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Introduction
Earth’s climate has changed during the past century and will continue to

change significantly over the next few centuries. Despite relatively modest
changes of + 0.6 ± 0.2 oC in global mean temperature so far, ecological impacts
and disruptions to human infrastructure are already evident. The predicted
changes for the next 50 to 100 years are larger and faster than previously
thought (Intergovernmental Panel on Climate Change [IPCC], 1990; 2001). They
are also more certain. Without purposeful mitigation, changes in 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 oC above the temperatures of the 1990s
(Reilly et al., 2001) – itself a decade of record-breaking temperature (World
Meteorological Organization [WMO], 2002).

Change has not been, and will not be, evenly distributed over the planet.
Climate changes are greatest at mid- to high latitudes and over continental land
masses, where large populations dwell and rely on ecosystem services for their
sustenance. Nor are the changes expected to be simple linear increases in tem-
perature or other climatic variables: abrupt and inherently unpredictable
changes (surprises) similar to those seen in the geological record must be expect-
ed in the future. The impacts that have already been recorded over the twenti-
eth century will likely intensify over the twenty-first, profoundly affecting
natural ecosystems and the services that society has come to depend on.

Climate change is arguably the most important environmental issue of the
twenty-first century. It will have significant implications for resource manage-
ment strategies. Are forests and forestry part of the problem or part of the solu-
tion (Apps and Kurz, 1991)? This paper examines the contribution of forest
ecosystems and their management to the global carbon cycle.

Climate change and the global carbon cycle
In 2001 the IPCC concluded that most of the warming observed over the

last half of the twentieth century can be attributed to human activities that have
increased greenhouse gas concentrations in the atmosphere. They also warned
that these changes will continue to drive rapid climate changes for several cen-
turies to come (IPCC, 2001). Chief amongst these greenhouse gases is CO2, whose
atmospheric concentrations have been dramatically altered by human perturba-
tions to the global carbon cycle.
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Over at least the 420 000 years prior to the twentieth century, the atmos-
pheric concentration of CO2 only varied between ~ 80 ppmv (parts per million
volume) (during the glaciations when the global temperature was 8 – 9 oC cold-
er than today) and ~ 180 ppmv (during the interglacial periods where the tem-
perature was similar to present values). This range of variation in atmospheric
CO2 is remarkably narrow, given that its concentration is determined by a high-
ly dynamic biogeochemical cycle.This suggests that the global carbon cycle was
controlled by powerful biological feedback processes to maintain a close balance
between net photosynthetic uptake of CO2 by the biosphere and its total respi-
ration—the net source and sink strengths of the biosphere was very close to zero
over at least the last 420,000 years.

There is convincing evidence that the biosphere has played a major role in
regulating Earth’s climate. In particular, recent data shows that although there
have been periods during which Earth’s temperature changed abruptly without
discernable accompanying changes in the atmospheric CO2 concentrations, the
converse does not appear in the glacial-interglacial records (Smith et al. 1999).
The warming from glacial to interglacial conditions was relatively rapid, while
the cooling phase leading to glaciation was initially rapid (possibly suggesting
perturbation by an external event), but eventually gradual (indicating strong
feedbacks that act to counter the change). These patterns suggest a long-term
asymmetry in the global rates of CO2 uptake and release by the biosphere
(Falkowski et al. 2000). The terrestrial and ocean ecosystems act as buffers to
maintain the global temperature in a habitable range. In contrast to the long-
term record, the atmospheric CO2 concentration today is ~ 370 ppmv – nearly
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Figure 1 The natural terrestrial carbon cycle
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35% higher than at any time in the past 420 000 years – as a result of human per-
turbations to the global carbon cycle. The concentration is also rising at a rate
that is at least ten times and perhaps as much as one hundred times faster than
ever before observed (Falkowski et al., 2000). Clearly the biosphere’s regulation
of the global carbon cycle – and hence the climate system – has changed.
Although it is straightforward to quantify the direct anthropogenic inputs of
CO2 to the atmosphere, a quantitative explanation of the rates of atmospheric
increase has proven immensely challenging, precisely because of the strong
feedbacks exerted by terrestrial and ocean ecosystems to the changes.
Understanding of the biospheric feedback – the response of the world’s biota to
the perturbations – is needed both to gauge the magnitude of future impacts
and to design appropriate mitigation actions.

