominance of various tree species is largely deter-
mined by the mean fire return interval, which in turn is influenced by the vegetation,
creating an interacting spiral (Flannigan and Woodward 1994). This feedback loop may
result in meta-stable vegetation formations, sometimes in one state (e.g., grass-
dominated), sometimes in another (e.g., tree-dominated). These highly non-linear feed-
back effects may result in vegetation changes more rapid than would be predicted from
climate change alone.

One of the factors affecting regional response to rapid climate change is the exis-
tence of barriers to the immigration of species better adapted to the new climate in a
given area. For instance, the climate north of the Great Lakes may become suitable for
more thermophilous forest types than presently occur there, but the barrier formed by
the lakes may slow or prevent suitable species from spreading northward. It has also
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been suggested that tundra afforestation may be slowed by the need for soil develop-
ment (Rizzo and Wiken 1992). Most tree-line species, however, are adapted to growing
on sites with minimal soils, since they are the same species that colonized much of the
boreal region after deglaciation. Permafrost and changes in the active soil layer with
warming add significant complexity to the tree-line response in much of Siberian Rus-
sia, Canada, and Alaska.

In some mountainous regions, altitudinally rising climatic zones may displace some
ecozones from the tops of the mountains, which will lead to extensive extirpations. At
the same time, valleys may develop climatic conditions suitable for species not currently
present, allowing an opportunity for invasive species or causing temporary loss of for-
est cover. Such a situation is likely to lead to a large loss of biodiversity, as the first
species suited to the new climate rapidly become dominant and resist the invasion of
later immigrants. Over time, this inertial barrier may be overcome, but not if the climate
continues to change and transient responses continue to dominate.

Invasive species may also increase in non-mountainous areas because of increased
fragmentation (see Chap. 12). While there is a vigorous debate on the role of biodiver-
sity in community resistance to invasive species, there is also general agreement that
forest fragmentation (from land-use change, direct climate change effects, and possible
increased disturbances due to warming) will likely lead to increased opportunities for
invasive and exotic species. Additionally, changing climate zones may further encour-
age plant and insect migrations (Gitay et al. 2001), along with intercontinental transfers
through trade. Invasive insects may be further encouraged where trees are weakened by
drought or other climate change effects, so some forests may become less resistant to
invasive insects and native insects alike (see Chap. 8 and below).

Forest fragmentation will also lead to fragmentation of wildlife habitat, and possi-
ble extinctions. Anthropogenic forest fragmentation was a major factor in the extinction
of the passenger pigeon in eastern North America at the beginning of the 20th century
(Shorger 1972), and habitat fragmentation due to climate change has been proposed as
a factor in the extinction of mammoths, sloths, and other large fauna after deglaciation
(Dixon and Dixon 1991).

At high latitudes and altitudes, permafrost melt-out will exacerbate and complicate
ecosystem responses. Melting permafrost leaves scars on the landscape known as
thermokarst depressions; permafrost collapse in peatlands creates features called inter-
nal lawns (Vitt et al. 2000). These depressions are often waterlogged and usually
involve collapse of soil surfaces. Paludification and soil slumping in turn lead to tree
mortality and leaning trees, referred to as a “drunken forest” (Fig. 20.3). The eventual
result is frequently a wet sedge meadow embedded in the forest.

Natural disturbances

Fire — In Canada, climate change is expected to contribute to a significant increase in
forest fire activity (Fig. 20.4) particularly in western and central Canada (Flannigan et
al. 1998). This will occur through a longer fire season, larger and more intense fires
resulting in part from increased periods of drought, and an increase in both natural and
anthropogenic fire ignitions (Stocks et al. 2000). The direct impact of climate change on
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Fig. 20.4. Climate change may increase forest fire activity in some boreal regions.
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tree mortality may increase fuel loads in some regions. Climate change thus poses two
major problems for fire research: predicting the impact of climate change and conse-
quent vegetation changes on the fire regimes; and predicting the impact of increased fire
activity on the vegetation and soil and, through their carbon storage, on global climate.

Forest fires affect the global carbon cycle in several ways (Kasischke 2000). First,
the fire directly releases large quantities of carbon into the atmosphere through com-
bustion of plant material and surface soil organic matter. Secondly, carbon is released
from the decomposition of fire-killed vegetation over time. Thirdly, for several years or
decades after a fire, the vegetation on newly burned sites may not fix as much carbon
from the atmosphere as did the pre-fire vegetation. In addition it can take many decades
before the ecosystem carbon stocks (in vegetation, on the forest floor, and in the soils)
return to their pre-fire levels (Apps et al. 2000), and recover the carbon released during
and after the fire event. Fires are thus an important part of the global carbon cycle, with
increased fire frequency generally causing a net reduction in sequestered carbon stocks
(Kurz et al. 1995b0). Forest fires may also lead to replacement of one vegetation type
with another. Frequent fires in some areas are responsible for creating essentially per-
manent openings in the forest and may be a major factor in excluding conifers from the
Aspen Parkland ecoregion (Hogg 1997) and white cedar (Thuja occidentalis) from some
sites in eastern Canada (Larocque et al. 2003). At the same time, fire may facilitate the
adaptation of the forest to climate change by eliminating vegetation that is no longer
optimally adapted to the new climate and permitting the development of new, better
adapted vegetation communities (Arseneault and Payette 1992).

Fire itself responds strongly to climate change. The annual area burned will likely
increase, perhaps by as much as 50% over the coming decades, in response to global
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warming (Flannigan and van Wagner 1991; Stocks et al. 1998). This increase is not
likely to be evenly distributed. For example, parts of eastern Canada may actually expe-
rience a decrease in fire, while western and central Canada experiences a significant
increase (Flannigan et al. 2001). There is some evidence to suggest the fire regime in
Canada may already be responding to climate change (Amiro et al. 2001a; Stocks et al.
2003). Since the 1960s, the average annual area burned has increased from about 1.5
million ha to nearly 3 million ha (Fig. 20.5). A small part of this increase may be due to
improved detection capacity, but much of the difference reflects the influence of new
weather patterns (possibly due to climate change) as well as other factors, such as aging
of the forest and increased human activities in formerly remote areas.

Insects and pathogens — Increases in tree mortality associated with insects and dis-
ease may be expected under a changing climate. Existing forests in the process of adapt-
ing to rapid global change, whether through growth stimulation or degradation, are
under stress. Such conditions tend to increase their susceptibility to insect and disease
attack. In addition to these changes in host conditions, both insect population and dis-
ease cycles may be directly affected by climate change. The incidence of exotic insects
and disease can be expected to increase as climatic conditions make migration and sur-
vivorship more probable. Human transportation routes and activities exacerbate this
problem. Insect disturbances are expected to increase with climate change because of
longer growing seasons, increased forest stress, and less severe winters (Fleming and
Volney 1995). Climate change may also affect insect diversity, allowing more exotic
species to survive in the northern forests (Gitay et al. 2001).

Many uncertainties remain regarding the character, magnitude, and rates of future
climate change and its impact on insect disturbances. However, it is generally expected
that insect outbreaks will become increasingly more intense with climate change (Gitay
et al. 2001) as a consequence of both atmospheric warming and CO, enrichment (Flem-
ing and Volney 1995). In general, current forecasts of forest insect responses to climate

Fig. 20. 5. Area burned in Canada. Significantly more area was burned in the 1980s and 1990s
than in the previous two decades (data compiled from Stocks et al. 2003).
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warming, which are based on historical relationships between outbreak patterns and cli-
mate, would suggest:
* more frequent outbreaks of

- mountain pine beetle, Dendroctonus ponderosae (Thompson and Shrimpton

1984),

- spruce budworm, Choristoneura fumiferana (Mattson and Haack 1987),

- eastern hemlock looper, Lambdina fiscellaria fiscellaria (Carroll et al. 1995);
* longer outbreaks of

- forest tent caterpillar, Malacosoma disstria (Roland et al. 1998), and

- spruce budworm (Cerezke and Volney 1995); and
» range shifts northward and to higher elevations by

- spruce budworm (Williams and Liebhold 1997),

- gypsy moth, Lymantria dispar, and

- white pine weevil, Pissodes strobi (Sieben et al. 1994).

Recent evidence suggests that some insect populations may already be responding
to climate change. For example, large outbreaks of defoliating insects have been
observed in recent years at much higher latitudes than previously (Brandt et al. 1996).
Changes in seasonality (especially warmer and shorter winters) have also been impli-
cated in more frequent outbreaks of bark beetle infestations in southern Alaska and
mountain pine beetle in British Columbia. A recent survey showed that the pine beetle
damaged approximately 1 million ha in British Columbia in 2002 and 5.7 million ha are
currently at risk (Safranyik and Linton 2002). Scientists partially attribute the epidemic
to global warming. Pine beetles usually have a 2-year cycle, but warmer temperatures
can cause them to complete their cycle and breed in 1 year (Safranyik and Linton 2002).
Warmer temperatures also reduce insect die-off, as fewer insects are killed by very cold
weather in the late fall and early spring.

Forest management practices, such as the spraying of pesticides to control insects,
can sometimes curtail the pattern, rate, and magnitude of small-scale insect distur-
bances. However, prediction and prevention of outbreaks is sometimes difficult, and
managing infestation over large or remote areas is usually not practical (IPCC 2000).

In addition to affecting insect outbreaks, the generally warmer temperatures and
milder winters expected with climate change may also increase the survival of existing
pathogens and allow new pathogens to move into the boreal zone. For example, Armil-
laria root disease is a globally distributed fungal disease with optimum growth at 25°C;
boreal and temperate forests may therefore experience increased Armillaria-caused vol-
ume loss with global warming (Mallett and Volney 1999). In areas where drought is
expected to increase, there may be a greater incidence of canker diseases in some tree
species owing to decreased bark moisture content (Bloomberg 1962; IPCC 20015).

Permafrost melting — Permafrost is an important component of many northern for-
est ecosystems, and has profound influences upon hydrology, vegetation, and carbon
storage. It is discontinuous with distribution being heavily influenced by autogenic fac-
tors on a local scale. However, on a more regional scale allogenic factors such as cli-
mate also play a major role in the presence or absence of permafrost. The influence of
autogenic controls can be so strong that there can be permafrost thaw co-existing with
permafrost aggradation within one peatland even if the climate is stable (Zoltai 1972).
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Warmer temperatures have resulted in increased permafrost melt in some regions of
the boreal forest. For example, air temperatures have warmed significantly in the
Mackenzie Valley, N.W.T., ranging from 60 to 64°N, over the past 5 decades (Robin-
son et al. 2001). In the northern region of the valley, permafrost is still dominant and
thaw is restricted to relatively small individual bowl-shaped features. However, over the
past 50 years, lateral thaw has increased the size of existing thaw features and a signif-
icant number of new features have developed. In the southern region of the valley, indi-
vidual thaw features have coalesced, creating an integrated drainage network and in
many cases isolating the remaining permafrost features (Robinson et al. 2001). Recent
thaw in more southern parts of the discontinuous permafrost zone of the boreal forest
has also been noted at sites in Manitoba (Thie 1974), and the other prairie provinces
(Vitt et al. 2000; Beilman et al. 2001).

In boreal forests, permafrost affects soil moisture because it inhibits permeability
and affects the availability of water to the ecosystem during seasonal thaw. Soils with
shallow permafrost may be particularly sensitive to climate change because of the role
that moisture plays in these ecosystems. For example, shifts toward wetter or cooler
conditions might suppress fires and enhance carbon storage. Shifts toward drier sum-
mers might favour fire activity and enhance fire emissions. While these climatic trends
apply to all systems, forest ecosystems with permafrost soils are at greater risk. In years
that favour deep thaw and drying of these deep, humic horizons, fire can tap into these
vast quantities of carbon-rich fuels (Harden et al. 2000).

