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9.1 INTRODUCTION

 

As a consequence of human activity, Earth’s climate has changed during the last
100 years and will change significantly for centuries to come.

 

1

 

 The predicted changes
for the next 50 to 100 years and beyond are both larger and faster than previously
thought,

 

2,3

 

 and also more certain.

 

4

 

 Recent assessments indicate that, in the absence
of purposeful mitigation interventions, it is likely that changes in the global mean
temperature over the next 100 years will be at the high end of, or even exceed the
IPCC 2001 predictions of +1.4 to 5.8

 

°

 

C above 1990 temperatures

 

4 

 

— itself a decade
of record-breaking temperature.

 

5
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The change is not expected to be a simple linear increase in temperature or other
climatic variable: abrupt and likely unpredictable changes similar to those seen in
the geological record must be anticipated in the future. The impacts that have already
been reported through the 20th century can be expected to intensify over the 21st,
disrupting natural ecosystems and the services society has come to depend on, at
all spatial scales from local to regional and global.

Moreover, the change has not been — and will not be in the future — distributed
evenly over the Earth; climate change is greatest at mid- to high latitudes and over
the continental landmasses found in North America, Europe, and Asia where large
carbon pools are currently found in forest ecosystems. In these regions, local bio-
geochemical processes will likely experience profound changes in prolonged grow-
ing season, intensified incidence of drought and fire, systematic changes in annual
snow accumulations, and an overall mobilization of large pools of ecosystem C,
from forested uplands to forested wetlands.

 

6

 

Climate change is arguably the most important environmental issue of the 21st
century. It will have significant implications for resource management strategies.
Are forests and forestry part of the problem or part of the solution?

 

6

 

 This chapter
examines the contribution of northern forest ecosystems, especially the contribution
of their management to the global carbon cycle.

 

9.2 CLIMATE CHANGE AND THE GLOBAL 
CARBON CYCLE

 

Throughout at least the last four glacial cycles, spanning nearly 1.5 million years
prior to the 20th century, the atmospheric concentration of CO

 

2

 

 only varied between
~180 ppmv during glaciations, when the global temperature was 8 to 9

 

°

 

C colder
than today, and ~280 ppmv during the interglacial periods when the temperature
was similar to present values (Figure 9.1A). This narrow range of variation in
atmospheric CO

 

2

 

 is remarkable given that its concentration is determined by a highly
dynamic biogeochemical cycle. Every year, approximately 16% of the CO

 

2

 

 in the
atmosphere (approximately 760 Gt C) is taken up through photosynthesis by vege-
tation, and an almost identical amount is released by the respiration of vegetation
and heterotrophs feeding on that vegetation. A similar exchange of ~90 Gt C yr

 

-1

 

takes place at the ocean surface where phytoplankton provide the photosynthetic
engine driving the exchange.

 

7

 

This generally tight domain of stability between variations in CO

 

2

 

 and global
temperature (Figure 9.1B) suggests that the global carbon cycle has been controlled
by powerful biological feedback processes that have maintained the climate in a
habitable range. The biosphere appears to play a central role in regulating Earth’s
climate, a suggestion strongly reinforced by the physics of the greenhouse gas
feedbacks. The biosphere–climate system coupling includes other factors, such as
surface reflectance properties (albedo), that have effects both regional and global in
extent (see, e.g., Reference 8), but here our focus is restricted to the global carbon
cycle.
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FIGURE 9.1

 

(A) Variation in atmospheric CO

 

2

 

 from analysis of ice cores over four glacial
cycles during the last 420,000 years. Present levels (>360 ppmv) are indicated by the arrow.
(B) The stability domain of atmospheric CO

 

2

 

 and global temperature over the last four glacial
cycles, showing recent departures and possible shift to a new domain of unknown stability.
(Adapted from Falkowski et al.

 

7
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In contrast to the long-term record, the atmospheric CO

 

2

 

 concentration today is
~370 ppmv — nearly 100 ppmv higher than at any time in at least the past 1.5
million years — as a result of human perturbations to the global carbon cycle. The
concentration is also rising at a rate that is at least 10, and perhaps as much as 100,
times faster than ever before observed.

 

7

 

 Clearly, the biosphere’s ability to regulate
the global carbon cycle — and hence the climate system — has been exceeded by
human-induced carbon emissions.

 

9.3 HUMAN PERTURBATIONS TO THE GLOBAL 
CARBON CYCLE

 

Human perturbations to the carbon cycle have been both direct and indirect (Figure
9.2). On land, human activities have modified vegetation patterns and functioning
in global proportions, while changes to freshwater inputs and pollutant eutrophica-
tion of the oceans have altered their ecology as well. In other words, humans have
changed the very nature of the biospheric systems that are responsible for biospheric
exchange of CO

 

2

 

. In addition, and more significantly, human use of fossil fuels has
introduced additional, new carbon into the active

 

*

 

 global carbon cycle through the
combustion of fossil fuels. Deforestation — removal of forest vegetation and replace-
ment by other surface cover — has had a twofold impact on the carbon cycle: the
loss of photosynthetic capacity in forest vegetation, and the release of the large
carbon stocks that had accumulated in these forest ecosystems over long periods.
Indirect human impacts on the carbon cycle include changes in other major global
biogeochemical cycles (especially nitrogen),

 

9

 

 alteration of the atmospheric compo-
sition through the additions of pollutants as well as CO

 

2

 

, and changes in the biodi-
versity of landscapes and species — all of which are believed to significantly
influence the functioning of the biosphere.