Human perturbations to the global carbon cycle
Human perturbations to the carbon cycle have been both direct and indi-

rect. Obvious direct effects are the addition of new carbon to the active1 global
carbon cycle through the combustion of fossil fuels, and the modification of the
vegetation structure and distribution through land-use change. Deforestation,
the removal of forest vegetation and replacement by other surface cover, has
the largest land-use change impact on the carbon cycle, both through the loss of
photosynthetic capacity in forest vegetation and the simultaneous release of
large carbon stocks accumulated in forest ecosystems over long periods of time.
Indirect human impacts on the carbon cycle include changes in other major glob-
al biogeochemical cycles, alteration of the atmospheric composition through the
additions of pollutants as well as CO2, and changes in the biodiversity of land-
scapes and species.

Currently about three-quarters of the direct human perturbations to the
global carbon cycle are due to fossil-fuel combustion, emissions of which cur-
rently exceed 6 Gt C/yr (gigatonnes of carbon per year) and are still increasing.
To provide perspective, this emission is equivalent to the total incineration of
half of all the trees in Canada – with no residues, charcoal or soot. Every year.
Since the mid-nineteenth century, however, the cumulative addition of anthro-
pogenic CO2 to the atmosphere by land-use change has been nearly as large 
(~ 156 Gt C) as that from fossil fuel use (~ 280 Gt C), and continues to be an
important anthropogenic emission (2.2 Gt C/yr) (Houghton, 2003).

Of the 7.6 ± 0.8 Gt C/yr of CO2 added to the atmosphere by human activi-
ties during the period 1980 to 1995, only 3.2 ± 1.0 Gt C/yr remains there, with
the rest taken up about equally by the oceans and by terrestrial ecosystems
(Houghton, 2000)2. Earth’s biosphere thus actively removes some of the new car-
bon that humans have added. Terrestrial ecosystems, in particular, sequestered
(took up and retained) 2.3 ± 0.9 Gt C/yr, even after accounting for the loss of 
2.0 – 2.2 Gt C/yr from deforestation (Houghton, 2003).
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1 “Active” is used here to distinguish the carbon pools and processes that dominate the
exchange that occurs on time scales of the order of years to decades, from those that
are important on geological time scales, such as the accumulation of organic carbon in
fossil fuel reserves.

2 The error estimates (±) given are the standard deviations of annual variability, not the
overall uncertainty (Houghton, 2003).
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Of pressing importance in the search for mitigation strategies – activities
that slow or reverse the buildup of atmospheric CO2 – is the understanding of
the mechanisms responsible for the present net biospheric uptake. Will these
mechanisms continue to offset direct anthropogenic emissions? Or will they
decline in strength, or even fail entirely as the carbon cycle-climate system moves
into a new mode of operation (Falkowski et al., 2000), as several new terrestrial
and ocean model simulations alarmingly suggest (Betts et al., 1997; Sarmiento et
al., 1998; Cox et al., 2000)? Answers to these questions are of obvious impor-
tance to human society.

The anatomy of sources and sinks at the stand and landscape scale
A forest ecosystem acts as a “sink” (a net removal of atmospheric CO2)

when there is an increase in the sum of all carbon stocks retained in the forest
vegetation itself and the derived stocks of organic carbon in other reservoirs.
The most important of these derived reservoirs are the detritus and soil organic
matter pools of the forest ecosystem.

Figure 3 shows the conceptual pools and transfers of carbon involved in
forest ecosystems and in the forest sector. In addition to the ecosystem com-
partments (vegetation, detritus and soil pools) and the exported pools that are
located off-site (including forest products and the waste created during their
manufacture and abandonment in landfills), the use of fossil-fuel reserves by the
forest sector is also shown.