Other natural disturbances (storms, floods, landslides) — Forest damage due to
windstorms, ice storms, flooding, and landslides can also be expected to increase with
climate change (IPCC 2001a). Although insect and fire disturbances will probably be
more widespread, forest damage due to storms could be substantial in some regions. For
example, the January 1998 ice storm (Fig. 20.6) affected 50 000 km? of forest in south-
eastern Ontario and western Quebec and caused moderate to severe damage to
15 000 km? of forest (NRCan 19994). In Europe during 1999, windthrow caused by
three storms over a 3-day period resulted in losses of 193 x 106 m® of timber, equiva-
lent to 2 years of harvest (Updegraff-ECE/FAQO 2000). Such storms may become more
frequent in association with milder winters in the future (Cohen and Miller 2001). In the
Great Lakes area, windthrow is a major disturbance agent affecting thousands of
hectares with both immediate and long-term impacts. Most boreal tree species are shal-
low-rooted and hence vulnerable to windthrow. Factors such as tree height, whether the
tree is alive or dead, and stand density determine whether a tree is just snapped off or is
completely uprooted. In boreal cordilleran areas, flooding and landslides due to intense
precipitation events could increase in frequency with climate change (Gitay et al. 2001).

Climate change-induced or enhanced anthropogenic pressures

In many regions, climate change impacts on forest distribution will be heavily mediated
by its impacts on agriculture. New forest clearance for agricultural expansion into areas
that are presently too cold for agriculture may be a major force in modifying forest dis-
tributions. At the same time, some marginal agricultural land may be taken out of pro-
duction and allowed to revert to forest through natural regeneration or planting. This
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Fig. 20.6. Trees damaged in 1998 ice storm. Ice storms may become more frequent with
climate change.
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latter trend may be enhanced by government policies favouring afforestation for carbon
sequestration purposes (van Kooten et al. 2002). In some regions of the world, however,
given the expanding population and consequent demand for agricultural land, the net
pressure will be toward deforestation rather than afforestation. For example, one model
that integrates the effects of climate change and land-use change suggests a 50% decline
in forest cover in parts of Asia by 2050 (IPCC 20015). The trend towards deforestation
will be reinforced by the tendency of climate warming to make forested land suitable
for agriculture, by increasing the length of the growing season in cold regions, and its
tendency to make current agricultural land unsuitable for agriculture through increasing
drought. However, in some areas this trend will likely be dampened by the fact that
many subarctic lands have soils unsuitable for agriculture, not just unsuitable climate.
Combined with land-use changes, climate change may increase pressures to grow
fibre in managed plantations. Because most managed plantations tend to focus on a sin-
gle (or limited number of) tree species and comprise even-aged stands, they have had a
significant effect on biodiversity in some regions (Harris 1984). If the pressures to
increase fibre production rise with climate change, as expected, forward-thinking man-
agement practices would be required to mediate these effects by, for example, deliber-
ately employing mixed species management and variable cutting patterns, and by
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planting species better suited to expected future conditions. Some of these options are
explored from several perspectives in Chap. 13.

CO, fertilization

Under experimental conditions, some species increase their rates of photosynthesis with
increases in CO, (Farquhar et al. 1980; Wullschlenger et al. 1995; Isebrands et al. 2000;
Houghton et al. 2000), partly because of greater water-use efficiency (Field et al. 1995;
Farquhar 1997; Korner 2000). This effect is known as CO, fertilization. It is hypothe-
sized that CO, fertilization may account for up to 33% of the CO, absorbed annually
through photosynthesis by terrestrial plants (Norby et al. 1999). The CO, fertilization
effect may enhance the growth of some tree species and forest ecosystems, allowing
them to remove more carbon from the atmosphere. Whether the enhancement of photo-
synthesis by elevated CO, actually results in net removal of carbon from the atmosphere
at the ecosystem level is a subject of intense debate (e.g., Luo et al. 2003). Recent work
based on forest inventory data indicate that the net effect on carbon stocks is very much
less than that suggested above, accounting for less than a few percent increase in accu-
mulated carbon in vegetation (Caspersen et al. 2000).

Many of the experimental studies on elevated CO, response have been conducted on
immature trees, often in growth chambers, under conditions not otherwise limiting plant
growth and not measuring the effects of changes in ambient CO, concentration that
would occur in forests (Curtis and Wang 1998; Norby et al. 1999). Several field exper-
iments are currently under way which employ free air CO, enrichment (FACE) tech-
nology by which the CO, (and other gases) around growing plants has been modified to
simulate future levels of these gases under climate change (Curtis et al. 2000; Luo et al.
2003). These experiments, however, have not been running long enough to determine
what the long-term effects of elevated CO, levels might be once canopy closure is
reached (IPCC 2000). While the response of mature forests to increases in atmospheric
CO, concentration has not been demonstrated experimentally, it may be different from
that of individual trees and different from that of young forests (Koérner and Bazzaz
1996; Curtis and Wang 1998; Norby et al. 1999; Casperson et al. 2000).

Some scientists have hypothesized that Canada’s forest net primary productivity
(NPP) may be increasing, and that this increase may be due in part to CO, fertilization
(Chen et al. 2000). However, inventory measurements in North America indicate that
CO, fertilization has not appreciably affected carbon accumulation rates in forest bio-
mass over the past century (Casperson et al. 2000). Forest age-class dynamics, land-use
change, and alterations in natural disturbance patterns have a much larger influence than
CO, fertilization on forest growth in this region (Kurz and Apps 1999; Casperson et al.
2000). There is a growing consensus in the scientific community that any CO, fertiliza-
tion effects that may exist are expected to saturate (that is, their contribution to contin-
ued net CO, removals will go to zero) over the next 100 years or so (Bazzaz et al. 1996;
IPCC 2000; Schimel et al. 2001). This occurs because increases in CO, levels stimulate
increases in photosynthesis at a diminishing rate, while increases in temperature stimu-
late increases in respiration at an exponential rate (IPCC 2000).
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NO, fertilization and ozone

Nitrogen deposition — The amount of available nitrogen in a given forest ecosystem
plays an important role in plant biodiversity, the population dynamics of species in the
associated food web, and ecological processes such as plant productivity, winter hardi-
ness, and biogeochemical cycling (Vitousek et al. 1997). In boreal forest ecosystems,
nitrogen is a limiting factor, as most of it occurs in forms that cannot be readily used by
most plants.

Human activities have increased the supply of nitrogen in some regions of the boreal
forest. It has been suggested that increased nitrogen deposition (due to NO, atmospheric
pollution; see Chap. 18) may temporarily enhance forest carbon sequestration in nitrogen-
limited ecosystems, leading to a short-term carbon gain in NPP (Nadelhoffer et al.
1999). However, if there is a positive effect on forest growth from nitrogen deposition
in boreal forests, it will likely be negated in the medium term as other factors become
limiting, such as other nutrients and water (Olsen et al. 2001). In North America, nitro-
gen deposition has not appreciably affected carbon accumulation rates at the landscape
level (Casperson et al. 2000). On the contrary, evidence shows that excess deposition
has had harmful effects, at the stand level, on forested and aquatic ecosystems
(Schindler 1998; Box 20.2).

Tropospheric ozone — Scientists believe that up to 49% of global forests (17 X
106 kmz) will be exposed to damaging levels of tropospheric ozone (O;) by 2100
(Fowler et al. 1999). O, (smog) is a secondary photochemical oxidant formed from reac-
tions between primary pollutants (nitrogen oxides and volatile organic compounds) and

Box 20.2. Nitrogen deposition from various sources of air pollution can have a
number of detrimental effects on ecosystem functions and environmental quality.

It has been shown, for example, that excess nitrogen:

* is a major contributor to photochemical smog and acidification of fog, which alters
ecosystem processes and health (Lovett 1994);

» results in losses of soil nutrients, such as calcium and potassium, thus reducing long-term
soil fertility (Ouimet and Camire 1995; Likens et al. 1996);

» acidifies the soil, which may have a long-term negative impact on forest growth in some
regions (Likens et al. 1996);

* is exported from forested watersheds, where it contributes to episodic acidification and
eutrophication of aquatic ecosystems (Schindler 1998);

* may reduce the ability of plants to process CO, assimilated from the atmosphere;

* may reduce root to shoot biomass ratios and thus (1) increase plant sensitivity to drought,
counteracting possible water-use efficiency gains from CO, fertilization (Nadelhoffer et
al. 1999), and (2) increase the likelihood of nutrient deficiency due to smaller root mass
(Townsend et al. 1996); and

» can accelerate losses of existing biological diversity, especially among plants that are
adapted to low-nitrogen soils, by increased competition from plants more responsive to
higher nitrogen levels (grasses), and subsequently affect the animals and microbes that
depend on them (Lovett 1994).
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sunlight. These primary pollutants are produced by activities such as the burning of fos-
sil fuel and emissions from transportation. Ozone is also a greenhouse gas, trapping out-
going heat radiation and radiating it back to Earth, and is estimated to be responsible for
up to 30% of radiative forcing (Stevenson et al. 1998). Ozone is the most pervasive and
toxic gas to plants in the lower atmosphere.

Although the precursors of nitrogen oxide pollutants are primarily created in urban
areas, air masses carry them over long distances, resulting in significant tropospheric
ozone levels over regional and continental scales. The highest levels of O, are produced
on warm sunny days with relatively still air, in mid to late summer, during the late morn-
ing and early afternoon, particularly in areas with thermal inversions.

Annual mean ground-level O, concentrations in Canada are increasing, particularly
in urban areas (Munn and Maarouf 1997). At least 2 x 10° ha of Canada’s productive
eastern forest is exposed annually to damaging levels (McLaughlin and Percy 1999).
Exposure of western forests to O, is difficult to estimate because of a lack of ground-
level monitoring data, but some northwestern forest ecosystems will likely be more
exposed through significant industrial expansion in these areas. Ozone can harm forest
ecosystems by impairing tree physiology, in particular by decreasing the rate of photo-
synthesis in some species and altering carbohydrate allocation patterns in others (Percy
et al. 1999). With respect to the latter, carbon transfer is commonly decreased to the
roots and increased to the shoots, which makes trees more vulnerable to drought, nutri-
ent deficiencies, and winter damage.

Results from FACE studies indicate that while increased CO, alone results in an
increase in growth in some tree species, the increases are often negated by the effects of
tropospheric ozone (Isebrands et al. 2000). For example, Isebrands et al. (2000) reported
negative responses in aspen (Populus tremuloides Michx.) and birch (Betula papyrifera
Marsh.) aboveground estimated stem volumes relative to the controls after 3 years of
fumigation with O; or O; + CO,. A stimulation of 20-30% with CO, alone was also
completely offset by O,. While experimental studies have shown reduced growth rates
in some forest species exposed to O, (Isebrands et al. 2000), there is no evidence that
changes in Oy, levels are resulting in any significant changes (either negative or positive)
in forest growth rates at the landscape level. Any effects are likely to be area-specific
and occur against a longer term background of climate and forest change.

The ozone fumigation facility at the Canadian Forest Service’s Atlantic Forestry
Centre is the only facility in Canada currently investigating the combined effects of
human-induced stresses involving O,. These studies on birch species (Betula spp.)
include interactions between summer O, exposure and extended winter thaws and (or)
late frosts (likely to increase under global warming), and interactions between excess
nitrogen fertilization and extended winter thaws (Percy et al. 1999).

The “natural” carbon budget of forests

The boreal forest biome contains approximately 700 Pg of carbon (Apps et al. 1993a),
a significant proportion (25%) of the global terrestrial carbon pool, estimated at 2500 Pg
(IPCC 2000). The net amount of carbon stored in the forest fluctuates naturally over
time. The following sections give an overview of current estimates of carbon stocks and
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fluxes in the boreal region, the natural factors affecting these stocks, and the ways in
which climate change is expected to affect the carbon budget of the boreal forest.