 

9.4 FOREST SOURCES AND SINKS AT THE STAND AND 
LANDSCAPE SCALE

 

A forest ecosystem is a sink (source) when it effects a net removal (release) of
atmospheric CO

 

2

 

. The sink results when the uptake through photosynthesis results
in an increase in the sum of the carbon stocks retained in the forest vegetation itself
and in the stocks of organic carbon in other material derived from the forest. The
most important of these derived reservoirs are the detritus and soil organic matter
pools. The net carbon balance of the ecosystem may be calculated as the net change
over time in total ecosystem carbon stocks (

 

dC

 

ecosys 

 

/dt

 

, where 

 

C

 

ecosys

 

 is the sum of
carbon stocks in vegetation, forest floor and soil). Ignoring for the moment any
export of organic carbon from the ecosystem, the net carbon balance is identical to
the net ecosystem productivity (NEP):

 

* 

 

“Active” is used here to distinguish the carbon pools and processes that dominate the exchange that
occurs on time scales of order of years to decades from those that are important on geological time
scales, such as the accumulation of organic carbon in fossil fuel deposits.
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Net Carbon Balance = 

 

dC

 

ecosys 

 

/

 

dt

 

(9.1)

 

dC

 

ecosys 

 

/

 

dt

 

 = NEP = GPP– 

 

R

 

(9.2)

where GPP (gross primary production) is the rate of CO

 

2

 

 uptake by foliage through
photosynthesis and 

 

R

 

 = 

 

R

 

a

 

 + 

 

R

 

h

 

 is the total ecosystem respiration flux comprising
autotrophic (plant) respiration 

 

R

 

a

 

 and heterotrophic respiration 

 

R

 

h

 

 (decomposition)
of the accumulated detritus and soil pools.

The term net biome production (NBP) is sometimes used to account for exported
carbon and its subsequent decomposition outside the ecosystem:

 

11

 

NBP = NEP – 

 

R

 

exp

 

(9.3)

where 

 

R

 

exp

 

 is the flux of carbon transferred out of the ecosystem. Forest products
form an important part of the offsite carbon pools in that the timing and manner of
their decomposition is (in principle at least) under human control.

Figure 9.3 shows the conceptual pools and transfers of carbon involved in forest
ecosystems and the forest sector. To provide a comprehensive system, the ecosystem
compartments (vegetation and detritus and soil pools), the exported pools that are
located offsite (including forest products and the waste created during their manu-
facture and abandonment in landfills), and the influence of the forest sector on fossil
fuel use are all included.

The net accumulation of carbon in the ecosystem (or the larger system shown
in the figure) is thus a summation over time of the difference between a large ingoing
CO

 

2

 

 flux (GPP) and a nearly equal outgoing flux (

 

R

 

). Different processes, whose
rates differ over time and space and vary both with environmental conditions and
the state of the ecosystem, control the two fluxes. The processes involved include

 

FIGURE 9.2

 

Human-induced perturbations (Gt C yr

 

–1

 

) to the global carbon cycle during the
1990s. The arrow widths are proportional to the fluxes. Land uptake is inferred as the residual
required to balance the other fluxes with the observed accumulation (airborne fraction) in the
atmosphere. (Data from Houghton.

 

10
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both those regulating the internal redistribution of organic carbon within the eco-
system, such as allocation of photosynthate within the plants and breakdown of fresh
litter into less decomposable forms of soil organic matter, and disturbances (such
as windthrow, insect predation, harvest, or fire).

Disturbances are discrete events that are particularly interesting because they
generate large pulses of internal transfers of carbon between pools within the eco-
system or out of it (e.g., harvest). They therefore bequeath a legacy of increased
decomposition emissions in the future. In addition, disturbances such as fire may

 

FIGURE 9.3

 

Carbon fluxes (arrows) and pools (boxes) involved in the forest sector budget.
Smoothly varying fluxes include GPP = gross primary production, 

 

R

 

a

 

 = autotrophic respiration,

 

R

 

h

 

 = heterotrophic respiration, 

 

R

 

off

 

 = offsite respiration, 

 

L

 

 = litter fall (above- and belowground
AG and BG) and leaching from DOM (dead organic matter) on the forest floor and in soils.
Pulsed fluxes (dotted lines) are associated with disturbances. 

 

R

 

exp

 

, the carbon flux that is
exported to offsite carbon pools, has both a smooth component (leaching) and a pulsed
component (from disturbances). Fluxes from offsite carbon pools (products, landfills, POC =
particulate organic carbon, DOC = dissolved organic carbon in water or air) are lumped into
one flux 

 

R

 

off

 

. The influence of bioenergy and use of forest products on fossil fuel use is shown
as a control valve on fluxes from fossil fuel use (

 

R

 

ff

 

) and cement production (
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also generate large, immediate CO

 

2

 

 releases to the atmosphere. The complex set of
processes — operating independently over a range of timescales — gives rise to
rich variation in NEP (and NBP) in both time and space.

The net carbon balance in a forest ecosystem (NEP) can be estimated by sum-
ming all the changes in ecosystem carbon stocks (the “stock inventory” method),
direct measurement of the net exchange of CO

 

2

 

 with the atmosphere (using, for
example, eddy covariance techniques), or a combination of these methods. Provided
all stocks and fluxes are accounted for, the approaches must give identical answers
(a result of the principle of conservation of mass), as has been shown by careful
experiments at the Harvard forest and several other locations.

 

12

 

The net carbon balance of a stand of trees or patch of forest varies with the
prevailing conditions that affect both the rates of CO

 

2

 

 uptake and release (Figure
9.4A). It also depends very strongly on the past history of the stand or site. For
example, the net carbon balance (NBP) of a clear-cut stand is initially highly negative
(when the harvest carbon is removed from the site — an export flux not directly
captured by net ecosystem exchange flux measurements) and remains so for several
years while the releases of CO

 

2

 

 from decomposition of slash and soil carbon exceeds
the CO

 

2

 

 uptake of regrowing vegetation. Eventually the uptake through regrowth
exceeds decomposition efflux, at which time above- and belowground detrital pro-
duction starts to rebuild the depleted stocks on the forest floor and in the soil. NEP
then rises steeply to a maximum rate that typically occurs around or shortly after
canopy closure. As the ecosystem continues to age and more organic carbon accu-
mulates in the vegetation, forest floor, and soils, the respiration efflux from these
reservoirs also increases. Rates of photosynthetic input tend to level off as the stand
approaches maturity, and net primary productivity may even decline when stand-
breakup occurs in overmature stands.

 

13,14

 

 Thus in older stands, the net carbon balance
(NEP) tends toward zero (or even becomes negative) as decomposition of the soil
and detritus layer approaches that of the photosynthetic inputs. In some ecosystems,
such a decrease in NEP may take a very long time after the last carbon-removing
disturbance.