The net carbon balance in a forest ecosystem (NEP) can be estimated by
summing all the changes in ecosystem carbon stocks (the ’inventory’ method), or
by direct measurement of the net exchange of CO2 with the atmosphere (e.g.
eddy correlation techniques). Provided all stocks and fluxes are accounted for,

Environmental functions — Climate change

142 XII World Forestry Congress: Area B – Forests for the planet

Figure 2 Human perturbations (Gt C yr-1) to the global carbon cycle during the
1990s. Land uptake is inferred as residual of other fluxes and observed
increase in atmosphere. Data from Houghton 2002.

B Volume ANG_142.ps  08/09/03  14:16  Page 142



the two approaches must give identical answers (conservation of mass). In prac-
tice, a combination of the two approaches is used.

The net carbon balance of a given stand of trees (patch) varies with the
prevailing conditions (affecting rates of CO2 uptake and release) but also
depends strongly on the stage of development of the stand and its past history.
At the landscape (or biome) scale, a forest is a mosaic of many stands of trees
(individual ecosystems) in various stages of development. The net carbon bal-
ance at this scale is the summation across all such ecosystems in the landscape.
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Figure 3 Carbon fluxes (arrows) and pools (boxes) involved in the forest sector
budget. Smoothly varying fluxes include GPP = gross primary produc-
tion, Ra = autotrophic respiration, Rh = heterotrophic respiration, 
Roff = offsite respiration, L= litter fall (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. Fluxes from offsite
carbon pools (products, landfills, POC=particulate organic carbon,
DOC=dissolved organic carbon  in water or air) are lumped into one
flux Roff. The influence of bioenergy and use of forest products on
fossil fuel use is shown as a control valve.
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Change in the net carbon accumulation at the landscape scale thus has two
components: changes in the productivity of the individual ecosystems with envi-
ronmental variations and the changes in the age-class distribution associated
with landscape variation in mortality and recruitment. The age-class distribution
is a histogram of the fraction of the forest in each age class (typically 10 or 
20 years), and is a record of past mortality and recruitment events.

Landscape sources and sinks of atmospheric carbon can arise from changes
in ecosystem productivity or from changes in the disturbance regime. If the dis-
turbance rates increase, the age-class distribution shifts to the left (younger
stands) and the total carbon retained in the ecosystems in the landscape decreas-
es – the landscape is a transient net source of CO2 to the atmosphere until a new
stable age-class distribution is reached. (If carbon is transported out of the
ecosystem landscape to decompose in off-site reservoirs, such as 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 distribu-
tions shift to the right (older forest stands) and carbon stocks increase with a
transient net removal of CO2 from the atmosphere.

The existing land-based carbon sink and its likely future
Until recently, the net land-based carbon sink required to balance the per-

turbed global carbon budget (Figure 2), was explained primarily by enhanced
forest uptake rates – increased GPP – associated with elevated atmospheric CO2,
increased nutrient inputs from pollution, and a positive response to global tem-
perature increases. Changes in land-use practices, however, are now known to
be responsible for some of the present land-based sink.

While physiological mechanisms driven by variations in climate can explain
some of the short-term changes (seasonal to interannual) in forest ecosystem C
uptake (GPP), the trends in longer-term net uptake and retention (GPP-R) are
less certain (Canadell et al., 2000, Steffen and Tyson 2001). The distribution of
the carbon taken up within forest ecosystems, and the respiration from these
enhanced carbon stocks, may also increase in response to the same environmen-
tal stimuli. In addition, each of the stimulation mechanisms has limiting factors
that eventually lead to a decrease in its importance over time (Canadell et al.
2000). Finally there is a concern that changes in the disturbance regime (rate,
intensity and form) will increase substantially with climate change. The impact
of changes in disturbance regime over the last few decades in Canada’s forests
has been shown to be responsible for a shift of these forests from a significant
sink to a small source of atmospheric CO2 (Kurz and Apps, 1999).

Mitigation opportunities
Land management, especially forestry and forest management, can con-

tribute to mitigation aims both by maintaining healthy ecosystems and thereby
helping to maintain, if not increase the natural land-based carbon sink, and by
reducing anthropogenic emissions of CO2 from these forests (Figure 2). These
two opportunities are not mutually exclusive, and will be briefly described in
very broad terms.