Current forest carbon stocks

The estimated sizes of various carbon pools in the boreal forests of Canada, Alaska,
Russia, and Scandinavia are summarized in Table 20.1. There is much uncertainty
underlying the carbon estimates for the peatland component because of the lack of infor-
mation on the true extent and depth of peatlands and the unknown degree of overlap
between peatland and forest inventories (Apps et al. 1993a). The carbon stocks and
fluxes of various carbon pools are discussed in greater detail in the following sections.

Above- and below-ground stocks and dead organic matter

According to Bhatti and Apps (2000), aboveground biomass in boreal forests varies
between 22 and 187 Mg ha™ (1 Mg = 106g). In general, drier sites contain less biomass
whereas wetter sites contain more biomass. The higher biomass under poorly drained
conditions is associated with the presence of many mature black spruce (Picea mariana
(P.Mill.) B.S.P.) stands that are long-lived because wet sites are less susceptible to fire
disturbance (Bhatti et al. 2002a). Conversion of biomass to carbon indicates that carbon
storage in these boreal forests ranges from 11 to 97 Mg C ha!. These estimates are con-
sistent with estimates of 5-54 Mg C ha™' (average 24 Mg C ha™) reported by Simpson
et al. (1993) from direct measurements of western Canada’s boreal forest. On the basis
of point measurements, soil survey data sets, and modelling, Bhatti et al. (2002b) esti-
mated that belowground carbon stocks for upland forest soils range from 14 to 78 Mg
C ha! for the surface layer and from 62 to 274 Mg C ha! for the total soil column.

Table 20.1. Boreal forest biome carbon pools and fluxes, based on data available prior to
1993 (compiled from Apps et al. 1993a; Weber and Flannigan 1997).

Canada Alaska Russia Scandinavia

Area (Mha)

Boreal forest 304 52 760 61

Peatland 89 11 136 20
Pools (Pg C)

Plant biomass” 8 2 46 2

Plant detritus ! 1 31 NA®

Forest soil 65 10 100 NA

Peat 113 17 272 13
Fluxes (Tg Clyear)*

Boreal forest? 62 6 493 43

Peatland 25 3 11 5

“Above- and below-ground live biomass.

bPlant detritus estimates are included in the soil carbon pool.
“Flux values represent net transfers from the atmosphere.
“Includes biomass and soil C pool dynamics.

“NA, not available.
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These soil carbon estimates are comparable to those reported for global boreal forests
(111-190 Mg C ha’l) by Post et al. (1982), and for North American boreal forests
(135-195 Mg C haﬁl) by Pastor and Post (1988).

Aboveground annual biomass productivity, NPP, compiled by Gower et al. (1997)
for boreal forest pine (Pinus spp.) stands range between 2.3 and 7.0 Mg ha™' year ' with
an average of 4.2 Mg ha™' year '. The average aboveground NPP of three different stand
types (mature aspen, black spruce, and jack pine [Pinus banksiana Lamb.]) at BOREAS
(Boreal Ecosystem—Atmosphere Study) research sites was estimated at 1.7 Mg C ha™!
yearﬁ1 in 1993 and 1.8 Mg C ha™! yearﬁ1 in 1994. Data collected by Gower et al. (1997)
from published studies in the United States, Canada, Finland, Sweden, and China esti-
mated average NPP at 3.6 and 1.4 Mg C ha ' year ', for deciduous and coniferous boreal
forests, respectively, values that are relatively consistent with the field measurements.
Li et al. (2002), using the Carbon Budget Model of the Canadian Forest Sector
(CBM-CFS2), simulated an average NPP of 1.72 Mg C ha! year’1 for the three prairie
Provinces in west-central Canada, varying from 0.72 to 2.9 Mg C ha! year ', depend-
ing on ecoclimatic region, forest type, age and site productivity.

Belowground NPP data are relatively rare. There are few reliable values for root
productivity because the turnover rate of fine roots is difficult to measure. However,
field measurements by Steele et al. (1997) at BOREAS sites (the northern study area in
Manitoba and the southern study area in Saskatchewan) yielded belowground NPP esti-
mates for mature aspen, black spruce, and jack pine stands of 0.4-0.7, 0.90—1.2, and
1.0-1.1 Mg C ha™' year™', respectively. On the basis of published global data for the
boreal forest, Gower et al. (1997) estimated an average belowground NPP of 1.1 and 1.0
Mg C ha™' year™' for deciduous and coniferous boreal forests, respectively. Total above-
ground and belowground NPP was estimated (from field measurements) at 4.7 Mg C
ha! year’1 for deciduous, broad-leaved species and 2.7 Mg C ha! year’1 for coniferous
species (Gower et al. 1997). These values are comparable to the total NPP simulated by
Li et al. (2003) for western Canada, which varied between 1.5 and 3.9 Mg C ha™' year ™.

Most of the boreal forest sites investigated by various researchers are sequestering
carbon (measured as net ecosystem productivity, NEP) at annual rates of up to 2.5 Mg
C ha ! year ! (Black et al. 1996; Jarvis et al. 1997; McCaughey et al. 1997; Blanken et
al. 1998; Chen et al. 1999). The values obtained depend primarily on latitude, soil type,
forest type, and successional stage. Not all boreal ecosystems are sequestering carbon,
however. The NEP measurements over periods of up to 5 years in northern Canada in
the BOREAS experiment (Sellers et al. 1997) have demonstrated that a few old-growth
coniferous stands may be carbon neutral (Goulden et al. 1998) and in warm and cloudy
years can be a carbon source (Lindroth et al. 1998), losing carbon at a rate of up to 1.0
Mg C ha! year’l.

Adjacent stocks (lakes, peatlands)
Lakes

Very few data exist for carbon storage in lake sediments in the boreal forest or else-
where. According to Molot and Dillon (1996), 120 Pg of carbon may be stored in the
sediments of boreal lakes. Campbell et al. (2000) suggested 2.3 Pg C as a first estima-



Chapter 20. Carbon balance and climate change in boreal forests 817

tion of the amount of carbon stored in Alberta lakes (most of which occur in the boreal
region) and estimate the average annual carbon sequestration rate to be 0.23 Tg year '
1Tg= 10" g). On the basis of data mainly from Minnesota lakes, Dean and Gorham
(1998) estimated the global carbon sequestration rate in lakes and inland seas at 42 Tg
year '. Since lake sediments have the potential to store a significant amount of carbon
over very long periods of time, more research is needed on this component of the boreal
carbon cycle.

Peatlands

Peatlands represent one of the largest terrestrial carbon reservoirs in the world. Boreal
peatlands are estimated to contain 61% of the boreal carbon stocks in both Canada and
around the globe (Table 20.1). Boreal and subarctic peatlands have accumulated about
400-500 Pg C during the Holocene (the last 12 000 years; e.g., Gorham 1991; Zoltai
and Martikainen 1996; Clymo et al. 1998; Roulet 2000). Today, peatland carbon stocks
are equivalent to about one-third of the world’s soil carbon pool (1395 Pg C; Post et al.
1982) or more than double the amount of carbon stored in upland boreal forest soils (199
Pg C; Apps et al. 1993a; Fig. 20.7). In contrast, only about 11% of the global vegeta-

Fig. 20.7. Soil profiles: (a) upland forest soil profile with a very shallow organic carbon rich
layer; (b) peatland soil profile with a very deep organic carbon rich layer. Most of the carbon
in the boreal region is stored in organic peatland soils.

(®)

Photos by J.S. Bhatti
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tion carbon pool (610 Pg C; Schimel 1995) is stored in the biomass of both upland and
lowland areas of boreal forest (i.e., 64 Pg C; Apps et al. 1993a).

Across Canada, an estimated 111 Mha, or 12% of the total land base, is covered by
peatlands (NWWG 1988) that store 103—-184 Pg C (Ovenden 1990; Kurz et al. 1992;
Apps et al. 1993b). In continental western Canada (Alberta, Saskatchewan, and Mani-
toba), peatlands cover about 20% of the land base, or 365 000 km?, and store 48 Pg C:
42 Pg C as peat, and 6 Pg C as living aboveground biomass (Vitt et al. 2000). Estimates
of peatland area in the Former Soviet Union (FSU) vary widely from 77 to 165 Mha
(Botch et al. 1995), and peatland carbon stocks in the FSU are estimated at 215 Pg C
(Botch et al. 1995; Kobak et al. 1998).

Global estimates of annual carbon accumulation in peatlands range from 45 to 210
Tg C year ' (Bramryd 1979; Armentano 1980). Regional rates of carbon accumulation
range from 0.14 to 0.28 Mg C ha™' year ' (Gorham 1991; Mikilid 1997; Rapalee et al.
1998; Vitt et al. 2000), and may vary with changes in moisture, soil temperatures,
reduction—oxidation conditions (Reader and Stewart 1972; Clymo 1984), acidity and
alkalinity (Szumigalski and Bayley 1997; Thormann and Bayley 1997; Thormann et al.
1999), species composition (Malmer 1986; Johnson and Damman 1991), and (or) litter
quality (Yavitt and Lang 1990; Valentine et al. 1994; Updegraff et al. 1995; Yavitt et al.
1997). Recent carbon balance studies have revealed that individual peatlands may
switch from net carbon sinks to net carbon sources on an annual basis (Alm et al. 1997;
Rivers et al. 1998; Waddington and Roulet 2000; Lafleur et al. 2001), perhaps respond-
ing to slight differences in weather and (or) drainage conditions.

Natural factors affecting forest carbon stocks

Disturbances and forest age

Disturbances alter forest productivity, may release carbon directly into the atmosphere
(through combustion), and transfer large amounts of carbon from biomass into detritus,
soils, or forest products (Kurz and Apps 1999). For example, in Canada, large forest
fires from 1959 to 1999 directly released 3—115 Tg C annually (mean 27 + 6 Tg C
year '; Amiro et al. 2001). Combustion losses of carbon range from 10 to more than
50 Tg C ha™' (Kasischke et al. 2000). Intense fires may combust nearly all aboveground
biomass, ground vegetation, and forest floor while leaving behind a nearly bare, ash-
covered mineral soil (see Chap. 9). Fire has a substantial influence on the post-fire emis-
sions from the soil. Schlentner and Van Cleve (1985) estimated that in mature black
spruce forests approximately 20% of CO, emissions from soil is from decomposition
and 80% is from plant root respiration. Studying post-fire carbon emissions from mature
black spruce forests, Richter et al. (2000) found a threefold increase in CO, emissions
due to a higher rate of decomposition. Post-fire release of carbon due to decomposition
is estimated to be equivalent to the direct emissions during combustion in some from
boreal ecosystems (Amiro et al. 20015).

In continental boreal regions, peatland fires may release up to 5.5 Tg C year ' to the
atmosphere through a combination of organic matter combustion and altered decompo-
sition (Zoltai et al. 1998; Turetsky et al. 2002). A significant warming has been
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observed at many forested peatland sites after fire (Trumbore and Harden 1997). Long-
term studies of permafrost following fire demonstrate decades-long permafrost melting
and 5-10°C increase in soil temperature (Viereck and Dyrness 1979). Such an increase
in soil temperature and permafrost melting might greatly stimulate decomposition rates.
Presuming a Q,, of 2 (biological reactions increase about twofold per 10°C rise in tem-
perature) and a temperature increase of 10°C, there will be a 100% increase in the rate
of decomposition. These effects may last more than a decade, with a substantial increase
in CO, emissions following fire.

Although insects do not themselves cause significant direct emissions, they affect
carbon stocks by killing trees, which leads to subsequent decay of dead organic matter
(Fleming 2000; Volney and Fleming 2000). During insect outbreaks, trees are often
killed either directly or indirectly because of increased susceptibility to fire or disease.
When the dead trees decay or are burned, they release the carbon held in the forest
ecosystem back to the atmosphere. Insect disturbances also greatly increase litter fall,
thereby transferring large amounts of carbon from the living biomass to the litter and
soil carbon pools (Fig. 20.8).