 

11

 

At the landscape (or biome) scale, a forest comprises many stands of trees
(individual ecosystems) in various stages of development (Figure 9.4A), and the net
carbon balance at this scale is the integration across all such ecosystems in the
landscape. Here, for illustrative purposes, only even-aged forests such as are found
in disturbance-dominated natural forests or in clear-cut plantations are considered:
the principles apply, however, to all forests. For forests dominated by even-aged
stands, the stand age-class distribution can be used to facilitate the summing across
ecosystems in different stages of development. For a forest comprising only one
ecosystem type, the total ecosystem carbon in the landscape is

(9.4)

and its change over time is

C C Alandscape i i

i

N

=
=

∑
1
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FIGURE 9.4

 

Carbon dynamics at the stand and landscape scale: (A) stand-level C dynamics
after disturbance at 

 

t

 

0

 

. The stand is a source until 

 

t

 

1

 

, but does not recover C lost at an
immediately after the disturbance until 

 

t

 

2

 

; (B) stable age-class distributions for “normal forest”
(rotation 

 

T

 

R

 

) and random disturbance-regulated forest (return interval 

 

t

 

); (C) stand-level
accumulation rate. For landscape pools, sum product of a * b over all age classes; similarly
sum product of c * b for changes in pools in unchanging conditions.
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(9.5)

where 

 

A

 

i

 

 is the area (ha) of forest in age class 

 

i

 

, and 

 

C

 

i

 

 is the carbon concentration
(Kg C ha

 

–1

 

) of this age class. For a more general heterogeneous forest, the total
landscape carbon involves additional summations over all the distinguishable
ecosystem types (each characterized by a different carbon accumulation curve).
Moreover, the actual carbon accumulation curve (Figure 9.4A and C) changes
with disturbance type and intensity as each may leave different amounts of litter
and hence different legacies of decomposition pulses; the actual site history has
a direct effect. This generally involves additional summations over disturbance
types and inevitably requires historical information about past disturbance
regimes.

 

15

 

Changes in the net carbon accumulation at the landscape scale (Equation 9.5)
thus has two components:

1. Changes in productivity of the individual ecosystem growth and respira-
tion responses to environmental variations (functional response, alter-
ations to curves in Figure 9.4A and C)

2. Changes in the age-class distribution associated with landscape variation
in mortality and recruitment (structural response, alterations to curve in
Figure 9.4B)

Over long enough times, succession alteration to the distribution of vegetation types
will also take place, providing further structural and functional responses and
changes in NEP.

At any given time, the age-class distribution is a direct result of the cumulative
effects of mortality and recruitment to that point in time, and for the even-aged
forests discussed here, is a direct reflection of the history of past disturbances. Under
a steady disturbance rate (such as a constant fire return interval, or a fixed harvest
rotation), the balance between mortality and recruitment leads to a stable age-class
distribution that can maintain its shape over time. An example of such distributions
is the managed “normal forest”

 

*16

 

 associated with sustainable harvesting and regen-
eration of stands in a plantation, in which each age-class occupies an equal area up
to the rotation age 

 

T

 

R

 

 (Figure 9.4B). Another example is the (approximately) expo-
nential age-class distribution (also shown in Figure 9.4B) that is associated with
randomly occurring disturbances, applied with equal probability to all ages, and
having a constant mean return rate and variance. Such distributions are often found
(but not always) with naturally occurring disturbances such as wild fire, windstorms,
and some insect outbreaks.

 

17,18

 

Sources and sinks at the landscape scale are created when the disturbance rate
changes. If the disturbance rate increases, the age-class distribution shifts to the

 

* 

 

The term “normal” is used here in a technical sense (see MacLaren

 

16

 

) and not as the common adjective
to imply “usual” or “average.”

dC dt A dC dt C dA dtlandscape i

i

N

i i i= +
=

∑ ( )
1

 

3097_C009.fm  Page 183  Friday, November 18, 2005  6:31 AM



 

184

 

Climate Change and Managed Ecosystems

 

left (younger), and the total carbon retained in the ecosystems in the landscape
decreases. The landscape becomes a net source of CO

 

2

 

 to the atmosphere while
its age-class distribution adapts to the new disturbance regime. (If some of the
lost carbon is transported out of the ecosystem landscape to decompose in offsite
reservoirs, such as the case of forest products, the landscape source is reduced by
that amount — in essence this component of the source is exported.) Similarly, if
disturbances are suppressed, the ages shift to the right, the forest ages and carbon
stocks increase with a net removal of CO

 

2

 

 from the atmosphere. Taking changes
in disturbance regimes into account is clearly important in predicting the future
carbon budgets of forested regions.

 

9.5 LAND-BASED CARBON SINK AND ITS FUTURE

 

Until recently, the net land-based carbon sink required to balance the perturbed
global carbon budget (Figure 9.2) was thought to be fully explained by changes in
ecosystem functioning. Enhanced forest uptake rates (increased GPP) associated
with elevated atmospheric CO

 

2

 

, increased nutrient inputs from pollution, and a
positive response to global temperature increases were used to close the global
budget. However, although physiological mechanisms and normal climate variations
may explain some of the short-term changes (seasonal to inter-annual) in forest
ecosystem uptake (GPP), their ability to cause longer-term net uptake and retention
(GPP-R) has been questioned by a number of authors (e.g., References 19 and 20).

It is now recognized that changes in the structure of ecosystems, especially the
age-class structure of forests, are at least as important as the functional changes. For
example, changes in land-use practices, such as abandonment of marginal agricul-
tural lands to forest and the rehabilitation of previously degraded or deforested lands
has been shown to be largely responsible for the putative North American sink,

 

21

 

and a much larger contributor than any of the proposed physiological mechanisms
such as CO

 

2

 

 fertilization.

 

22

 

Change in the climate regime may also affect current carbon pools of forests,
although the direction and magnitude of these changes is still uncertain and difficult
to predict. Over periods of years to decades, the stimulation of GPP through longer
growing seasons should result in increased vegetation biomass, an effect that may
already be apparent in the global atmospheric CO

 

2

 

 record.

