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To understand how boreal forest carbon (C) dynamics might respond to anticipated climatic
changes, we must consider two important processes. First, projected climatic changes are expected to
increase the frequency of fire and other natural disturbances that would change the forest age-class
structure and reduce forest C stocks at the landscape level. Second, global change may result in
increased net primary production (NPP). Could higher NPP offset anticipated C losses resulting
from increased disturbances? We used the Carbon Budget Model of the Canadian Forest Sector to
simulate rate changes in disturbance, growth and decomposition on a hypothetical boreal forest
landscape and to explore the impacts of these changes on landscape-level forest C budgets. We found
that significant increases in net ecosystem production (NEP) would be required to balance C losses
from increased natural disturbance rates. Moreover, increases in NEP would have to be sustained
over several decades and be widespread across the landscape. Increased NEP can only be realized
when NPP is enhanced relative to heterotrophic respiration. This study indicates that boreal forest C
stocks may decline as a result of climate change because it would be difficult for enhanced growth to
offset C losses resulting from anticipated increases in disturbances.
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1. INTRODUCTION
A significant but declining portion of anthropogenic

carbon dioxide (CO2) emissions is sequestered by the

world’s oceans and terrestrial ecosystems (Canadell et al.
2007a; Denman et al. 2007). Without these land and

ocean sinks, atmospheric greenhouse gas (GHG)

concentrations would grow much faster than presently

observed. Mid- and high-latitude ecosystems in the

Northern Hemisphere appear to be responsible for the

largest portion of the net terrestrial carbon (C) sink

(Myneni et al. 2001; Goodale et al. 2002; Dargaville et al.
2006). High-latitude ecosystems are, however, also likely

to be among the most affected by projected climatic

changes. This could result in a reduction in their

contribution to the sink or contribute to potentially

serious climate feedbacks if these systemswere to become

net sources. The average global terrestrial uptake was

1.0G0.6 Gt C yrK1 in the 1990s and 0.9G0.6 Gt C yrK1

during 2000 to 2005 (Denman et al. 2007), and some

models predict that this sink could become a source by

the middle of the twenty-first century (Cox et al. 2000). If

the sink currently contributed by high-latitude terrestrial

ecosystems reverts to a source, the rate of increases in

future atmospheric GHG concentrations will increase,

even if anthropogenic GHG emissions were reduced.

Global change has the potential to have both negative

and positive consequences for net biome production
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(NBP) of the world’s high-latitude terrestrial ecosystems.
It remains unclear, however, whether the combined (net)
effect of all factors will push these ecosystems towards
sink or source. The circumpolar boreal forest is one of the
most important high-latitude ecosystems, covering an
area of 13.7 Mkm2 and containing a large fraction of the
planet’s terrestrial C (471 Gt C in soils and 88 Gt C in
vegetation, or 23 and 19% of the estimated global totals,
respectively; IPCC 2000). Significant changes in both
forest productivity and forest disturbance regimes are
being projected for boreal forest ecosystems (Flannigan
et al. 2005a,b; Euskirchen et al. 2006).

An increase in severe summer fire weather con-
ditions is projected for most of the North American
boreal biome, and this is expected to lead to a sharp
increase in the area burned by wildfire (Flannigan et al.
2005a). Flannigan et al. (2005b) project that, under a
3!CO2 scenario, the area annually burned could
increase by 74–118% by the end of the current century.
Earlier projections based on a more modest 2!CO2

scenario also suggested large increases in area burned
annually (Flannigan & van Wagner 1991; Price & Rind
1994). Large increases in the area burned by wildfire
will increase direct GHG emissions, but will also
increase residual emissions from the decomposition of
dead organic matter, including the biomass killed by
fire. Increases in the area annually burned would also
have a strong impact on future forest succession
(de Groot et al. 2003) and age-class distributions (Kurz
et al. 1998; Kurz & Apps 1999), thereby influencing the
capacity of the forest landscape to sequester and store
C (Thornley & Cannell 2004). Already in the latter half
This journal is q 2007 The Royal Society
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Figure 1. Initial age-class distribution of the 100 000 ha
hypothetical boreal forest landscape for all scenario analyses.
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of the twentieth century, the area burned annually by
wildfire in Canada has increased (Stocks et al. 2002),
with consequent negative implications for C dynamics
(Kurz & Apps 1999; Kang et al. 2006).