Disturbances also drive the age-class structure of the forest, which in turn affects the
forest’s ability to sequester carbon. Small changes in weather patterns over periods of
years to decades and longer can change the disturbance frequency, which can produce
a significant shift in the age-class structure and spatial arrangement of the forest (Gard-
ner et al. 1996). With increasing frequency of disturbance, a greater proportion of the
forest is found in younger age classes. Young and immature stands in the landscape con-
tain less carbon than mature stands, other factors being the same. A mature stand may
be more susceptible to mortality from insects, diseases, and possibly forest fires, which
increases inputs to detrital pools and consequently increases the release of CO, to the
atmosphere through decomposition of the larger detrital pool.

Fig. 20.8. Simulated average C stocks in litterfall and soil (slow pool) for three disturbance
types in Saskatchewan boreal forest sites (modified from Apps et al. 2000).
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Since the late 1980s, Kurz and Apps (1999) have been developing a computer sim-
ulation model (the Carbon Budget Model of the Canadian Forest Sector) that describes
the carbon dynamics of Canada’s forest ecosystems. The model simulates forest growth,
mortality, decomposition, the effects of natural disturbances (fires, insects, and dis-
eases), and the impacts of direct human activities (harvesting, product processing, plant-
ing, and forest protection) on the forest carbon cycle. The effects of disturbances on the
age-class structure of forest stands and carbon releases to the atmosphere and forest
floor are also calculated. Their research indicates that disturbance rates and carbon
sequestration have varied over the last century (Kurz et al. 1995a; Kurz and Apps 1999).
There was a high rate of boreal forest disturbance in Canada in the late 1800s, which
resulted in the establishment of large cohorts of young stands in the early 1900s. As a
result, the forest was sequestering large amounts of carbon by the 1920s. From 1920 to
1970 the disturbance rates were fairly low (Fig. 20.9). By 1970 the forest was increas-
ingly composed of mature stands of trees, which led to a general decrease in the amount
of carbon being sequestered. From about 1970 to the present, many of these stands have
become mature or over-mature and are carbon neutral. However, at the same time there
has been a dramatic increase in disturbances, and some of these older stands are being
replaced by new young stands. High combustion, decomposition, and respiration losses
of carbon accompany these disturbances. As a result of changes in disturbance-driven
age-class structure, Canada’s total forest ecosystems were a net carbon sink from 1920
to1979 and a small net carbon source from 1980 to the present (Kurz and Apps 1999).

Other natural factors

Forest carbon stocks are also influenced directly by weather and regional climatic shifts,
although in a less dramatic way than the disturbance-driven carbon fluxes. In general,
forest productivity (and thus carbon accumulation) may be enhanced by warmer or

Fig. 20.9. Disturbance rates in Canada since 1920. Disturbance rates rose dramatically in 1970
after several decades of fairly low disturbance (data compiled from Kurz et al. 1995b, with
additional data from W.A. Kurz and M.J. Apps, Canadian Forest Service, Victoria, British
Columbia, personal communication, 2001).
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longer growing seasons (where water and nutrients are not limiting) and diminished in
cooler or shorter growing seasons (and in drier years in regions where water is limiting).

Warmer temperatures also affect the permafrost that underlies parts of the boreal
forest. Temperatures increases of about 1°C across the boreal forest over the past 100
years or so (Campbell and McAndrews 1993) have resulted in widespread melting of
permafrost in peatlands (Halsey et al. 1995; Vitt et al. 2000). Permafrost melt increases
carbon accumulation in peatlands by increasing bryophyte primary production (Turet-
sky et al. 2000). To date, about 2630 km? of permafrost has melted in the boreal peat-
lands of western Canada, increasing regional carbon accumulation by approximately 0.1
Tg C year ' (Turetsky et al. 2002).

Potential impacts of climate change on forest carbon stocks

There is much uncertainty concerning the net impact of climate change on boreal forest
carbon stocks. Some models (e.g., Smith et al. 1993) suggest that once the boreal forest
achieves equilibrium with the new (and assumed stable) climate, the carbon stocks will
be greater due to an increase in forest area from the migration of forest species into the
presently unforested tundra and increased forest productivity. Neilson (1993), however,
argues that increased drought stress would result in the boreal region becoming a long-
term source of atmospheric C. Rizzo and Wiken (1992) also suggest that warmer and
drier mid-continental conditions in Canada will result in greater losses of boreal regions
in the south (due to grassland and agricultural encroachment) than gains in the north
(due to forest migration into present tundra), which would lead to a net reduction in car-
bon stocks (Apps et al. 1993a).

In the shorter term (the next 100 years), it is likely that climate change will be
accompanied by an increase in natural disturbances (fire, insects, disease, windthrow)
that will reduce forest carbon stocks by releasing large quantities of carbon to the atmos-
phere. While regeneration of the disturbed forest will sequester some of this carbon, it
is not known if the increased carbon uptake of the younger forest (the spatial structure
and growth characteristics of which will be determined by the altered climatic and envi-
ronmental conditions) will equal the carbon losses of the forest it replaced (Apps et al.
1993a). Modelling results by Bhatti et al. (2001) emphasize the importance of distur-
bance to carbon stocks in different types of forests (Table 20.2). Carbon stocks in
aboveground biomass and litter were approximately 50% less in periods of high distur-
bance rates than in periods of infrequent disturbance.

The response of soil carbon stocks will also be important to the net carbon balance
under a changed climate. For example, simulation results from Finland using SIMA (a
gap-phase type stand dynamics model; see Chap. 14) show that total carbon reserves in
forests decreased due to a decline in the carbon content of soil organic matter (SOM;
Maikipad et al. 1999). Changed climatic conditions (i.e., elevated temperature and
increased precipitation) accelerated the soil surface carbon flux, resulting in a 30%
decrease in soil C. This result is consistent with experimental studies, where elevated
temperature greatly increased soil respiration (Peterjohn et al. 1995) and where both ele-
vated temperature and soil moisture resulted in accelerated mineralization of SOM
(Goncalves and Carlyle 1994). Many models have predicted that turnover of organic
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Table 20.2. Simulated biomass, litter production, and soil C content for different stands using
the simplified CBM—CFS2 model for different frequencies of random disturbance (modified
from Bhatti et al. 2001).

Coniferous
(3 productivity levels)
Mixed

Stand attribute High Medium Low wood Deciduous
Average biomass C (kg m™?)

Low period 5.02 2.60 2.10 5.95 4.92

Medium period 4.99 2.57 2.08 5.82 4.79

High period 2.34 1.20 0.97 2.77 2.29
Average litter production C (kg m year ')

Low period 0.63 0.41 0.35 0.46 0.51

Medium period 0.58 0.35 0.31 0.39 0.43

High period 0.31 0.20 0.17 0.28 0.26
Average soil C (kg mfz)

Low period 30 19 17 30 24

Medium period 31 20 17 31 26

High period 28 18 15 28 23

matter in soils is accelerated by elevated temperature, which may lead to a decreased
carbon stock of SOM on a global scale (Jenkinson et al. 1991; Cao and Woodward
1998).

Limited data and understanding of the influence of changing environmental condi-
tions and disturbance (including fires and permafrost melting) on the carbon budget of
peatlands over short and medium time scales (10-100 years) hinder predictions of the
changes in the carbon sink—source relationships under a changing climate. The pro-
jected warming and associated changes in precipitation will influence both net primary
production and decomposition in peatlands, but how global warming will directly influ-
ence peatland carbon stocks remains uncertain (Moore et al. 1998). Global change may
have indirect implications for peatland carbon sinks through increased permafrost melt
and fire activity. Permafrost melt tends to increase peatland carbon stocks through
increased bryophyte productivity but also appears to increase heterotrophic respiration
(Turetsky et al. 2000). Peatland fires result in decreased net primary production and ele-
vated post-fire decomposition rates, but little is known about the recovery of peatland
carbon balance after fire (Auclair and Thomas 1993; Dixon and Krankina 1993; Wardle
et al. 1998; Zoltai et al. 1998; Turetsky and Wieder 2001).

Human impacts on forest carbon stocks

Land-use change and land-use practices

Land-use change is usually associated with a change in land cover and often results in
a change in carbon stocks. Land-use changes affecting the boreal zone include forest
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clearance (e.g., for agriculture or roads), reforestation of land previously cleared for
crops or pasture, flooding of forested areas for reservoirs, and wetland drainage. Such
changes are distinguished from land-use practices which do not result in a long-term
change in cover, but which may also affect carbon stocks. Land-use practices in the
boreal region include forest protection (e.g., fire and insect protection, and establish-
ment of ecological reserves) and productivity enhancement (fertilization, tree species
selection, and reduction of regeneration delays after disturbance). Some of these land-
use practices will be discussed below.

In Canada, the boreal forest has been subjected to increasing clearance for agricul-
ture (mainly at the southern boundary; Fitzsimmons 2002), roads, survey lines, oil and
gas wellheads, and other purposes. From 1990 to 1998, 54 000-81 000 ha year ' of for-
est were cleared for various activities (Robinson et al. 1999). When a forest is cleared,
the carbon stocks in aboveground biomass are either removed as products, released rap-
idly by combustion, or released slowly through microbial decomposition. Carbon stocks
in the soil are also affected, although this effect depends on the subsequent treatment of
the land. Clearance followed by cultivation may result in large decreases in soil carbon.
For example, in boreal sites in eastern Canada, land cleared for agriculture contained
22% less soil carbon than the adjacent forested land (Carter et al. 1994).

Flooding forested and wetland areas in the boreal zone for hydroelectric reservoirs
generates massive fluxes of dissolved organic carbon (DOC) into the water, accelerates
peat decomposition, and increases methane and carbon dioxide fluxes to the atmosphere
(Duchemin et al. 1995; Kelly et al. 1997; Schindler 1998). For example, Kelly et al.
(1997) experimentally flooded a boreal wetland in Ontario, causing the carbon dynam-
ics of the site to change from a sink of 6.6 g C m ™ year ' to a source of 130 g C m™
year |. Turetsky et al. (2002) estimated that 0.8 + 0.2 Tg C year ! is released from
approximately 780 km? of hydroelectric reservoirs in peatlands across western boreal
Canada.

When wetlands are drained for conversion to agriculture and (or) pasture, or to
increase forest productivity, previously waterlogged soils become exposed to oxygen.
Carbon stocks, which are resistant to decay under the anaerobic conditions prevalent in
wetland soils, can then be lost by aerobic respiration (Minkkinen and Laine 1998).
When drained peatland soils are farmed, as much as 10-20 Mg C ha! year’1 or more
can be lost to the atmosphere (Armentano and Menges 1986). When drained peatlands
are used for forestry, however, the reaccumulation of carbon in vegetation must also be
considered, and the impact on the net carbon balance is less clear (IPCC 20015).

Protecting the forest from fire and insects can temporarily preserve the carbon
stocks in the forest. Protection of the entire boreal forest area, however, is not practical
(Weber and Stocks 1998), nor may it be ecologically desirable, since the boreal forest
is a disturbance-dependent ecosystem. When disturbances do arise, the seeding or plant-
ing of trees in the disturbed area can hasten forest regeneration and diminish the gap
between the time of the disturbance and the time when the regenerating forest again
recaptures carbon from the atmosphere (Kurz et al. 19955). Fertilizers may also enhance
growth and carbon sequestration rates, although widespread use of fertilizers is not prac-
tical or desirable from the point of view of both human and ecosystem health (Kimmins
1992). In addition to the detrimental effects indicated in Box 20.2, applications of nitro-
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gen fertilizers to forests have large carbon emission costs associated with the production
and distribution of the fertilizers themselves, and can lead to significant increases in
emissions of N,O, a potent greenhouse gas, a phenomenon well known in agricultural
systems. Planting faster growing tree species such as hybrid poplar (Populus spp.) may
also increase carbon sequestration rates on disturbed areas, but again this option is not
practical on a wide scale because of economic costs and biodiversity concerns (van
Kooten et al. 1993).