 

23

 

 However, although GPP
may increase with increased temperature, so may the heterotrophic decomposition
rate — approximately doubling for each 10

 

°

 

C increase in soil temperature. Given
the very large size of the C stocks in forest litter and soil pools, this gives rise to
concern that increased heterotrophic respiration may generate a positive feedback
mechanism to climate change by releasing additional quantities of CO

 

2

 

 in the
atmosphere. Recent work, however, suggests that in some ecosystems, increased
heterotrophic respiration may be largely offset by increased detrital production by
trees, leaving detrital and soil carbon content relatively unchanged as long as the
forest composition remains unaltered.

 

24

 

At longer timescales (decades to centuries and longer), changes in the vegetation
itself take place through successional processes as the ecosystems adapt to changing
conditions. These longer-term changes may lead to either greater carbon stocks, as
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in more productive forest ecosystems, or smaller stocks, as in a transition to a
grassland ecosystem. Comparison of relative pool sizes for boreal, temperate, and
tropical forests suggests a general shift of dominance from belowground to above-
ground stocks as temperatures warm. Over the intermediate term, the expansion of
forests into existing nonforest regions, such as the northward expansion of the boreal
forest, may provide some additional uptake. This expansion, however, is a slow and
uncertain process (e.g., Reference 25) and over the short term will likely be more
than offset by possible dieback of forests at the other end of their range. Such dieback
and transition to grasslands in southern boreal forests in south central Canada have
been suggested by several authors,

 

26–28

 

 and can happen extremely quickly if driven
by more frequent or more intense large-scale disturbances such as fire.

 

29

 

 One of the
major causes of uncertainty is the unprecedented rate of current climatic changes
that are taking place over timescales that are out of synchrony with the dominant
processes of some ecosystems and beyond their adaptive capacity.

 

30

 

In addition, for each of the stimulation mechanisms there typically exists limiting
factors that eventually counteract it over time.

 

19

 

 Elevated levels of ambient CO

 

2

 

increase the photosynthetic efficiency of foliage, but as the concentration increases,
this stimulation decreases and saturates at atmospheric concentrations that may be
reached in the next 50 to 100 years.

 

31

 

 To date, 

 

in situ

 

 fumigation of stands with elevated
CO2 for periods for 3 years has yielded consistently high GPP values, but the future
of this effect remains uncertain.32 Although initial response to increased N inputs
associated with atmospheric pollution is growth enhancement, at higher loadings
(already reached in some areas), the effects of acidification may lead to net
decreases.33,34 Moreover, there is good evidence that the response of forest ecosystems
to either CO2 or N fertilization will be short-lived when other required resources, such
as water or other nutrients, become limited. Results from stand-level fumigation studies
also show that tropospheric ozone may counteract the growth enhancement offered by
increases in CO2.35 Thus, while many ecosystems studied to date indicate an initial
positive response in NEP to these manipulations, they also show an acclimation over
time to these stimuli — usually interpreted as a combination of subtle changes in the
ecosystem structure and the onset of another limiting factor.3

Finally, there are concerns that climate change will bring about changes in the
disturbance regimes (rate, intensity, and form). Although fire36 is the best known of
these disturbances, changes in insect dynamics, drought stress, ozone and ultraviolet
damage, and damage from hurricane or severe storms may be more important in
some regions.37–40 The impact of changes in disturbance regime over the last few
decades in Canada’s forests — suggestive of, but not definitively shown to be due
to climate change — appears responsible for a shift of these forests from a significant
sink to a small source of atmospheric CO2.15

9.6 MITIGATION OPPORTUNITIES

There are two fundamental mitigation interventions:

1. Reduce emission sources, or
2. Increase sinks
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Land management, and especially forestry and forest management, can contribute
to both of these opportunities. Interventions that maintain healthy ecosystems can
also maintain, or even increase, land-based carbon stocks. Using forest goods and
services can simultaneously help to reduce anthropogenic emissions of CO2 typi-
cally generated by alternative supplies of these goods and services. These two
opportunities are not mutually exclusive, and will be briefly described in very
broad terms.

9.6.1 FOREST MANAGEMENT TO INCREASE OR MAINTAIN 
TERRESTRIAL ECOSYSTEM CARBON

The ultimate aim of mitigation strategies, such as put in place by the Kyoto
Protocol, is “the stabilization of greenhouse gas concentrations in the atmosphere
at a level that would prevent dangerous anthropogenic interference with the climate
system.”41 Mitigation strategies that promote the preservation and maintenance of
healthy ecosystem functioning may therefore be as valuable as land-management
strategies that aim to enhance the net uptake, and decrease the releases of CO2 in
terrestrial ecosystems, the so-called terrestrial sinks (and sources) of the Kyoto
Protocol.

It is beyond the scope of this chapter to attempt a detailed review of the different
schemes for ecosystem carbon management that have been proposed, or their eco-
nomic, ecological, and social impacts. The IPCC has provided in-depth analyses in
two major reports released in 200042 and 2001,43 and good practice guidelines for
managing terrestrial forest ecosystems in the context of carbon sequestration.44 The
various forest ecosystem management activities that have been proposed43,45 can be
grouped into three broad approaches:

1. Strategies to maintain and preserve existing forests
2. Strategies to increase the area of land under forest
3. Strategies to increase the carbon stock density on the forested land (C ha–1)

Much of the focus on carbon sequestration in forests ecosystems has been on
enhancement of aboveground biomass as a natural extension of timber production
forestry. Recently, a shift to more comprehensive ecosystem management appears
to be taking place, together with renewed opportunities and interest in rehabilitating
degraded lands, mitigating the effects of deforestation, and managing for natural
values (such as wildlife or water quality), not merely for timber. The success of
different approaches in any given region depends on prevailing social, economic,
and historical conditions. In some regions such as in the central part of Canada,
slowing, halting, and mitigating deforestation associated with infrastructure may
provide the most efficient strategy, while in other regions, such as central British
Columbia, more traditional timber production approaches combined with protection
from disturbance may be more attractive.