In addition to increased fire disturbance rates,
changes in insect disturbance regimes are also antici-
pated, including range expansions and intensification
of outbreaks (Kurz et al. 1995; Logan et al. 2003;
Carroll et al. 2004). Recent observations suggest that
such changes are already taking place (e.g. Berg et al.
2006; Carroll et al. 2006). Changes in disturbance
regimes will have important implications for future
boreal forest C dynamics (Kurz & Apps 1995; Kurz
et al. 1995).

On the positive side, several global change-related
processes could lead to significantly enhanced forest
productivity. Chief among these are: (i) elevated
atmospheric CO2 concentrations, (ii) increased atmos-
pheric N deposition, and (iii) longer growing seasons.
The combined effect of these processes on the longer-
term net C balance remains a topic of scientific
discussion (Angert et al. 2005; de Vries et al. 2006;
Euskirchen et al. 2006), but remote sensing data
suggest that these factors could be driving substantial
increases in photosynthetic activity (Myneni et al.
1997; Slayback et al. 2003). Estimates suggest that
net primary production (NPP) has increased by 6%
globally during the 1980s and 1990s (Nemani et al.
2003), and atmospheric inversion studies suggest that
C storage in the boreal forest has been increasing since
the early 1980s (Dargaville et al. 2006). On the other
hand, there is also evidence of a decline in NPP for
boreal regions since 2000 (Bunn et al. 2007). Even if
there is increased NPP as a result of global change in
boreal forest regions, this will not necessarily result in a
C sink, even in the absence of disturbance. Longer
growing seasons and other projected climatic changes
will also increase dead organic matter decomposition
rates, and the ultimate outcome for net ecosystem
production (NEP) may not always be positive
(Euskirchen et al. 2006; Thompson et al. 2006;
Canadell et al. 2007b). Even so, Chen et al. (2006)
did find that boreal ecosystems can sequester more C
during warmer years.

If NEP were enhanced on average across the boreal
forest biome, what magnitude of enhancement would
be required to offset C losses associated with increased
disturbance rates? In this paper, we report the results of
a series of numerical simulation modelling experiments
aimed at defining, for a hypothetical boreal forest
landscape, the response surface of net C stock changes
as affected by changes in productivity and disturbance
rates. We specifically seek to identify the break-even
domain in which the total amount of C stored remains
unaffected because changes in disturbance rates are
balanced by changes in productivity.
2. MATERIAL AND METHODS
Numerical simulation modelling experiments were con-

ducted for this study using the Carbon Budget Model of

the Canadian Forest Sector (CBM-CFS3; Kurz et al. 1992;

Kurz & Apps 1999; Kull et al. 2006). The CBM-CFS3 is a

stand- and landscape-level forest C dynamics computer
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simulation model. Rates of tree growth are defined in the

model by yield curves that describe the rates of merchantable

wood volume accumulation over time, referenced to stand

age. Merchantable wood volume increments are converted

into above- and below-ground biomass C increments

inside the CBM-CFS3 using a system of stand-level

volume-to-biomass conversion models developed for Cana-

dian forest ecosystems (Boudewyn et al. 2007), and by

assuming a C content of 0.5 t C tK1 biomass. Merchantable

volumes are used as starting points for biomass C dynamics

simulation in the CBM-CFS3 because a vast body of

information on merchantable wood growth has been

compiled by forest industry and forest management agencies

across Canada, whereas information on total volume or

biomass is limited.

NPP is calculated in the CBM-CFS3 as the sum of annual

net biomass increment plus the annual production of detritus,

including foliage and fine root turnover, and any other

biomass components that are added to dead organic matter.

In the CBM-CFS3, estimates of NPP do not include non-tree

(i.e. shrub, herbaceous or bryophyte) production. NEP is

calculated as NPP minus all losses from heterotrophic

respiration (Rh; i.e. all decomposition losses). Finally, net

biome production (NBP) is calculated as NEP minus all

losses from disturbances and forest management activities.

NBP is the net C flux between the forest landscape and the

atmosphere, accounting for all stand and landscape pro-

cesses. There is no need to make assumptions about the fate

of harvested biomass C because we do not simulate harvest in

this experiment.