Forest management

Forest management activities influence the rate of carbon sequestration in a forest at
both stand and landscape levels. At a stand level, silvicultural treatments, harvesting,
and other actions that affect the regeneration delay and vigour of the growing trees are
important (see Chap. 13). At a landscape level, management actions such as fire sup-
pression, insect reduction programs, overall management objectives (including the rate
of timber harvest) are important and are described in greater detail in Chap. 11.

Stand-level management

Various management factors influence the carbon stores in the biomass and soil of for-
est stands. Stand-level actions that affect the storage of carbon include pre-harvest sil-
vicultural techniques (site preparation, planting and spacing, thinning) as well as harvest
methods (clearcutting or partial cutting, and factors that affect how much and what type
of material is removed from the site). An increase in sequestration capacity is gained
through an increase in carbon uptake, a decrease in carbon release, or some combina-
tion of these. After disturbance, a forest stand’s net carbon balance is a function of the
photosynthetic uptake less the autotrophic and heterotrophic respiration occurring.
While a stand is young, the losses through decomposition outweigh the gains through
photosynthesis, resulting in a net source (Fig. 20.10). Not until the rate of uptake by the
vegetation overcomes this decomposition (which is affected by the type of stand-replac-
ing disturbance) does the stand act as a sink. However, it is not until some later time
(indicated by point ¢ in Fig. 20.10) that the pre-disturbance carbon stocks in the stand
are re-established — i.e., the stand has recaptured the carbon released by the disturbance
event.

Increasing the carbon uptake can be accomplished through techniques that reduce
the time for stand establishment (such as site preparation, planting, and weed control),
or increase available nutrients for growth, or through the selection of species that are
more productive for a particular area. Decreasing the losses can be accomplished
through modification of harvesting practices such as engaging in lower impact harvest-
ing (to reduce soil disturbance and damage to residual trees), increasing efficiency (and
hence reducing logging residue), and managing residues to leave carbon on site (Bink-
ley et al. 1997).

Fertilization has also been used to enhance stand productivity and can result in
increased long-term carbon retention in trees and soils (Nohrstedt 2001); however, fer-
tilization success is dependent on the site conditions, for example, on more fertile sites.
For planting, species selection and stocking are important considerations. Depending on
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Fig. 20.10. Stand-level carbon (C) dynamics in boreal forest after a disturbance. During the
first phase after the disturbance (a), losses from decomposition and respiration exceed C
uptake by plants — i.e., the stand is acting as a C source; (b) during this phase, plant C uptake
exceeds the losses from decomposition and respiration (i.e., the stand is a net C sink), but the
stand has not yet regained the C level prior to disturbance; (¢) during this phase, the stand is a
net sink, and C stocks exceed the pre-disturbance level.
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the management objective, planting fast-growing species, such as hybrid poplar, can
yield high carbon accumulation rates in early years (Schroeder and Kort 2001); how-
ever, for long-term sequestration, planting species adapted to the local climate may be
more effective (Schroeder and Kort 2001).

Landscape-level management

The total effect of a management regime is not measured by the loss and gain of an indi-
vidual stand, but rather by the summation of the losses and gains in ecosystem carbon
over the entire landscape being managed. Carefully planned harvesting methods and sil-
vicultural treatments may maximize the carbon storage in individual stands; however,
the management of the entire landscape (including fire and insect suppression, timber
and non-timber objectives) may enhance or negate the benefits of stand-level manage-
ment (Kurz et al. 1998). Managing the rotation length of a stand affects its carbon
dynamics (Cooper 1983). Liski et al. (2001) found that for Scots pine (Pinus sylvestris
L.) and Norway spruce (Picea abies (L.) Karst.) in Finland, extending the rotation
length resulted in sequestration of more carbon. At a landscape level, managing a forest
for wood production can lead to greater carbon storage than that of natural forests (Price
et al. 1997; Kurz et al. 1998) in areas where management reduces the frequency of nat-
ural disturbances.

Fire- and insect-protection activities have a strong impact on the carbon sequestra-
tion of the forested landscape. Reducing the areas affected by fire and insect mortality
extends the rotation age, effectively holding carbon longer in older age classes and
allowing younger, more actively sequestering stands that would have otherwise been
killed to continue to sequester carbon.

The overall carbon budget of the landscape is a result of the combination of uptake
and release from the various stands at the different stages of development. Not only do
current and future conditions play an important role in this balance, but the potential for
a landscape to sequester carbon both now and in the future also depends strongly on past
conditions. At a stand level, fire, insects, and harvesting each have different effects on
the residual carbon pools remaining on site and the subsequent releases of carbon
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through decomposition. As such, similar stands with different disturbance histories can
have different amounts of carbon accumulated in the dead organic matter pools. At a
landscape level, changing from a lower disturbance regime to a higher disturbance
regime will result in a net carbon source, whereas migrating toward a lower disturbance
regime will result in a net sink.

Different management options being examined in order to address various environ-
mental concerns, while meeting society’s need for wood products, also have implica-
tions for forest carbon. Management regimes such as the triad approach (see Chap. 12)
include areas of high management intensity (e.g., plantations which are intensively
managed with high-yield, shorter rotations), extensive forest management (larger areas
with more traditional forest management), and protected areas (where no harvesting is
performed).

Adjacent carbon pools (lakes, peatlands)

Lakes

Few data exist concerning the effect of harvesting on the net carbon budget of lakes
because, until recently, most research on aquatic impacts has focused on streams rather
than lakes. The impact of harvesting on the levels of DOC and total suspended solids in
lakes varies, depending on the size of the clearcut, the drainage ratio of the lake (i.e., the
size of the lake compared with the size of the catchment), and the morphology of the
watershed (Carignan and Steedman 2000). As described more fully in Chap. 10,
clearcutting can lead to hydrological flushing of DOC from the soil into surface waters
and result in increased lake DOC levels (Carignan and Steedman 2000; France et al.
2000). Carignan and Steedman (2000) found this to be especially true for lakes with
large drainage ratios. In a study of 116 Boreal Shield lakes in Ontario and Quebec,
France et al. (2000) found that lakes in logged watersheds contained 2 mg L™! more
DOC than lakes in undisturbed watersheds. In their study of 800 boreal lakes (in Ontario
and Quebec), Carignan et al. (2000) also found higher DOC levels in lakes with logged
watersheds than in lakes with undisturbed catchments. In contrast, Prepas et al. (2001)
found no evidence of increased DOC concentrations in lakes on the Boreal Plain fol-
lowing harvest. The net effect of logging on the total carbon budget of boreal lakes is
unknown, however, and will depend on total carbon inputs (i.e., particulate matter in
addition to DOC) and how much carbon is ultimately stored in the sediments, exported
in lake outflow, and evaded from the water column to the atmosphere (Gennings et al.
2001). While lake carbon budgets are sensitive to catchment disturbances, such as log-
ging and fire, they are thought to be influenced to a greater degree by climate, hydro-
logical parameters, and lake acidity. The only published evidence of increased DOC
after fire is associated with fire in the bog-laden watersheds underlain by permafrost at
the northern extent of the Boreal Plain (see McEachern et al. 2000).

Peatlands

Peatland drainage and peat extraction for horticultural products has increased over the
past few decades (Waddington and Price 2000). In 1997, 234 Gg (1 Gg = 10° g) of
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organic matter was extracted from peatlands across western boreal Canada (Statistics
Canada 1997). This material subsequently is oxidized under aerobic conditions when
used as a potting medium and soil amendment. Harvested peatlands also have higher
rates of CO, emission than undisturbed peatlands (Waddington and Price 2000). While
restoration appears to enhance carbon accumulation relative to harvested sites, it cannot
restore peatland carbon sinks to their pre-disturbed state for several decades or even
centuries (Waddington and Price 2000). Other human activities, such as oil sand devel-
opment in northern Alberta, also influence peatland carbon sinks by altering plant pro-
duction and microbial respiration or by exporting peat from its natural waterlogged
setting. Contemporary carbon budget assessment in western continental peatlands sug-
gests that natural disturbances (i.e., fire and permafrost melt) are more important to
peatland carbon sinks than direct human activities, such as harvesting and oil sands
development (Turetsky et al. 2002). However, the majority of peat extraction in North
America occurs in New Brunswick and Quebec, and may be a more significant factor
in peatland carbon balance in eastern Canada.

Wood products

Bioenergy

Biomass energy can be used to reduce greenhouse gas emissions from fossil fuels by
providing an alternative renewable source of energy. Efficiently produced bioenergy
from sustainably managed forests is thought to be almost carbon neutral (Mercier 1998)
because the carbon stored in the biomass (and released during combustion) was origi-
nally sequestered from the atmosphere and will be replaced as the forest regenerates
(Schlamadinger et al. 1997). Fossil fuels, on the other hand, are non-renewable and
result in constant accumulation of carbon in the atmosphere.

In Canada, bioenergy is becoming a significant source of renewable energy (ahead
of wind and solar energy) and provides approximately 6% of the total primary energy
supply and 7% of primary residential heating (Mercier 1998; Hauer et al. 2001). The
main producer and consumer of bioenergy in Canada is the forest sector, particularly the
pulp and paper industry. The use of bioenergy in the pulp and paper industry has
steadily increased in recent decades, while the use of fossil fuels has declined in the past
20 years (Apps et al. 1999) (Fig. 20.11). The pulp and paper industry is expected to dou-
ble its use of bioenergy sources between 1990 and 2020 and significantly reduce its use
of fossil fuels (NRCan 1998; Hauer et al. 2001). Although the forest sector currently
self-generates about half of the power that it uses in some regions (Gardner 1999; see
Chap. 19), it is constrained in many cases from achieving economies of size in power
generation by either an inability to sell excess power into the provincial grid or a lack
of fibre (Curtis 2000) to sustain the supply.

As shown in Table 20.3, energy from wood residues can compete with fossil fuels
and purchased electricity. This conclusion needs careful scrutiny, however. First, wood
residue prices are based on average, not marginal, costs and are available only for small-
scale operations where wood is easy to obtain. At a larger scale, much higher raw mate-
rial (wood) costs can be expected. Second, wood fibre prices vary significantly by



828 Towards Sustainable Management of the Boreal Forest

Fig. 20.11. Energy-use efficiency of the pulp and paper industry in Canada (10-year average
for each decade). Energy from biomass carbon has steadily increased while energy from fossil
fuel carbon has declined since the 1970s (modified from Apps et al. 1999).
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Table 20.3. Energy price comparisons for British Columbia, in 1997 § (based
on FST 1999 and authors’ calculations).

Wood residues (assumed conversion factor = 18 GJ per dry Mg) $GJ!
Wood residue from pulp and paper mills 1.00
Wood residue from wood industry 0.56
Wood waste plus plantation wood 2.82

Fossil fuels (based on natural gas, boiler efficiency of 85%,

C emission factor of 0.050 Mg GJ™)

Fuel price 1.73
Electricity (at $0.039 per kW h) 10.84

region, depending on residue surpluses or shortages, and environmental regulations.
Regional values are not currently available for comparison (Gardner 1999). If fast-
growing plantations are included, estimated costs are $2.82/GJ, which is more expen-
sive than fossil fuels but still cheaper than purchased electricity, which (in boreal
regions) is usually generated from hydroelectric sources.