Protection against disturbance is not, of itself, an efficient or long-term mitigation
measure. This is especially true of wildfire where large expenditures simply protect
carbon are analogous to paying high rent: the carbon is retained only as long as the
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protection continues and is lost when the next fire comes along. However, if the
protected area is subsequently harvested, transferring carbon to long-lived forest
products, and successfully regenerated, a potentially significant carbon gain can be
realized — both within the offsite and within the forest ecosystem pools (Figure
9.3). In the forest ecosystem, the combination of protection and harvesting can be
visualized as an increase in the effective rotation length (see Figure 9.4), and as
demonstrated by Kurz et al.46 the transition from a natural disturbance regime to a
managed one (including protection) can have positive carbon benefits.

Increased carbon stocks can also be accomplished through techniques that
reduce the time for stand establishment (such as site preparation, planting, and
weed control), increasing resources (especially nutrients) required 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 low-impact harvesting (reduce damage to residual trees and soil
structure), increased efficiency (reduced logging residue), and managing residues
to leave carbon on site.45 Despite the interest in all of these techniques, fundamental
scientific questions remain about how the ecosystems will respond to a rapidly
changing climate, including the allocation of photosynthate between above- and
belowground compartments, regeneration success, growth vs. respiration responses
— all of which have a direct influence on the carbon benefit a given technique
will achieve.

Nutrient fertilization has long been used to enhance stand productivity and can
result in increased C stocks in trees and soils,47 but its success is dependent on the
site conditions, and is therefore potentially susceptible to rapid climate changes. For
example, on more fertile sites the effect of fertilization is reduced as other factors
begin to limit growth.48 For planting, species selection and stocking are important
considerations and, depending on the management objective, planting fast-growing
species such as hybrid poplar can yield high carbon accumulation rates in early
years.49 For long-term sequestration, however, planting species adapted to the local
climate may be more effective.49 But what will be the local climate as the trees
approach maturity?

In all such interventions aimed at increasing forest ecosystem, or offsite, carbon
stocks, it is necessary to account for fossil fuel consumed in plantation establishment,
maintenance, and harvesting (see Figure 9.3). Thus while short rotation plantations
can provide an excellent opportunity to displace fossil fuel and, at the same time
provide (on average) a significant carbon stock in the plantation, significant direct
and indirect (fertilizer production) expenditures of fossil fuel are usually required
to realize these gains. An overview of forest-relevant, C sink-source interventions
is provided in Table 9.1.

9.6.2 MANAGING PRODUCTS AND SERVICES DERIVED FROM 
FORESTS FOR C BENEFITS

Products extracted from managed forest ecosystems play multiple roles in the global
carbon cycle:

3097_C009.fm  Page 187  Friday, November 18, 2005  6:31 AM



188 Climate Change and Managed Ecosystems

TA
B

LE
 9

.1
C

la
ss

es
 o

f 
M

an
ag

em
en

t 
A

ct
iv

it
ie

s,
 C

os
t 

an
d 

B
en

efi
ts

In
te

rv
en

ti
on

C
os

t 
C

om
m

en
ts

Sh
or

t T
er

m
 

(<
25

 y
rs

)
Lo

ng
er

 
Te

rm
M

ai
nt

ai
n 

an
d 

Pr
es

er
ve

 E
xi

st
in

g 
Fo

re
st

s
Pr

es
er

ve
 p

ri
m

ar
y 

fo
re

st
sa   

Fu
tu

re
 o

pp
or

tu
ni

ty
 c

os
ts

N
o 

ne
w

 s
in

k 
ad

de
d

Si
nk

 a
lr

ea
dy

 a
cc

ou
nt

ed
 f

or
+

H
al

t/s
lo

w
 d

ef
or

es
ta

tio
n 

E
lim

in
at

e 
ca

us
es

B
ig

 a
vo

id
ed

 e
m

is
si

on
s

+
+

+
+

+
+

+
–V

a
H

al
t 

lo
gg

in
ga

 F
or

go
ne

 e
co

no
m

ic
 a

ct
iv

ity
L

os
s 

of
 f

or
es

t 
se

rv
ic

es
 

+
– 

–V
a

In
cr

ea
se

 F
or

es
t 

A
re

a
A

ff
or

es
ta

tio
n 

an
d 

re
fo

re
st

at
io

na,
b

L
os

s 
of

 la
nd

 f
or

 o
th

er
 p

ur
po

se
s

O
ne

-t
im

e 
C

 g
ai

n
+

+
–V

a,
c

E
st

ab
lis

h 
an

d 
m

an
ag

e 
re

se
rv

es
Fu

tu
re

 o
pp

or
tu

ni
ty

 c
os

ts
?

O
ne

-t
im

e 
C

 g
ai

n 
+

–V
a,

c
M

ul
tip

le
 u

se
 (

e.
g.

, 
ag

ro
fo

re
st

ry
, 

sh
le

te
rb

el
ts

)
C

ro
ss

 s
ec

to
ra

l 
be

ne
fi

ts
+

+

R
es

to
ra

tio
n 

of
 d

eg
ra

de
d 

la
nd

s
Fe

as
ib

ili
ty

?
R

ea
so

n 
fo

r 
de

gr
ad

at
io

n 
am

el
io

ra
te

d?
+

+
–V

a
U

rb
an

 f
or

es
tr

y
E

ne
rg

y 
co

st
s/

be
ne

fit
s 

+
–V

c

In
cr

ea
se

 C
ar

bo
n 

D
en

si
ty

 (
C

 h
a–1

)
L

on
ge

r 
ro

ta
tio

n 
le

ng
th

R
ed

uc
ed

 s
ho

rt
-t

er
m

 y
ie

ld
 o

f 
pr

od
uc

ts
?

+
+

–V
a,

c
E

nh
an

ce
 t

re
e 

pr
od

uc
tiv

ity
Im

pl
em

en
ta

tio
n 

co
st

+
V

a,
 –

V
c

C
on

tr
ol

 s
ta

nd
 d

en
si

ty
 (

th
in

ni
ng

)
Im

pl
em

en
ta

tio
n 

co
st

T
im

be
r 

be
ne

fit
 b

ut
 t

ot
al

 b
io

m
as

s 
an

d 
D

O
M

 C
?