A forest inventory was constructed for a 100 000 ha

hypothetical boreal forest landscape consisting entirely of

even-aged stands. Biomass dynamics for all stands in this

hypothetical landscape were characterized by a single yield

curve. The starting landscape-level age-class structure for all

scenario analyses was a negative exponential age-class

distribution (figure 1) generated by simulating a constant

100-year fire return interval (i.e. 1% of the area is burned per

year with random selection of areas to burn; van Wagner

1978). The model initialization procedure used to produce

this initial age-class distribution was also used to produce the

initial dead organic matter and soil C stocks. In this

initialization procedure, the constant 100-year fire return

interval disturbance regime was simulated over centuries to

obtain a landscape in steady-state conditions. At the end of

the model initialization phase, the age-class structure was
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Figure 2. Yield curves used to define biomass C dynamics in
the scenario analyses.
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Figure 3. NPP response to an immediate change in
merchantable volume yield in the 100 000 ha hypothetical
boreal forest landscape shows a time lag. Average NPP over
the landscape is still in the process of responding to the
merchantable volume yield change, even after 200 years.

Productivity and carbon cycling W. A. Kurz et al. 2263
stable (i.e. unchanging), as were the C stocks in biomass,

dead organic matter and the soil. In this condition, annual

growth and C uptake in the landscape was balanced by the

annual direct emissions from fires and the C release from

decomposition (Kurz et al. 1998).

To quantify the response surface of changes in C stocks in

response to changes in fire regime, growth rates and

decomposition rates, we constructed two sets of 81 scenarios.

Each set of 81 scenarios was generated by combining one out

of nine growth rate assumptions with one out of nine

disturbance rate assumptions. The nine growth rate assump-

tions included the base growth rate plus eight assumptions of

changed growth rates ranging from K20% to C20% in 5%

increments. Similarly, disturbance rates ranged from K20%

to C20% of the base assumption, in 5% increments. In the

first set of 81 scenarios, we held decomposition rates at their

base levels and, in the second set, we increased decom-

position rates by the same amount as the growth rates

(proportionally) and maintained these changed decom-

position rates throughout the model simulations. For the

second set of 81 scenarios, we simulated only key points on

the surface (corners and central axes) and interpolated the

results of the remaining scenarios.

The 81 scenarios were not designed to represent changes

in growth and disturbance rates brought about by global

change per se, but to allow us to construct a response surface

in order to evaluate how C dynamics in our hypothetical

boreal landscape respond to different combinations of

changes in growth and disturbance rates. This response

surface can then help us quantify which combinations of

changes in growth and disturbance rates will push the system

towards net C sink or source.

(a) Growth rate scenarios

The CBM-CFS3 uses empirical yield curves rather than

process simulation. Thus, it cannot be used to predict climate

change impacts on forest growth through simulation of

ecosystem processes. Growth rates can be modified, however,

and applied in scenario analyses to explore the impacts on

forest C dynamics. In this study, the base yield curve used to

drive biomass C dynamics for all stands in our hypothetical

landscape was scaled upwards or downwards to simulate

changes in productivity (figure 2). The base yield curve

describes the growth of typical, fully stocked Picea glauca

(white spruce) stands growing on high-quality western

Canadian boreal sites. Although this type of stand is more

productive than Picea mariana (black spruce) ecosystems that

are characteristic of higher latitude or more eastern North

American boreal forests, it is representative of the productive
Phil. Trans. R. Soc. B (2008)
regions of Canada’s western boreal that is also subject to

frequent fire disturbances. We simulated nine different

growth scenarios, ranging from C20% growth to K20%

growth. All scenarios started from the same initial condition,

which was developed using the base growth curve. The

change to the new yield curves occurred as a step function at

the start of the scenario simulations. In each scenario, the

entire landscape was simulated for 200 years using the new

yield curve.

Although our growth scenarios implement the shift from

base to new growth rates as a step function, it is important to

note that the NPP increase across the entire landscape is more

gradual. Figure 3 shows that changes in growth rates initially

resulted in relatively small changes in NPP, and that NPP

increased over time. In the C20% growth scenario, NPP

increased by 8% after 50 years at the new growth rate, but by

200 years NPP had been elevated by 15% relative to base

NPP. There are two reasons for this delayed response of NPP.