In Canada, the high capital cost of infrastructure, regulation of the electricity mar-
ket, and the relatively low cost of fossil fuels restrict the economic viability of substi-
tuting biomass for fossil fuels in power generation. When global climate change
impacts, future energy requirements, availability of supply, and social and environmen-
tal values are considered, it is found that the benefits of renewable energy sources such
as wood biomass outweigh the costs in some, but not all situations.
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Fast and slow turnover forest products

Although all wood products release carbon back to the atmosphere through oxidation,
pools that delay this release act as temporary storage pools, reducing the proportion of
carbon leaving the terrestrial system on an annual basis (IGBP 1998). For a given pro-
duction rate, the amount of carbon stored in wood products is primarily determined by
the life span of these products. Thus slow-turnover pools store carbon for longer peri-
ods than fast-turnover pools. Slow-turnover pools include lumber and other long-term
structural building products; fast-turnover pools include pulp and paper products, fuel-
wood, and scrap lumber. Discarded wood products and waste products may eventually
end up in landfills that also have a slow turnover rate. To delay the emissions of carbon
back to atmosphere from shorter life-span pools, the product’s turnover time may be
extended or the end fate of the product changed. Increased recycling of forest products
(see Chap. 19) effectively acts to increase the residence of carbon in these products,
especially products with a shorter life span.

Apps et al. (1999) performed a 70-year simulation analysis of the carbon dynamics
of the Canadian forest products sector for the years 1920-1989. Their results suggest
that the total carbon in forest products and landfills reached 836 Tg C by 1989 (Fig.
20.12). Pools with a long turnover time (slow pool and landfill) are, not surprisingly, the
largest storage pools, containing 86% of the total.

Over the 70-year analysis period, a total of 1940 Tg C was harvested from Canadian
forest ecosystems, and an additional 52 Tg C was imported as products. In 1989, an esti-
mated 837 Tg C, or 43% of the cumulative harvested biomass carbon, was retained in
forest product pools and landfills in Canada and abroad. Landfills contained 461 Tg C
or 55% of the retained carbon (Apps et al. 1999). These simulations suggest that land-
fills may provide important long-term storage for carbon, especially under anaerobic
conditions. Price et al. (1997) similarly found that landfill repositories of residues
played an important role in the net carbon budget of an operational forest enterprise.
Micales and Skog (1997) studied the decomposition of forest products in landfills and
reported that United States landfills may serve as large carbon sinks, effectively pre-
venting large quantities of carbon from being released back into the atmosphere.

The carbon stocks in the entire Canadian forest sector (excluding peat deposits) in
1989 is estimated to be 86.6 Pg C, of which 71.3 Pg C is found in the dead organic mat-
ter of litter and soils, 14.5 Pg in living biomass, and only 0.8 Pg C in forest product
stocks (FPS). Although the FPS carbon stocks contain less than 1% of the total forest
sector carbon, they grew by nearly 25 Tg C yearf1 in 1989 (Apps et al. 1999). The FPS
carbon stocks thus play a significant role in the net forest sector exchange with the
atmosphere and offset more than one-third of the net carbon release from Canada’s for-
est ecosystems.
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Fig. 20.12. Carbon stocks in wood product pools in the Canadian forest sector between 1920
and 1989. (Data modified from Apps et al. 1999.)
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Economic considerations

Policy background

Concern about anthropogenic emissions of GHGs, particularly CO,, led the World
Meteorological Organization and the United Nations Environment Program to jointly
establish the Intergovernmental Panel on Climate Change (IPCC) in 1988. The first
IPCC report was published in 1990, and was instrumental in the subsequent signing of
the United Nations’ Framework Convention on Climate Change (FCCC) at the Earth
Summit in Rio de Janeiro in June 1992 (see Chap. 1). The Convention committed sig-
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natories to stabilize atmospheric CO,, with developed countries to reduce emissions to
their 1990 levels by 2000 — a goal that was not achieved.

It was recognized as early as 1995, at the first Conference of the Parties (COP1) to
the FCCC in Berlin, that the 1992 Rio de Janeiro commitments might not be enough to
mitigate global warming. The IPCC’s second assessment report in 1996 (IPCC 1996),
which was endorsed by COP2, created an impetus for taking more drastic action. There-
fore, at COP3 at Kyoto on 11 December 1997, industrialized countries agreed to reduce
CO, emissions by an average of 5. 2% from the 1990 level by 2008-2012, which became
known as the commitment perlod The Kyoto Protocol (Box 20.3) is seen as a first, but
necessary, step towards international commitment to dealing with the threat of global
climate change. There have been five other COPs since Kyoto (see discussion below),
and the IPCC’s third assessment report was released in 2001 (IPCC 2001c¢).

In order for the Kyoto Protocol to go into effect, 55 countries must ratify the Proto-
col, and of industrial countries, those that ratify must account for 55% of total Annex B
countries’ 1990 CO, emissions. Poland, Canada, and New Zealand were some of the
more recent countries to ratify Kyoto as of 24 February 2003, thereby bringing the num-
ber of countries that have ratified to 105 and the developed countries’ proportion of
1990 emissions to 43.9%. The pressure is now on Russia to ratify the Protocol, since it
accounts for 17.4% of 1990 CO, emissions, and with the United States and Australia
having decided not to ratify, Russian ratification is required before the Kyoto Protocol
can come into force.

Canada has agreed to reduce CO, emissions by 6% from the 1990 level by
2008-2012. Canadian GHG emissions by sector, expressed as CO, equivalents, are pro-
vided in Fig. 20.13. In 1990, Canada generated 607 Tg of CO -equlvalent emissions,
implying that Canada must reduce emissions to 571 Tg by 2008-2012.* By 2000, after
a period of economic expansion, Canada’s GHG emissions had increased by 19.6%, to
706 Tg (Olsen et al. 2002). Business-as-usual (BAU) emissions are projected to reach
802 Tg annually by 2010, approximately 40% above Canada’s Kyoto commitment (Fig.
20.13).” Clearly, considerable effort will be required, within a very short time frame, to
achieve the emissions-reduction objective. How this is to be done is explained in the
Government of Canada’s (2002) implementation plan (discussed further below).

In October 2000, the government released the National Implementation Strategy on
Climate Change and the First National Climate Change Business Plan to address
Canada’s strategy for implementing the Kyoto Protocol. Under Action Plan 2000, which
was announced at the same time, $500 million was set aside to provide subsidies for
programs and measures for reducing CO, emissions. The projected reductions were
expected to account for more than one-fifth of the Kyoto gap, or some 50 Tg CO, annu-

3Industrialized countries that signed the Kyoto Protocol included those in Annex I of the FCCC plus
countries of the ex-Soviet bloc. These countries are listed in Annex B of the Kyoto Protocol.

“In this section, the units are expressed in terms of CO,. Divide the units of CO, by 3.7 to obtain the
approximately equivalent weight in terms of C.

SThese projections are based on earlier government reports and are sensitive to assumptions about pop-
ulation growth (including rates of immigration), economic growth, changes in energy prices, the rate of
adoption of energy-saving technologies, and other factors (see NRCan 1999b; Goncalves 2001). Cur-
rent projections indicate that the gap between the Kyoto requirement and BAU emissions is 240 Tg
rather than the 231 Tg indicated here and in Fig. 20.13.
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Box 20.3. The Kyoto Protocol

The Kyoto Protocol establishes legally binding targets and timetables for reducing green-
house gas (GHG) emissions in developed countries. The GHG reduction commitments for
the first commitment period (2008-2012) for key boreal signatories of the protocol are as
follows (expressed as a percentage of 1990 emission levels): Canada 94%, Norway 101%,
Sweden 92%, Finland 92%, Russian Federation 100%.

The Protocol recognizes that land use, land-use change, and forestry affect the net GHG bal-

ance (sources and sinks). Articles 3.3 and 3.4 provide forest-related mechanisms for com-

pliance with the above targets:

* Article 3.3 requires an accounting of C stock changes resulting from land-use change
(Afforestation, Reforestation, and Deforestation, ARD) since 1990;

* Article 3.4 allows countries to include, if they choose to do so, carbon gains/losses due
to forest management practices since 1990;

» Each Party must stipulate by 2006 whether or not they will include forest management
practices in their reporting; and

» Ifincluded, sinks due to forest management can be used to offset any net ARD source up
toacap of 9 Tg C year‘l. Any remaining sink is then credited up to a country-specific
cap (Canada’s cap is 12 Tg C year‘l).

Definitions:

» 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) human-induced promotion of natural seed
sources, on land that was forested but that has been converted to non-forest land. For the
first commitment period, reforestation activities will be limited to reforestation occurring
on those lands that did not contain forest on 31 December 1989.

* Deforestation — the direct human-induced conversion of forested land to non-forested
land.

»  Forest management — a 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 manner.

Additional information on the Kyoto Protocol including recent developments and negotiations can be
found on the United Nations Framework Convention on Climate Change website, http://unfccc.int/.

ally (Goncalves 2001, p. 55; as modified, Goncalves 2002, p. 12). Subsidies and volun-
tary initiatives feature prominently in achieving this amount of emissions reduction. To
this are added an additional 30 Tg CO, annually to be sequestered in terrestrial sinks
(discussed below), implying that 80 Tg CO, per year (one-third of the Kyoto target) has
already been accounted for by actions implemented in Action Plan 2000 and Budget
2001. Of the remaining 160 Tg required annual reduction in CO, emissions, the Gov-
ernment’s October 2002 implementation plan (Goncalves 2002) calls for some
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Fig. 20.13. Actual, projected, and Kyoto target emissions, 1990-2012, Canada.
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90-100 Tg to be achieved through a variety of regulations, as well as program subsidies
where reductions are achieved through modification of behaviour.

Emissions trading

Both domestic and international emissions trading are part of Canada’s implementation
plan (Goncalves 2002, pp. 28-32, 42—-44). The proposed domestic emissions trading
system will target 55 Tg of the gap, with emission reduction targets established through
negotiated covenants with a regulatory or financial backstop, although details are still
under development. It is expected that offsets will be part of the emissions trading sys-
tem, including forestry and agricultural sinks. In order to establish a market for CO,
emission permits, the government needs to establish property rights to carbon, set the
total amount of emission permits allowed (the “cap”), monitor and enforce the quota
system, and encourage markets by developing clear, simple, and stable rules and proce-
dures for conducting trades.

While it is relatively straight forward to establish a market for trading CO, emission
permits, integrating carbon offsets or credits from terrestrial activities into such a
scheme may be more problematic (van Kooten 2002). For example, two caps may need
to be established, one for CO, emissions and another for carbon offsets, and these can-
not be determined independently. Further, it may be necessary to establish an exchange
rate between permanent reductions in atmospheric CO, (emission reductions) and tem-
porary ones (terrestrial sinks). One approach to the latter problem, which has been used
in Australia, is to permit landowners to sell carbon sink credits, but with the proviso that
they are liable for future release of carbon, having to purchase CO, emission permits at
the time the carbon is released. Emission trading schemes, with or without carbon off-
sets, can be national or international in scope. If the Kyoto Protocol goes into force, the
international emissions trading regime will be an important means for reducing overall
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global emissions in an efficient manner. Countries will no doubt work to ensure that
domestic markets are linked to the international market. Further details on carbon trad-
ing are provided by Henri (2001), Obersteiner et al. (2001), and van Kooten (2003).

In Canada and other countries, carbon trading outside the Kyoto framework has
already started. Some large emitters of CO,, primarily regulated utility companies that
can usually pass such costs onto customers and companies that wish to purchase good-
will, have made some exploratory purchases of carbon credits that accrue as the result
of forestry projects (Henri 2001). These companies are offsetting emissions in anticipa-
tion of future requirements to do so. Effective monitoring is critical to ensure that the
contracted carbon credits actually materialize, but programs and activities that certify
those providing the credits can reduce both the risk and the overall cost.

There will likely be a mix of initiatives by the private and public sectors to certify
carbon credits. Sellers might be certified under ISO 9002 (quality systems, including
forest inventory and mapping systems) and ISO 14001 (environmental management
systems). They might also be certified at the national level or through non-governmen-
tal organizations (NGOs), which would certify independent companies who have the
expertise to conduct carbon audits and (or) to certify and audit sellers. See Chap. 21 for
a broader discussion of forest certification initiatives and how these might include car-
bon auditing. As the design of Canada’s domestic emissions and offset trading system
are developed, the details regarding the processes and organizations that will register
and verify carbon credits will need to be elaborated.