–?
–V

c

E
nh

an
ce

 n
ut

ri
en

t 
av

ai
la

bi
lit

y
Im

pl
em

en
ta

tio
n 

co
st

Fe
as

ib
ili

ty
E

ne
rg

y 
co

st
s

+
+

V
a

C
on

tr
ol

 w
at

er
 t

ab
le

Im
pl

em
en

ta
tio

n 
co

st
, I

nc
re

as
ed

 
C

O
2,

 r
ed

uc
ed

 C
H

4

So
il 

re
sp

ir
at

io
n,

 t
re

e 
gr

ow
th

+
–V

c

3097_C009.fm  Page 188  Friday, November 18, 2005  6:31 AM



Forests in the Global Carbon Cycle: Implications of Climate Change 189

Se
le

ct
ed

 s
pe

ci
es

 a
nd

 g
en

ot
yp

es
R

es
po

ns
e 

to
 c

lim
at

e?
 C

os
t; 

di
ve

rs
ity

 
im

pa
ct

s
+

– 
–V

c

Pr
ot

ec
t 

fr
om

 n
at

ur
al

 d
is

tu
rb

an
ce

, 
re

du
ce

 r
is

k
Im

pl
em

en
ta

tio
n 

co
st

Fe
as

ib
ili

ty
R

eq
ui

re
s 

on
go

in
g 

m
ai

nt
en

an
ce

+
+

+
– 

–V
a,

c

R
ed

uc
ed

 i
m

pa
ct

 l
og

gi
ng

Im
pl

em
en

ta
tio

n 
co

st
 

C
os

t, 
ex

te
nt

?
+

V
a

R
ed

uc
e 

re
ge

ne
ra

tio
n 

de
la

y
Im

pl
em

en
ta

tio
n 

co
st

 
Sm

al
l 

on
e-

tim
e 

ga
in

+
M

an
ag

e 
on

si
te

 l
og

gi
ng

 r
es

id
ue

s
Im

pl
em

en
ta

tio
n 

co
st

 
Fo

rg
on

e 
us

e 
in

 p
ro

du
ct

s?
+

+
V

a,
c

N
ot

e:
N

um
be

r 
of

 +
’s

 (
–’

 s
) 

in
di

ca
te

s 
ex

pe
ct

ed
 m

ag
ni

tu
de

 o
f 

C
 b

en
efi

t 
(d

ec
re

m
en

t)
, V

c 
in

di
ca

te
s 

ex
pe

ct
ed

 v
ul

ne
ra

bl
e 

to
 c

lim
at

e 
ch

an
ge

, 
an

d 
V

a
in

di
ca

te
s 

po
te

nt
ia

lly
 v

ul
ne

ra
bl

e 
to

 c
ha

ng
es

 i
n 

hu
m

an
 a

ct
iv

ity
.

a
K

au
pp

i 
et

 a
l.,

43
 F

ig
. 

4.
8.

b
In

cl
ud

es
 s

av
an

na
h 

th
ic

ke
ni

ng
 a

s 
a 

sp
ec

ia
l 

ca
se

.

3097_C009.fm  Page 189  Friday, November 18, 2005  6:31 AM



190 Climate Change and Managed Ecosystems

1. They act as an offsite, manageable carbon reservoir.
2. They can be burned to provide a renewable source of energy (direct

substitution).
3. They substitute for competing materials having a larger atmospheric CO2

footprint (indirect substitution).

Both direct and indirect substitution can add significantly to the mitigation potential
of forest products.

9.6.3 FOREST PRODUCTS AS A MANAGEABLE CARBON POOL

From a global perspective, the export of organic carbon from the forest ecosystem
where the CO2 is initially withdrawn from the atmosphere by photosynthesis to a
different location where it subsequently decomposes and releases the CO2 back to
the atmosphere, results in a spatial displacement of the source component (at the
site of the decomposing product) relative to a comparable sink component (in the
forest ecosystem). The net effect on atmospheric concentration is negligible unless
the rate of decomposition in the geographically displaced product pools is different
from that in the forest ecosystem from which it was removed. This separation of
apparent source (forest product) and sink (forest ecosystem) has interesting political
implications that have, to date, led to an impasse in attempts to incorporate forest
product carbon management in the Kyoto Protocol (who gets the credit — the
exporting country in whose forest the uptake of CO2 took place, or the receiving
country where the forest product reservoir management occurs?).

Despite these political difficulties, the carbon contained in forest products makes
a small, and manageable, contribution to the global carbon balance. The geographical
displacement of forest ecosystem uptake (sink) from the forest product decomposi-
tion (source) may also be required for reconciliation of observed geographical
distributions of atmospheric CO2 concentrations with atmospheric transport of CO2

from known emission sources and sinks.50,51

As a carbon reservoir, the size of exported product pools is the cumulative
difference between harvest inputs and depletions through decomposition and com-
bustion that release CO2 back to the atmosphere. Estimating the size of this pool
and its change over time is complicated by at least three factors: the difficulty of
tracking the flows of forest products through the multitude of uses society has found
for wood products; accounting for the changes over time in the reuse and recycling
of woody materials (including pulp and paper); and the wide geographical dispersal
of the products through trade (increasingly international). These factors make it
difficult to compile inventories of products with widely different half-lives, to esti-
mate the rates of product recycling between different half-lives, and to determine
the rates of decomposition and combustion (releasing CO2 back to the atmosphere)
at each stage in the product life cycle, each of which depends on the nature of the
product, its use, level of protection, and the local environment in which it is used
and discarded.