Forest management to increase or maintain terrestrial ecosystem carbon
The various forest ecosystem management activities that have been pro-

posed (Binkley et al., 1998; Kauppi et al., 2001) can be grouped into three broad
approaches: strategies that seek to maintain and preserve existing forests; those
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that aim to increase the area of land under forest; and those that attempt to
increase the carbon stock density on the forested land (C/ha).

Managing services derived from forests for carbon benefits

Products extracted from managed forest ecosystems play multiple roles in
the global carbon cycle: they act as an off-site, manageable carbon reservoir;
they can be burned to provide a renewable source of energy; and they substi-
tute for competing materials having a larger atmospheric CO2 footprint.

Forest products as a manageable carbon pool

The trade of forest products 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 carbon contained in forest prod-
ucts makes a small, and manageable, contribution to the global carbon balance.

Globally, the net effect on atmospheric concentration is negligible unless
the rate of decomposition in the geographically displaced product pools is dif-
ferent from that in the forest ecosystem from which it was removed. Controlling
these rates through wise management, however, can offer some degree of mit-
igation of the increases in atmospheric CO2.

Use of forest biomass for bioenergy

Forest-derived organic materials can also serve to reduce anthropogenic
emissions in two important ways: by directly supplying energy services (bioener-
gy) and by supplying essential products and services that otherwise cause fossil
fuel CO2 emissions. (Figure 3 shows this emission reduction role as a control on
the fossil-fuel emissions.)

The trend of increasing replacement of traditional wood-based construc-
tion products by cement, metals such as steel and aluminium, and plastics has an
adverse impact on the global carbon cycle by increasing the combustion of fos-
sil fuel for their production. For example, the CO2 emissions associated with elec-
trical transmission line towers is estimated at ~ 10 t C/km when manufactured
from tubular steel and ~ 4.3 t C/km from concrete, in contrast to the ~ 1 t C/km
estimated for roundwood poles (Richter, 1998). Similar ratios are found for other
materials such as aluminum and PVC, that require expenditures of energy in
their production (Richter, 1998), but which are increasingly becoming substitutes
for traditional wood products.

Conclusions: The global forest sector and the global carbon cycle
Over the past 420 000 years or more, the global carbon budget has been

remarkably stable, with small changes (± 20%) in the net balance, expressed by
atmospheric carbon stocks, accompanying relatively small fluctuations (± 5 oC) in
the global average temperature. The nineteenth century, however, witnessed
the start of a dramatic change in this balance that today has already seen a 68%
increase in CO2 relative to the average of the past 420 000 years, an increase
whose rate is still rising. This change has been driven by human perturbations to
the global carbon cycle. These perturbations have been both direct, introducing
new carbon to the active cycle through fossil-fuel use and land-use change, and
indirect, affecting the biospheric part of the active carbon cycle through other
environmental changes, and through perturbations to other global biogeo-
chemical cycles. The observed response of the global climate system to this
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change over the last 100 years, expressed in terms of global mean temperature,
is modest (+ 0.6 oC) but has already caused detectable impacts.

The predicted changes in climate over the next 100 years are more certain
and predicted to be higher, and faster, than previously estimated – as much as 
+ 6 oC or more by 2100. Although terrestrial (and ocean) ecosystems currently
accommodate ~ 60% of the direct anthropogenic inputs of CO2 to the atmos-
phere, the physiological mechanisms thought responsible for this increased
uptake are unlikely 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 (Cox et al., 2000), 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 enhance-
ment of carbon stocks in forest ecosystems but can include reduction of fossil-
fuel emissions. The sustainable use of forest products – including bioenergy to
displace the use of fossil fuels and avoiding the use of alternative materials with
a higher energy content – may make a much more significant contribution to
mitigating climate change in the longer term, because it avoids the introduction
of new carbon into the active carbon cycle, while supplying essential goods and
services to society.

The sustainable use of forests can provide a potential win-win situation:
maintenance of carbon stocks in healthy forest ecosystems, the cost of which
may be offset by the continuous stream of forest products, which themselves
help to avoid the direct input of new carbon into the atmosphere. Good forestry
is part of the solution.
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