A market for trading carbon sequestration credits will be an important development
for several reasons. First, the futures market for carbon credits — a futures market
because it deals with carbon uptake in the Kyoto commitment period (2008-2012) —
establishes a price for carbon and provides a useful indicator for both the private sector
and policymakers. Furthermore, such a market can be integrated into a larger system of
carbon emissions trading: instead of purchasing CO,-emission permits, companies (or
countries) can purchase carbon uptake credits.

Carbon credits and the role of forestry

Under the Kyoto Protocol, a country can obtain carbon credits at home by planting trees
where none grew previously, increasing the rate at which carbon is sequestered through
forest management, or pursuing other land-use activities that increase carbon uptake in
soils. Forests are important because they can sequester more carbon over a longer time
period than agricultural sinks, with further benefits possible if account is taken of the
fate of wood products (e.g., construction lumber, and paper in landfills) or wood bio-
mass used to produce energy in place of fossil fuels. Forests store carbon by photosyn-
thesis, thus removing CO, from the atmosphere as they grow, with each cubic metre of
wood containing approximately 200 kg of carbon. Countries with significant forest
cover may be interested in potential carbon credits related to forest management and
those with large tracts of marginal agricultural land may be interested in afforestation as
a means for achieving some of their agreed-upon reduction in CO,-emissions. Canada
falls into both these categories. Therefore, the remaining focus of this section is on the
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role of terrestrial carbon sinks and how forest management may provide national (and
also market-traded) debits and credits under the Kyoto Protocol.

Under the Protocol, afforestation and reforestation occurring since 1990 may result
in carbon credits, while deforestation (human-induced conversion of forestland to non-
forest use) results in a carbon debit. The terms afforestation and reforestation had been
the subject of debate, but as a result of COP6,,. (Bonn) and COP7 (Marrakech) negoti-
ations, afforestation is now defined, for the purposes of the Kyoto Protocol, as human
activities that encourage growing trees on land that has not been forested in the past 50
years, while reforestation refers to human activities that encourage growing trees on
land that was forested but had been converted to non-forest use (see also [IPCC 2000).
An indication of the potential role of these activities on a global scale is provided in
Table 20.4. Potentially, these activities could sequester an average of 1000—1580 Tg C
year | by 2050. In addition, under Article 3.4 of the Kyoto Protocol, countries have the
choice of whether to include carbon sequestered as a result of forest management (e.g.,
fertilizing, and fire control) toward emissions reductions, although no account is taken
of carbon stored in wood products. Even before the United States withdrew from the
Kyoto negotiations, economists estimated that carbon credits would need to be created
for $10-20 per Mg C to be competitive (Sandor and Skees 1999). There remains a ques-
tion as to whether, even if all of the carbon fluxes (such as wood products storage) are
appropriately taken into account, “additional” forest management will be a cost-effec-
tive and competitive means for sequestering carbon (Caspersen et al. 2000). As a result
of COP6,,. and COP7 negotiations, however, countries can claim carbon credits from
business-as-usual forest management that are likely not “additional” (i.e., do not reduce
atmospheric CO, over and above what would have happened anyway). The role of ter-
restrial sinks and whether market mechanisms should treat carbon offsets the same way
as emissions reduction was a source of dispute at COP6 in The Hague, Netherlands, in

Table 20.4. Global estimates of the costs and potential carbon that can be removed from the
atmosphere and stored by enhanced forest management from 1995 to 2050 (data compiled
from IPCC 1996, pp. 785-791).

C removed and Estimated costs

Region Practice stored (Pg) ($CAN x 109)C

Boreal Forestation® 2.4 26

Temperate Forestation” 11.8 92
Agroforestry 0.7 5

Tropical Forestation” 16.4 149
Agroforestry 6.3 42
Regenerationb 11.5-28.7 68—152
Slowing-deforestation” 10.8-20.8

Total 60-87

“Refers primarily to reforestation.

"Includes an additional 25% of aboveground C to account for C in roots, litter, and soil (range based on
uncertainty in estimates of biomass density).

“Based on the conversion: $1 CAN = $0.65 U.S.
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November 2000. The European Union countries took the view that there should be lim-
its to the role of land use, land-use change, and forestry (LULUCF) projects so that
countries would be forced to address domestic emissions reduction. The argument put
forward was the fear that LULUCF projects are ephemeral and do not help to reduce the
long-term, upward trend in CO, emissions. The opposite view is that reduction of CO,
emissions and enhancement of carbon sinks are no different in their impact and should
be treated the same on efficiency grounds (Chomitz 2000). Subsequent to the United
States’ withdrawal from the Kyoto process, the objections to inclusion of LULUCF
projects softened (at COP6,.. and COP7), opening the door for a much greater role for
these projects.

The negotiations on forest sinks did produce caps, however. The Marrakech
Accords (negotiated at COP7) give each country the choice of whether it wants to
include forest management in its accounting in the first commitment period, with the
decision to be made by 2006. A country that has a net debit from Article 3.3 (i.e., due
to afforestation, reforestation, and deforestation (ARD)) can use credits from its forest
management to offset this debit, up to 9 Tg C year ', provided it has chosen to include
forest management in its accounting. Use of this offset is subject to the proviso that its
managed forest since 1990 is a net sink at least equal to the ARD debit. The agreement
allows further credit for forest management in the first commitment period up to a coun-
try-by-country negotiated cap, which for Canada is 12 Tg C year’1 (44 Tg CO,). The
Russian Federation can claim up to 33 Tg C, Japan 13 Tg C, Germany 1.24 Tg C,
Ukraine 1.11 Tg C, and remaining countries less than 1.0 Tg C. Canada currently esti-
mates it will be able to claim approximately 5.4 Tg C annually of forest sinks (i.e, the
net of ARD and forest management), and expects an estimated 2.7 Tg C per year from
agricultural sinks (Goncalves 2002, p. 39). Countries, however, can only claim credit for
actual carbon stock changes in the commitment period that will need to be accounted
for using detailed procedures for verification purposes.

Carbon credits can also be obtained for activities in developing countries and
economies in transition. Kyoto Protocol’s Clean Development Mechanism (CDM)
enables industrialized countries to purchase certified offsets from developing countries
(that have ratified the Kyoto Protocol) by sponsoring projects that reduce CO, emissions
or increase CO, removals beyond business-as-usual levels in those countries. Afforesta-
tion and reforestation are the only land-use activities that can be included under the
CDM, and these contributions are capped at 1% of an Annex B country’s baseline emis-
sions.

Likewise, emission reduction units can be produced through Joint Implementation
(JI) projects in countries whose economies are in transition. Any land management
activity accountable under Articles 3.3 or 3.4 of the Kyoto Protocol is eligible under the
JI provision. Russia and Ukraine are two countries where forest activities generating
carbon credits might be undertaken as JI projects by other industrial countries.

As noted, the idea of relying on terrestrial sinks to meet international emissions
reduction obligations remains controversial. Some argue that, in principle, a country
should get credit only for sequestration above and beyond what occurs in the absence of
C-uptake incentives, a condition known as “additionality” (Chomitz 2000). Thus, for
example, if it can be demonstrated that a forest would be harvested and converted to
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another land use in the absence of specific policy (say, subsidies) to prevent this from
happening, the additionality condition would be met. Additional carbon sequestered as
the net result of incremental forest management activities (e.g., juvenile spacing, com-
mercial thinning, fire control, or fertilization) would be eligible for carbon credits, but
only if the activities would not otherwise have been undertaken (e.g., for timber supply
purposes or to provide higher returns). Similarly, afforestation projects would be addi-
tional if they would not have been undertaken in the absence of economic incentives,
such as subsidy payments or an ability to sell carbon credits (Chomitz 2000). The prem-
ise of additionality does not apply for Articles 3.3 and 3.4, although it does for CDM
projects. Because of the controversy and difficulties in separating direct human-induced
effects from natural effects, countries agreed on the use of caps in the first commitment
period as an interim ad hoc solution. Considerable scientific work is ongoing to better
address these issues for the next commitment period.

Costs of creating carbon credits in Canada

Standard financial calculations suggest that afforestation and reforestation in Canada
would generally not yield carbon credits at a sufficiently low cost to be competitive with
other investments, because northern forests tend to be marginal in terms of productivity
(van Kooten et al. 1993). The reason is that such forests generally regenerate naturally
(even on marginal agricultural land), making artificial regeneration redundant and (or)
lowering the benefits to reforestation programs (van Kooten and Bulte 2000, p. 398).
Studies indicate that only short-rotation, hybrid poplar plantations are likely to be com-
petitive with other methods of removing CO, from the atmosphere (van Kooten et al.
1999, 2000).

For example, the TECAB model (Krcmar and van Kooten 2001; Krcmar et al. 2001)
was used to examine the costs of carbon uptake in the grain belt — boreal forest transi-
tion zone of British Columbia. The model consists of tree-growth, agricultural activities,
and land-allocation components. Carbon fluxes associated with many forest manage-
ment activities (but not control of fire, pests, and disease) are included, and account is
taken of what happens to the wood after harvest, including decay (see Table 20.5 for
data on decay of forest ecosystem components). The study results indicate that upward
of 1.5 Tg of discounted carbon (discounted at 4%) can be sequestered in the region at a
cost of about $40 per Mg or less. This is a combination of planting hybrid poplar, as
well as forest management activities, with wood products storage also accounted for.
This amounts to an average of about 1.3 Mg ha™', or about 52 kg ha™' per year of addi-
tional carbon uptake. While in general plantation forests are considered a cost-effective
means of sequestering carbon (Sedjo et al. 1995; Adams et al. 1999), these results are a
further indication that boreal forests are globally marginal, and silvicultural investments
in them generally do not pay, even when carbon uptake is included as a benefit (van
Kooten et al. 1993; Wilson et al. 1999).

While hybrid poplar planting in general appears to be the most economic option for
creating carbon credits in northern climates, there remains a great deal of uncertainty
about planting hybrid poplar on a large scale in Canada, mainly because it has not been



838 Towards Sustainable Management of the Boreal Forest

done previously. Certainly there are a number of considerations related to the use of

hybrid poplar plantations as part of a carbon uptake strategy, which include:

(1) Relative to native species, hybrid poplar plantations may have negative environ-
mental impacts related to reduced biodiversity and susceptibility to disease (Callan
1998);

(2) If there are transaction costs associated with afforestation, this will increase C-
uptake costs over and above what is generally estimated (van Kooten 2000);

(3) Uncertainty about (current and future) timber and fibre values and prices of agri-
cultural products may make landowners reluctant to convert agricultural land to
forestry;

(4) The potential of wood from afforested land as a biomass fuel is uncertain;

(5) Recent research suggests that planting trees where none existed previously
decreases surface albedo, which offsets the negative forcing expected from carbon
uptake (Betts 2000), although such planting must be on a large (perhaps unrealis-
tic) scale before there is a noticeable albedo effect;

(6) There is a potential problem of leakage, since large-scale afforestation and (or)
other forest plantations will tend to lower prices for wood fibre, with current wood
lot owners (for example, in the southern United States) likely reducing their forest
holdings by converting land back to agriculture in anticipation of the drop in price.
These are generally ignored in calculating the costs of individual afforestation or
reforestation projects. Yet, such leakages can be substantial, even as high as one-
half of the carbon sequestered by the new plantations (Sohngen and Sedjo 1999).
In general, tree planting programs to generate carbon credits in Canada may be

much more expensive than originally anticipated (van Kooten 2003).