First, NPP is calculated in the CBM-CFS3 as the sum of

annual net biomass increments plus the annual production of

detritus. Above-ground litterfall and biomass turnover are

parametrized as fixed proportions per annum for each

biomass C pool, so detritus production only increases as

biomass C stocks increase, which takes time. Second, in our

hypothetical landscape, some stands have matured to the

point where the growth curve indicates zero net growth and

do not exhibit any change in productivity as a result of the

change in growth scenario. Following stand-replacing

disturbance, the stands will resume growth at the rates

defined for each scenario.

Detrital production is parametrized in the CBM-CFS3 as

fixed annual turnover proportions for each biomass pool

(Kurz & Apps 1999). Under different growth scenarios,

detrital production therefore increases or decreases in

proportion to changes in biomass stocks. This is a simplistic

representation of detrital production and does not take into

account any changes in litterfall rates or stem mortality rates

that might accompany changes in growth rates brought about

by global change factors.
(b) Decomposition rate scenarios

Decomposition rates were adjusted only in the second set of

scenarios. These rates were modified by adjusting the decay

rate parameters for each of the dead organic matter and soil

organic C pools in the CBM-CFS3. Dead organic matter C
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and soil organic C are represented in the CBM-CFS3 by

pools with different turnover rates and receiving input from

different biomass C pools (Kurz et al. 1992; Kurz & Apps

1999; Kull et al. 2006). Decomposition rate scenarios were

simulated in the same manner as growth rate scenarios. In any

scenario, the same multipliers were applied to both growth

and decomposition rates, i.e. a 5% increase in growth rates

was accompanied by a 5% increase in decomposition rates.

Decomposition rates were adjusted as a step function after

model initialization but prior to the start of the scenario

simulations.

The impact on Rh of changing decomposition rate

parameters in the CBM-CFS3 is highly time dependent.

Labile pools in the model respond quickly to decomposition

rate parameter changes while more stable pools respond more

slowly and over longer time periods. For example, figure 4

shows C stock responses in the scenario of C20% increases in

growth and decomposition rates. Litter C stocks are drawn

down very quickly following the increase in decomposition

rates, with dead wood and soil organic C responding more

slowly. The stocks then gradually begin to recover as

increased growth rates lead to larger biomass C stocks over

time and consequently higher annual detritus production.

(c) Disturbance rate scenarios

The base disturbance scenario was set up to disturb 1% yrK1

of the landscape area with wildfire, burning stands randomly

selected from the landscape. This is equivalent to a 100-year

fire return interval, common for many regions in the

Canadian boreal forest (Stocks et al. 2002). This base

disturbance rate was used during model initialization for all

scenarios. The base disturbance rate was modified upwards

or downwards to simulate changes in disturbance regimes

brought about by climate change. For example, in the C20%

disturbance scenario, we targeted 1.2% of the landscape for

wildfire each year. We did not change disturbance intensity or

stand selection algorithms in any of our disturbance

scenarios. During both model initialization and scenario

runs, we assumed immediate regeneration to the appropriate

growth curve.
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3. RESULTS
Simulated ecosystem responses at the landscape scale
to changes in growth, disturbance and decomposition
rates for our hypothetical landscape are shown in
figure 5. Figure 5a–d shows clear temporal trends,
indicating that even single, stepwise changes in growth,
decomposition and/or disturbance rates produce eco-
system responses with strong temporal dynamics. In all
cases, the landscape takes centuries to approach
equilibrium under new conditions. In this paper, we
focus our attention on the 50-year responses of our
hypothetical landscape to changes in growth, decom-
position and/or disturbance rates. The analysis of
longer-term responses would be clouded by increased
uncertainty about the longer-term impacts of global
change on boreal ecosystems and the potential for
unpredictable outcomes due to successional changes or
ecological thresholds (Steffen et al. 2004) not
accounted for in our model simulations.