Despite these inherent uncertainties, estimates of the forest product pools have
been made at the global scale, where the pool is thought to be relatively small —
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between 5 and 10 Gt C.43 Despite its small size, the IPCC concluded that the potential
for an increased contribution to mitigating human perturbations to the global carbon
cycle are not insignificant: wood products “already contribute somewhat to climate
mitigation, but if infrastructures and incentives can be developed, wood and agri-
cultural products may become vital elements of a sustainable economy: they are
among the few renewable resources available on a large scale.”43

An increasing products pool releases proportionally more CO2. For a steady rate
of harvest inputs, the forest products pool in any given region eventually tends to
reach a plateau, at which point the accumulated forest products’ releases of CO2

become equal to the harvest inputs derived from the forest uptake of CO2. This may
be the reason analyses of forest product contributions to the national carbon balance
for countries with a long history of forestry, such as in Fennoscandia52 and the U.S.,53

tend to be relatively small. Where the forest product pools are young (and not yet
saturated), or where the harvest rate is increasing, the increases in the forest product
pool may still be significant. In Canada, for example, both of these factors may be
responsible for the increases of 23.5 Tg C yr–1 during the late 1980s — of the same
magnitude and nearly offsetting the net decreases (due to increased natural distur-
bances) in the carbon stocks of Canada forests for the same period.54

Although the decision has not yet been made on whether, or how, forest product
carbon pools will be accounted for under the Kyoto Protocol, there is little doubt
that their wise management can offer some degree of mitigation of the increases in
atmospheric CO2. Some general observations may help to guide management deci-
sions.

• Once harvest inputs cease, product pools can only act as a source of
atmospheric CO2 as they decompose or are incinerated as waste. On the
other hand, the CO2 sink generated in the regrowing forest was “created”
by the very act of harvesting and over time exactly balances the source
term, provided there was no degradation or improvement of site produc-
tivity. The source (decomposing or burned product) and the sink (regrow-
ing forest) are inherently linked; they are autocorrelated with a time delay.

• Forest products and the regrowing forest also constitute a spatially dis-
placed source–sink pair with the emission and uptake occurring at differ-
ent geographical locations. This spatial displacement presents political
challenges as the source and sink may therefore be accredited or debited
to different parties. It also arises in atmospheric inversion studies, which
must deal with the spatially separated CO2 emissions–receptor pair.50,51

• Retention of carbon in forest products is functionally similar to retention
in ecosystem detrital pools: if the half-life of carbon in the products is
greater than the natural half-life in the ecosystem, there is a net gain in
retained carbon in the forest managed for timber supply relative to the
natural ecosystem having the same age distribution.55

• The rate of loss from product pools is, in principle, under the control of
society through decisions made on the duration of use of the products and
their recycling fate. This includes also their final use as a source of energy
(see below).
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• As a rule of thumb, using long-lived forest carbon stocks to generate
short-lived forest products has a disproportionately positive impact on
CO2 emissions, relative to preserving the forest ecosystem stocks,56 but
this conclusion does not hold if the end use in the product chain is
bioenergy that substitutes for fossil fuel.

9.6.4 USE OF FOREST BIOMASS FOR BIOENERGY

In addition to their modest role as a manageable carbon reservoir, forest-derived
organic materials can also serve to reduce anthropogenic emissions in two important
ways: by supplying essential products and services that otherwise entail greater fossil
fuel CO2 emissions, and by directly supplying energy services (bioenergy). Figure
9.3 shows this emission reduction role as a control on the fossil fuel emissions.

Forest biomass is one of the oldest harnessed sources of energy for human
activities, providing both domestic heating and cooking functions, and as an indus-
trial source of energy (see Reference 57 and references therein). Globally, bioenergy
at present supplies about 14% of the primary energy needs.42 Where sustainably
produced bioenergy replaces, or avoids, the combustion of fossil fuel, it has a lasting
influence on the global carbon cycle, as explained below. The extent to which
sustainably produced forest products supply essential services that otherwise would
result in higher emissions from fossil fuel use, in their manufacture, or their oper-
ation, or their maintenance, makes a similar contribution. Moreover, the avoidance
of emission sources (Figure 9.2) can be additional to the role of forest products as
a managed carbon reservoir discussed above. Both the manufacturing residues gen-
erated during their production, and the forest products themselves after their serv-
iceable life, can be used to feed bioenergy supply systems.57–59

The trend of increasing replacement of traditional wood-based construction
products by cement, metals such as steel and aluminum, and plastics has an adverse
impact on the global carbon cycle by increasing the combustion of fossil fuel for
their production. For example, the CO2 emissions associated with electrical trans-
mission line towers is estimated at ~10 t C km–1 when manufactured from tubular
steel and ~4.3 t C km–1 from concrete, in contrast to the ~1 t C km–1 estimated for
roundwood poles.60 Similar ratios are found for other materials such as aluminum
and plastic, which require expenditures of energy in their production,60 but which
are increasingly becoming substitutes for traditional wood products.

Halting the increase in use of metal and plastic products in replacement of wood
products or increasing the substitution of these energy-intensive products by wood
benefits the carbon budget in multiple ways. The first is the energy expenditure
avoided, which is the net difference in CO2 emissions required to generate the product
from the raw materials. The second is the accrual of carbon in the forest products
pool. The third, with a longer-lasting impact, is the use of discarded forest products
for the production of bioenergy.

The importance of the contributions of forest products to emission reductions
lies in the relative permanence of the CO2 influence on the global carbon cycle. The
combustion of fossil fuels and forest biomass for energy both release comparable
amounts of CO2 to the atmosphere for the similar amounts of energy,57 and both
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fuel sources ultimately derive from the same source: the conversion of solar energy
to chemical bonds in organic carbon compounds through the process of photosyn-
thesis. Fossil reserves, however, were accumulated over millennia, with natural
inputs to and emissions from these deeply buried reservoirs occurring only slowly
on geological timescales. Until recently, the fossil reserves have played a negligible
part in the active global carbon cycle. Human withdrawal of fossil fuel from these
relatively inert reservoirs has effectively added new carbon to the active global carbon
cycle at a rate that has increased dramatically over the last 100 years. In contrast,
the burning of (modern) biomass simply returns to the atmosphere the CO2 that was
accumulated from the atmosphere in recent times, adding no new carbon to the
active global carbon cycle. Provided the forest ecosystems providing the feedstock
are managed sustainably,* there is no direct global change in the atmospheric CO2

concentration from the combusting modern biomass for energy, although there may
be additional emissions associated with the infrastructure for bioenergy systems.