While creating incentives to manage carbon stocks and carbon fluxes in forests effi-
ciently would have positive benefits, it is unlikely that forest management in Canada
will be a cost-effective and competitive means for sequestering carbon on a sufficient
scale to dramatically affect Canada’s emissions reduction target for Kyoto in the first
commitment period. Compared with economic viability in other regions, Canada’s
forests are marginal. The only land-use change on forestlands that might be a competi-
tive alternative to other methods of removing CO, from the atmosphere is if short-rota-
tion, hybrid poplar plantations replace logged or otherwise denuded forests. However,
the potential negative environmental effects of hybrid poplar plantations, such as their
limited longevity, reduced biodiversity, disease, insect problems, and loss of scenic
amenities, would need to be fully considered in assessing their suitability as an accept-
able large-scale tool for carbon removals to help meeting emission reduction targets.

While there are numerous actions that forest management agencies and the forest
sector can take to reduce emissions, and increase removals of carbon (see Box 20.4),
enhancing carbon sequestration through intensive forest management or plantations is
not likely to be an economic alternative on a wide scale in boreal ecosystems. However,
given the significant role of disturbances in the boreal forest ecosystem, it is clear that
the forest managers will influence carbon stock changes by their management actions,
as discussed in earlier sections in this chapter.
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Box 20.4. Options for minimizing carbon emissions in boreal forestry.

Boreal ecosystems may only be able to make limited contributions to carbon sequestration,
owing to low biological productivity compared to other parts of the world. But their vast arca
and large carbon stocks mean that boreal forests will always play a major role in the global
carbon budget. Government agencies, forest products companies, and forest managers have
a number of tools at their disposal to minimize the emission of CO, and other GHGs to the
atmosphere:

* minimize and optimize the use of fossil fuels:

» use fuel-efficient machinery, trucks, etc.;

* minimize transportation requirements through centralized positioning of processing facil-
ities, and harvesting forest in contiguous rather than dispersed patterns;

» substitute fossil fuels with biofuels wherever possible;

* inventory and monitor carbon stocks in biomass, soils, peatlands, and lakes;

» promote recycling and reuse of wood and paper products;

+ treat wood products with preservatives that extend their useful life;

» protect peatlands from drainage, fire, and land-use change;

+ protect forests from fire and insect outbreaks;

» protect forest soil organic matter by avoiding the use of broadcast slash burning and scar-
ification treatments, preventing erosion, and minimizing soil disturbance (e.g., more log-
ging on snow instead of in the summer);

* capture CO, emissions from pulp mills, kiln boilers, and other sources and channel them
for beneficial uses that also remove CO,, such as for growth enhancement in green-
houses;

* keep landfills anaerobic, and (or) tap their CH, emissions;

+ promote longer rotations where tree species and sites are such that trees can be long-lived
and large-statured (i.e., large C pools) with low risk of disturbance;

» use long-lived and potentially large-statured species to serve as C-reservoirs in long rota-
tions, or very productive fast-growing species to quickly absorb C in short rotations;

+ use fertilization where C-sequestration benefits exceed fertilization manufacture and
application costs, especially if non-fossil fuel sources can be used (e.g., animal and
human wastes);

* minimize regeneration delay and achieve high/full stocking as soon as possible;

* promote economic and policy instruments that encourage sustainable forest management
practices, carbon storage/sequestration, and reduction in fossil fuel use.

Economic impacts of adaptation to climate change on forestry

Countries must be prepared to adapt to climate change because the Kyoto Protocol is
but a small step forward in efforts to reduce atmospheric CO,. Therefore, it is useful to
examine briefly the possible impacts on the forestry sector and what adaptation will
mean. Uncertainties in the underlying biological responses to the changing climate nec-
essarily limit the robustness of the conclusions, and it is to hoped that in the coming
years, there will be increasing effort to integrate the biogeochemical models with socio-
economic ones. Some ecological projections of the effects of climate change on north-
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Table 20.5. Rates of decay of forest ecosystem components (including wood products) upon
harvest (data compiled from Hoen and Solberg 1994).

Decay time (years)

Time (years) (from beginning of
from felling until decay until all fibre has

End-use category decay starts decomposed)

Bark in land fillings 0 8

Bark for burning 0 1

Needles 0 7-11

Branches, stumps, stems in forest 0 12

Root system after felling 0 100

Construction material 80 80

Furniture and interiors 20 50

Impregnated lumber 40 70

Pallets 2 23

Losses 0 1

Composites, plywood 17 33

Sawdust 1 2

Pulp/paper 1 2

Fuelwood 0 1

ern forestlands are reviewed earlier in this chapter, with more detailed analyses included
in Apps et al. (1995), Apps and Price (1996), and in the series of publications associ-
ated with a conference on the role of boreal forests and forestry in the global carbon
budget held May 2000, in Edmonton, Alberta (Apps et al. 2002; Karjalainen et al. 2002;
Shaw and Apps 2002; Stocks et al. 2002).

Darwin et al. (1995) have provided a comprehensive model for analyzing the global
response of primary sectors to climate change. The model gives some indication of the
extent to which land use in Canada might be affected by climate change. The model
consists of a geographic information system and a computable general equilibrium eco-
nomic model of the global economy, with climate projections from four global circula-
tion models (GCMs). Land-use potential in the model is based primarily on climatic
factors (moisture and temperature) because these also affect soil formation. Of all the
regions in the model, Canada stands to gain the most from climate change from an eco-
nomic point of view. Canadian gross domestic product is projected to increase by an
average of 2.2% across the four GCM scenarios, the largest increase for any region.
Output of forest products will also increase (by 33%), although the forested land base
will be reduced by an average of 7%. This is because in Darwin et al.’s (1995) model,
cropland, pasture, and forestland are more productive under projected global warming,
even in the absence of a CO,-fertilization effect. Much of the increase in arable crop
production in Canada comes from a northward shift in the western grain belt at the
expense of boreal forest, and a shifting of the highly productive corn-belt in the United
States into the eastern portion of the Canadian grain belt.

Adaptation of forest management to a changing climate will be required in order to
ensure that forest sector returns are maximized. Examples of management adaptation
include salvaging dying trees, vegetation control to help offset drought, replanting with
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more suitable species, and shifting processing capacity to areas where timber is rela-
tively plentiful (Binkley and van Kooten 1994). In addition, as the frequency of pest
outbreaks and forest fires increases, investment in the management of pests and fire is
also expected to rise. As the northern fringe of the boreal forest shifts northward, tree
planting can help to maintain forested area as land is lost to agriculture on the southern
border.

The conclusion from economic research is that climate change is unlikely to bring
about reductions in the global supply of primary commodities, including wood products
(Schimmelpfenning et al. 1996; also IPCC 20015, pp. 877-912). Rather, if economic
markets and institutions are sufficiently flexible, landowners will make decisions to take
advantage of changes, such as producing different crops or new crop varieties, adopting
new management regimes (e.g., greater use of irrigation, or enhanced silviculture), or
expanding activities to new areas. However, market failure, policy failure, and institu-
tional barriers (see Chap. 7) to land-use change can be obstacles to enhancement of
well-being in the face of climate change. Government regulation, for example, may be
one impediment to adaptation. Policy failure would occur, for example, if the public
authority required forest companies to reforest cutover lands on the boreal-grassland
interface, thereby preventing their conversion to a more productive use such as pasture
or cropland (van Kooten 1995; van Kooten et al. 2002). Market failure would occur if
no account was taken of climate change impacts on recreation and other non-timber
benefits of forests, particularly biodiversity. The high probability of climate change,
coupled with this potential land-use inertia, calls into question the entire premise and
feasibility of sustainable forest management as envisioned for a fixed land base (see
Chap. 2).

Sohngen et al. (1999) addressed questions related to biodiversity and climate
change. They linked ecosystem productivity and economic trade models to GCM out-
put to demonstrate that climate change leads not only to greater wood fibre output (as
predicted by Darwin et al. 1995), but also to greater protection of biodiversity. The rea-
son for the enhanced status of biodiversity is that, although all forests become more pro-
ductive as a result of CO, fertilization (according to this model, but see also the earlier
section on CO, fertilization), there is also greater investment in plantation forests, also
because of CO, fertilization. As plantation harvests increase, wood fibre prices fall and
natural forests (those that harbour biodiversity) are less susceptible to logging. The area
of natural forests that is not attractive for logging increases. On the other hand, Kirkup
(2000) indicates that maintaining biodiversity in the face of climate change is more
challenging. Solutions may require extensive biotic inventorying and monitoring, and
the maintenance or restoration of landscape linkages (see Chap. 12) to facilitate the
migration of countless unmanaged and unmonitored species.

Conclusions

The future carbon balance in the boreal forest will largely depend on the type and fre-
quency of disturbances, changes in species composition, and alterations to the nutrient
and moisture regimes under changing climate conditions. It will also depend on forest
management practices that affect both the disturbance regime and nutrient status.
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Projected climate change scenarios for the boreal forest generally predict warmer and
somewhat drier conditions, and the disturbance patterns are also expected to change.
Forest fire and insect outbreaks, for example, have historically been sensitive to climate
and are expected to change considerably under global warming. The variations in cli-
matic conditions in central Canada over the past 20 years appear to have resulted in
higher rates of forest disturbance at a national scale. Regionally, the changes may be
larger: the mean fire return interval for some sites in Alberta and Saskatchewan has been
reported to be as low as 34 years (Larsen and MacDonald 1998). With more frequent
disturbances, more of the stands are in younger age classes and initially release greater
amounts of carbon to the atmosphere as their elevated detritus and soil pools decay. This
situation is expected to worsen as climatic change proceeds. Altered boreal forest dis-
turbance regimes — especially increases in frequency, size, and severity — may release
carbon from vegetation, the forest floor, and soil at higher rates than the rate of carbon
accumulation in regrowing vegetation.

The realization of the potential increase in plant productivity due to climate change
will be determined by a variety of factors such as changes in species and competitive
interactions, water availability, and the effect of temperature increase on photosynthe-
sis and respiration. The precise balance of carbon uptake and release depends on the
detailed processes, and especially interactions between climate, site variables, and veg-
etation over the changing life cycles of forest stands. Quantifying life-cycle dynamics at
the stand level is essential for projecting future changes in forest-level carbon stocks.
The net effect of such changes could result in positive feedback to climate change and
thereby accelerate global warming (Kurz et al. 1995b).

Forest management options to enhance or protect carbon stocks include reducing the
regeneration delay through seeding and planting, enhancing forest productivity, chang-
ing the harvest rotation length, the judicious use of forest products, and forest protection
through control and suppression of disturbance by fire, pests, and disease. A protected
forest acts as a sink only during the period of transition from a higher to a lower period
of disturbance. Can such protection be maintained if the changing climate favours
increased disturbances? Moreover, it must be stressed that if the protection is removed,
the same areas will be a source as the disturbance regime relaxes back to a period of
higher disturbance.

Policy options that nations can pursue to minimize their contributions to global cli-
mate change will include land management activities such as forest management and
afforestation. Land management agencies and forest managers can choose from a large
array of tools (see Box 20.4) in implementing carbon management strategies that will
impact carbon stock changes and therefore net carbon removals and emissions.

Given the potential importance of terrestrial carbon sinks, carbon offsets can be an
important element for encouraging economics investments in carbon sequestration proj-
ects, with verification by authorized certifiers. If CO,-emission taxes are to be
employed, then these need to be extended to cover carbon sinks (e.g., afforestation proj-
ects), although this will require that landowners be taxed for release of CO, to the
atmosphere but subsidized for its removal (van Kooten et al. 1995). Tax revenues could
be used to subsidize removals. The effectiveness of an efficient tax/subsidy system
could be maximized by covering as broad a range of activities affecting carbon emis-
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sions as possible. This does not mean that carbon sink options will be undertaken on a
large scale, however. Only if terrestrial carbon sinks are competitive with other means
of reducing a nation’s CO, emissions will private firms start paying for forest manage-
ment and afforestation projects. To remain globally competitive, boreal jurisdictions
must create as flexible an environment as possible, allowing private firms to seek out
the most cost-effective options for reducing emissions.
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