The first set of 81 scenarios explores ecosystem C
stocks change in response to various combinations of
changes in both growth and disturbance rates, with
decomposition rates held at base levels. Cumulative
changes in total ecosystem C stocks after 50 years with
new growth and/or disturbance rates show the sensi-
tivity of C stocks to changes in scenario assumptions
(figure 6). A 20% increase in growth rates, with no
change in decomposition rates, would be sufficient to
offset the C losses associated with a 20% increase in
disturbance rates (front left-hand corner of the
response surface). The break-even line on the surface
(shown as the line between light and dark grey)
indicates the combinations of changes in disturbance
and growth rates that result in no changes in total
ecosystem C after 50 years. Recall that we have
simulated changes in growth rates by modifying
merchantable volume yields, and that the impacts of
these modifications on NPP involve a considerable time
delay, such that a 20% change in growth rates does not
equate to a 20% change in NPP after 50 years (figure 5).

Figure 7 shows the change in total ecosystem C
stocks for our hypothetical landscape after 50 years for
the second set of scenarios, where decomposition rates
were adjusted in proportion to growth rates. This
surface shows that an increase in growth and decom-
position rates, combined with increased disturbance
rates, results in C loss from the ecosystem. In fact, the
biggest C stock reduction was observed in the scenario
with the highest increases in growth and decomposition
rates. This observation is partly a function of the point
in time since change that we have chosen to analyse (i.e.
50 years after change, rather than 100 or 200 years after
change; figure 5). Nevertheless, these modelling
experiments suggest that an ecosystem in which growth
rates increased as a result of global change can only be
expected to act as a C sink if decomposition rates are
unaffected or increase far less than growth rates.
4. DISCUSSION
The results of the first set of 81 scenarios suggest that
enhanced C sequestration brought about by a positive
change in growth rates could compensate for the C
losses resulting from an increase in disturbance rates of
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proportionally equal magnitude. For example, where

only growth is adjusted (no corresponding change in

decomposition rates), a 12% increase in growth rates

would suffice to offset the C losses associated with a

20% increase in disturbance rates over 50 years.

The results of the second set of scenarios suggest,

however, that this compensation does not take place if

decomposition rates increase in proportion to growth

rate increases.

The scenario results are time sensitive, in particular

for the second set of scenarios. The reason that the

50-year outcome differs from the longer-term out-

comes in the second set of scenarios is that dead

organic matter and soil C changes exhibit considerable

time delays, even though we simulated sustained

changes in decomposition rates. Rh is initially much

higher in elevated decomposition rate scenarios, but

stabilizes at levels more modestly elevated relative to

base levels once the most dynamic dead organic matter

C pools have reached their new levels (as illustrated in

figures 4 and 5d ).

Figure 8a,b shows the break-even domains for the

two sets of scenarios. In figure 8a, the area above the

break-even line represents C sinks and the area below

the break-even line represents C sources. This

configuration is reversed in figure 8b. These break-

even lines can be thought of as ‘slices’ through the

response surfaces shown in figures 6 and 7, respectively.
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The opposite configuration of the sink and source

regions relative to the break-even lines in figure 8a,b is a

reflection of the different orientations of the response

surfaces shown in figures 6 and 7. In the first set of

scenarios, where decomposition rates remained

unchanged, increased growth rates tended to push the

ecosystem towards C sink. In the second set of

scenarios, where growth and decomposition rates

were changed together, increased growth and decom-

position rates tended to push the ecosystem towards C

source because the impacts on Rh were greater than the

impacts on NPP in the first 50 years.

Global change is projected to have greater impacts

on disturbances and growth rates than we have

simulated in any of our scenarios. For example, Chen

et al. (2000) suggest that an increase in NPP of the

order of 30% could be anticipated in Canada’s boreal

forests, while Flannigan et al. (2005b) project a

doubling in the area burned annually by wildfire in

Canada. Even if a 30% increase in NPP were to

translate into a 30% increase in NEP, the star symbols

in figure 8a,b indicate that this would not be sufficient

to offset the anticipated increases in fire disturbance

rates. The response surfaces from the simulation

experiments indicate that our hypothetical boreal

landscape would be a net C source (figure 8). The

source is smaller when decomposition rates are held

constant (figure 8a) and is larger when decomposition
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rates are adjusted with growth rates (figure 8b).