Bioenergy derived from forest ecosystems takes many forms, ranging from
dedicated bioenergy plantations to co-generation of heat and electricity as a by-
product of product manufacture, and the capture and combustion of methane from
landfills. The net impact on the global carbon cycle varies with the efficiency of
these production systems and the extent to which the expenditure of fossil fuel is
required in their production, distribution, and use.57 In addition, the economic fea-
sibility depends strongly on the availability of land for bioenergy purposes, with
costs rising steeply if other production uses are displaced.57,61

Including both forest and agricultural systems, global bioenergy production in
the year 2050 could be between 95 and 280 EJ (1 EJ is 1018 joules = 2.28 1015

KWhrs).62 This would supply 5 to 25% of the projected energy needs under some
future development scenarios,63 and potentially avoid fossil fuel emissions of 1.4 to
4.2 Gt C yr–1 in 2050.64 The maximum potential of bioenergy could be as much as
five times greater,62 but this would require significant infrastructure development.
Similar projections of ~4 Gt C yr–1 avoided fossil fuel emissions and carbon seques-
tration by about 2040 were estimated in computer simulations of an ambitious global
program of sustainable development of community-scale short-rotation bioenergy
plantations estimated by Read 1999, as reported by Sampson et al.65

9.7 CONCLUSIONS: THE GLOBAL FOREST SECTOR 
AND THE GLOBAL CARBON CYCLE

We asked initially if forests were part of the problem or part of the solution, and
have tried to show that they are part of both. Forests and their management are not
the largest source of the problem, nor can they be its sole solution. However, our
past and present use of the forest land base, especially through deforestation, has
had and continues to make a double contribution to the increase in atmospheric CO2

through the reduction in the planet’s photosynthetic capacity, and through the elim-
ination or dramatic reduction of the carbon stocks associated with the former forests.

* “Sustainable” in this context means that the net forest ecosystem uptake of CO2 (NEP) is at least as
great as the net CO2 emissions from the combustion of the exported biomass.
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This is an important part of the problem. Reduction of the rate of deforestation will
have an immediate and lasting impact on CO2 emissions and on atmospheric CO2

concentrations, in addition to other associated environmental benefits.
Forest responses to changes in the global environment, including Earth’s climate,

may also contribute to both the problem and its solution.
Although terrestrial ecosystems appear to currently accommodate nearly 60%

of the direct anthropogenic perturbation inputs of CO2 to the atmosphere, the natural
physiological mechanisms that are thought to be responsible for this increased uptake
are not likely to function as effectively in the future. Thus, in the absence of
purposeful mitigation, the land-based CO2 sink will likely decrease and could even
become a source over the coming century,66 leading to even greater climate changes.

Sustainable development in forestry has an important role to play in reversing
these trends. This role is not restricted to the maintenance or enhancement of carbon
stocks in forest ecosystems, but also can help to alleviate the underlying causes of
deforestation by providing economic benefits. Although there are many activities
that can be undertaken in the management of forest ecosystems to this end, their
specific costs will vary. As climate change proceeds, more expensive activities will
become necessary for additional mitigation.

The sustainable use of forest products, including the production of energy sup-
plies that displace the use of fossil fuels, may make a significant contribution to
mitigate climate change in the longer term because such use avoids the entry of new
carbon into the active part of that cycle, while supplying essential goods and services
to society. These avoided emissions accrue both from the use of forest biomass to
supply energy (either directly or as a last stage in the life cycle of forest products)
and from the use of forest-derived products as substitutes for materials that require
large expenditure of energy (typically from the combustion of fossil fuels).

Management activities that enhance or protect carbon stocks in forest ecosystems
include reducing the regeneration delay through seeding and planting, enhancing
forest productivity, changing the harvest rotation length, the judicious use of forest
products, and forest protection through control and suppression of disturbance by
fire, pests, and disease. At the same time, the flow of material goods and services
from a thriving forest products sector not only reduces the dependence on more
energy-intensive products, such as cement, but also provides economic benefits that
can help pay for such forest-enhancing activities. The sustainable use of forests
thereby offers a potential win–win situation: maintenance of carbon stocks in healthy
forest ecosystems, the cost of which can be offset by the continuous stream of forest
products, which themselves help avoid the direct input of new carbon into the
atmosphere. Good forestry can be part of the solution.

Protection of forest carbon stocks from intensifying and recurring disturbance
events solely as a mitigation strategy is likely neither efficient nor effective as a
long-term measure. This is especially true of wildfires where increasingly large
financial expenditures will be needed to protect vulnerable forests. The situation is
analogous to paying high rent: C pools are only retained as long as the protection
continues, and are lost when the next fire comes along. On the other hand, if
protection is coupled with sustainable forest utilization, transferring C to long-lived
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forest products, then potentially significant gains in terrestrial C retention can be
realized, both on- and offsite.

Although it is straightforward to quantify the direct anthropogenic inputs of CO2

to the atmosphere, a quantitative understanding of the rates of atmospheric increase
remains a challenge, precisely because of the strong feedbacks exerted by terrestrial
and ocean ecosystems to the changes. Understanding the biospheric feedback — the
response of the world’s biota to the perturbations — is needed:

• To gauge the magnitude of future impacts
• To identify realistic mitigation opportunities that can help reduce or avoid

further adverse perturbation of the C cycle–climate system
• To design, implement, and monitor appropriate mitigation activities
• To design and implement adaptation strategies that can help society to

cope with those changes that are unavoidable

The quantification of C-related costs and benefits from sustainable forest manage-
ment, and of the impacts of climate change on forest C sinks and sources also
remains a challenge, requiring:

• Improved methods and data for assessing vulnerable C pools and the
processes affecting them

• New and improved models for predicting the fate of these pools in a
changing environment

• New tools and data to monitor and verify the predictions over large scales

Over the past decade, there has been a dramatic improvement in the science of
interactions between climate and forests. Particular advances have been made in
understanding landscape-level carbon dynamics through the implementation of
large-scale manipulative experiments and advanced monitoring programs, and in the
development of practical forest-oriented remote-sensing technologies. Further
advances are critically important to understand the dynamics and impacts of human
activities on changing carbon uptake by terrestrial ecosystems. Part of this challenge
is the identification of mitigation opportunities that can help reduce or avoid further
adverse perturbation of the carbon cycle–climate system. A significant component
of this is the development of predictive tools that incorporate human decision making
and social behavior as an integral part of the analytical process. This task has recently
been initiated by the Global Carbon Project of the Earth Systems Partnership.67
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