Moreover, a doubling of fire disturbance rates may

bring about other complex changes that are not

addressed here. For example, regeneration failures

following fires in young stands with inadequate seed

sources and other changes in successional dynamics

would also have to be considered.

As described earlier, a C30% growth scenario

simulated in the CBM-CFS3 would not equate to a

30% enhancement of NPP at the landscape scale. All

stands in our hypothetical landscape are grown using

the growth curve shown in figure 2, and changes in

growth rates are simulated by scaling the curve

upwards or downwards. The CBM-CFS3 uses growth

increments derived from the growth curve to drive

biomass C dynamics. Thus, in all of the growth

scenarios simulated here, stands older than 175 years

(17% of the area in the landscape at the start of the

simulations) experience no impact from growth rate

changes and no change in NPP. A net growth

increment of zero increased by 20% is still a net growth

increment of zero. Mature stands with no positive net

growth still have high NPP in the CBM-CFS3 because

the model simulates enough gross growth to balance

biomass turnover in order to maintain zero net growth,

when this is prescribed by the growth curve. However,

a change in growth rates will have no impact on NPP of

these stands until they are disturbed. In our experi-

ments, old stands will be able to accumulate more C if

they were established during enhanced growth

scenarios. When an enhanced growth scenario is
Phil. Trans. R. Soc. B (2008)
applied, only actively growing stands (positive net

growth) experience growth enhancement in the model
simulations, and only that portion of the landscape has
enhanced NPP. This is consistent with the findings
indicating that older stands do not necessarily exhibit
enhanced C accumulation as a result of non-disturb-
ance global change factors (Goulden et al. 1998). In
order for an entire landscape to have 30% increase in
NPP, certain stands on that landscape would have to
have much greater increase in NPP, which we did not
simulate in our scenarios. Sustained increases in NPP
of this magnitude over an entire forest landscape would

not be consistent with observations that ecosystems
often exhibit saturation behaviour under enriched CO2

and often are challenged by increased variability in
weather conditions that result in reduced productivity
(Canadell et al. 2007b).

The dynamic (time-dependent) nature of NPP
responses to changes in growth and disturbance
scenarios in our model prevents us from rendering a
response surface against an axis showing a change in
NPP as one of the independent variables. In our
modelling environment, NPP is not an independent

variable—it is calculated and is sensitive to both
changes in growth and disturbance rates (Li et al.
2003). For example, an increase in disturbance rates
results in a decrease in landscape-level NPP because
larger areas of productive stands are killed, reducing
the area of actively productive stands on the
landscape. If it were possible to show response
surfaces of the change in ecosystem C stocks after 50
years as a function of the change in NPP (and Rh in
the case of the second surface) on the one axis and
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Productivity and carbon cycling W. A. Kurz et al. 2267
change in disturbance rates on the other, we might
expect the result to appear less dramatic, but the
essence of the findings would not change.

It is clear from figure 8a,b that very high increases in
growth, sustained across the entire landscape, would be
required to offset the increases in disturbance rates that
are being projected for the North American boreal
forest. Moreover, C losses associated with increased
disturbance rates can only be offset if changes in NPP
result in corresponding changes in NEP. Ecosystem
responses to climate change will be complex and will
probably not play out over short periods of time. If a
simple, hypothetical landscape such as the one used in
our simulations requires centuries to approach new
equilibrium C stocks following one-time, stepwise
ecological parameter changes, then we can certainly
expect that real-world system responses to global
change perturbations will involve long periods of
adjustment with strong, temporally sensitive and
synergistic behaviours.
5. CONCLUSIONS
Current projections suggest major increases in the
average area burned annually by wildfire in Canada. It
is also projected that non-disturbance global change
factors such as increased atmospheric CO2 concen-
trations, increased N deposition and longer growing
seasons could lead to significantly enhanced forest
Phil. Trans. R. Soc. B (2008)
productivity. The combined outcome of these changes
for boreal forest C dynamics will depend on the relative
magnitudes of these changes. The model simulation
experiments conducted here suggest that increases in
growth rates can only offset the C losses from increased
disturbance rates if these increases are not accom-
panied by corresponding increases in decomposition
rates. For our hypothetical landscape, a 12% increase
in growth rates was required to offset the C losses
associated with a 20% increase in area burned annually,
but only when the increased growth is not accompanied
by a corresponding increase in decomposition rates.
Furthermore, our enhanced growth scenarios were
simulated as sustained growth enhancements across
the entire landscape. It is not likely that all boreal
forests will exhibit enhanced growth as an outcome of
global change. Much of boreal North America is
projected to have significantly lower summer precipi-
tation (Ruosteenoja et al. 2003), and summer moisture
deficits could cancel out much of the positive impacts
of other global change factors, such as warmer springs
or elevated atmospheric CO2 (Peng & Apps 1999;
Barber et al. 2000; Angert et al. 2005; Kang et al. 2006).

The boreal forest biome is a large and diverse
biome and will not be uniformly affected by global
change. It is likely that some ecosystems will act as C
sinks while others will act as C sources. The NBP of
the larger landscape, however, will be driven by the
combined impacts of both disturbances and changes
in NEP. Even when NPP is enhanced, NEP may
(Chen et al. 2006) or may not (Canadell et al. 2007b)
be enhanced. Even when NEP is enhanced, changes
in disturbance regimes will affect NBP. Myneni et al.
(2001) observed C losses over much of Canada’s
boreal forests during the 1980s and 1990s despite the
fact that increased photosynthetic activity had been
observed during this same time period (Myneni et al.
1997; Slayback et al. 2003). These losses were brought
about by increased disturbances (Kurz & Apps 1999).
Zhuang et al. (2006) project that northern high-
latitude ecosystems will probably act as net C sources
during this century because the combined impacts of
increased disturbance rates and increased soil respir-
ation rates will result in more release of C than can be
compensated by growth enhancement brought about
by CO2 fertilization, unless there is extremely high
accumulation of CO2 in the atmosphere (i.e. above
1100 ppm by 2100). Our results demonstrate that the
magnitude of growth enhancements required to offset
the impacts of projected increases in disturbance rates
is so large as to be highly unlikely, and that we should
therefore anticipate that the boreal forest biome will
act as a net source of C to the atmosphere if climate
change brings about the projected increases in
disturbance rates.
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Canada’s climate change research funding. The CBM-CFS3
was developed with funding from the Federal Panel on
Energy Research and Development (PERD), the Canadian
Model Forest Network, and Natural Resources Canada,
Canadian Forest Service. We also thank Caren Dymond,
Hugh Barclay, Alan Thomson, Steve Glover and two
anonymous reviewers for their constructive comments on
earlier versions of this manuscript.
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Logan, J. A., Régnière, J. & Powell, J. A. 2003 Assessing the
impacts of global warming on forest pest dynamics. Front.
Ecol. Environ. 1, 130–137.

Myneni, R. B., Keeling, C. D., Tucker, C. J., Asrar, G. &
Nemani, R. R. 1997 Increased plant growth in the
northern high latitudes from 1981 to 1991. Nature 386,
698–702. (doi:10.1038/386698a0)

Myneni, R. B., Dong, J., Tucker, C. J., Kaufmann, R. K.,
Kauppi, P. E., Liski, J., Zhou, L., Alexeyev, V. & Hughes,
M. K. 2001 A large carbon sink in the woody biomass of
northern forests. Proc. Natl Acad. Sci. USA 98,
14 784–14 789. (doi:10.1073/pnas.261555198)

Nemani, R. R., Keeling, C. D., Hashimoto, H., Jolly, W. M.,
Piper, S. C., Tucker, C. J., Myneni, R. B. & Running,
S. W. 2003 Climate-driven increases in global terrestrial
net primary production from 1982 to 1999. Science 300,
1560–1563. (doi:10.1126/science.1082750)

Peng, C. H. & Apps, M. J. 1999 Modelling the response of net
primary productivity (NPP) of boreal forest ecosystems to
changes in climate and fire disturbance regimes.Ecol.Model.
122, 175–193. (doi:10.1016/S0304-3800(99)00137-4)

Price, C. & Rind, D. 1994 The impact of a 2!CO2 climate on
lightning-caused fires. J. Clim 7, 1484–1494. (doi:10.1175/
1520-0442(1994)007!1484:TIOACCO2.0.CO;2)

Ruosteenoja, K., Carter, T. R., Jylhä, K. & Tuomenvirta, H.
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