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Mountain pine beetle and forest carbon feedback to
climate change
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The mountain pine beetle (Dendroctonus ponderosae Hopkins,
Coleoptera: Curculionidae, Scolytinae) is a native insect of the
pine forests of western North America, and its populations peri-
odically erupt into large-scale outbreaks1–3. During outbreaks, the
resulting widespread tree mortality reduces forest carbon uptake
and increases future emissions from the decay of killed trees. The
impacts of insects on forest carbon dynamics, however, are gene-
rally ignored in large-scale modelling analyses. The current out-
break in British Columbia, Canada, is an order of magnitude
larger in area and severity than all previous recorded outbreaks4.
Here we estimate that the cumulative impact of the beetle out-
break in the affected region during 2000–2020 will be 270 mega-
tonnes (Mt) carbon (or 36 g carbon m22 yr21 on average over
374,000 km2 of forest). This impact converted the forest from a
small net carbon sink to a large net carbon source both during and
immediately after the outbreak. In the worst year, the impacts
resulting from the beetle outbreak in British Columbia were equi-
valent to 75% of the average annual direct forest fire emissions
from all of Canada during 1959–1999. The resulting reduction in
net primary production was of similar magnitude to increases
observed during the 1980s and 1990s as a result of global change5.
Climate change has contributed to the unprecedented extent and
severity of this outbreak6. Insect outbreaks such as this represent
an important mechanism by which climate change may under-
mine the ability of northern forests to take up and store atmo-
spheric carbon, and such impacts should be accounted for in
large-scale modelling analyses.

Forest insect epidemics can have severe impacts on ecosystem
dynamics by causing mortality and reducing the growth of millions
of trees over extensive areas7. Native insects and alien invasive species
affect both managed and natural forests. Beyond the ecological
impacts are the associated economic (for example, disrupted timber
supply to mills) and social (for example, unemployment, crime rates)
effects8. The impact of insects on carbon (C) dynamics and global
climate are not well documented9.

The current outbreak of mountain pine beetle in western Canada is
an order of magnitude greater in area than previous outbreaks owing
to the increased area of susceptible host (mature pine stands) and
favourable climate4 (see also Supplementary Fig. 3). An expansion in
climatically suitable habitat for the mountain pine beetle, including
reduced minimum winter temperature, increased summer tempera-
tures and reduced summer precipitation, during recent decades has
facilitated expansion of the outbreak northward and into higher
elevation forests4,10. This range expansion, combined with an increase
in the extent of the host, has resulted in an outbreak of unprece-
dented scale and severity. By the end of 2006, the cumulative out-
break area was 130,000 km2 (many stands being attacked in multiple
years), with tree mortality ranging from single trees to most of a

stand in a single year11. Timber losses are estimated to be more
than 435 million m3, with additional losses outside the commercial
forest12. The forest sector has responded by increasing harvest rates
and reallocating some harvest, increasing the pine portion of the
provincial total volume harvested from 31% to 45% over four years
(2001–2004).

We estimated the combined impact of the beetle, forest fires and
harvesting on forest productivity and carbon balance from 2000 until
2020 for the south-central region of British Columbia (Fig. 1). This
area includes 374,000 km2 of productive forest, largely dominated by
pine (Pinus) and spruce (Picea) species. We used a Monte Carlo
design for simulating future net biome production (NBP) using a
forest ecosystem model (the Carbon Budget Model of the Canadian
Forest Sector, CBM-CFS3). This model accounts for annual tree
growth, litterfall, turnover and decay, and it explicitly simulates
harvest, beetle-caused mortality, and fire-caused mortality and fuel
consumption. We developed regional probability distribution func-
tions of the annual area burned and projected future beetle dynamics
on the basis of the characteristics of the remaining host (that is, pine
stands of suitable age) and the judgement of regional entomologists.
We conducted 100 Monte Carlo simulations with different random
draws from the probability distributions for the annual area of beetle
outbreak and the annual area burned.

For the period 2000–2020, the average annual NBP was 215.8 6

7.9 Mt C yr21 (or 242.4 6 21 g C m22 yr21; Fig. 2). Carbon losses
result from emissions from decomposition and fires and from
the transfer of timber to the forest product sector. In a separate
analysis13, we estimated that the study area was a net sink from
1990 to 2002. The first two years of this study also reported a net
sink (0.59 Mt C yr21), but with increasing beetle impact (Fig. 3), the
forest converted to a source of 17.6 Mt C yr21from 2003 to 2020.
With decreasing beetle impact (Fig. 3), NBP began to recover, but
by 2020, the estimated NBP had not yet returned to pre-outbreak
levels. Although we can expect that forests will eventually recover
from the beetle outbreak, we are reluctant to extend projections
beyond 2020 or to speculate on the rate of recovery beyond 2020
given uncertainties about non-host responses, rates of regeneration,
and future fires in a region in which major climate change impacts are
forecast14.

One component of the uncertainty in future NBP is that we do not
know the future area that will be infested by the beetle. We projected
the area infested during 2007–2020 using random draws from
regionally calibrated probability distributions of outbreak area and
duration that were based on: the 2000–2006 area; mortality and host
statistics; historical, spatial and temporal dynamics; remaining host
population; and judgment from entomologists. The outbreak was
projected to peak between 2006 and 2008, with the maximum area
infested ranging from 74,000 km2 to 94,000 km2 (Fig. 3).
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We partitioned the impact of the beetle outbreak on NBP using a
single projection of beetle (Fig. 3) and fire area and by simulating
three forest carbon dynamics scenarios: without beetle (control),
with beetle but no additional harvest, and with beetle and additional
harvest. The additional harvest is considered to be part of the beetle
impact because it is a management response to the vast quantities of
beetle-killed trees. The impact of beetles on NBP was projected to

reach 220 Mt C yr21 (253 g C m22 yr21) in 2009 (Fig. 4). Cumu-
lative beetle impact over the 21-yr simulation period was projected
to be 2270 Mt C, and the additional salvage harvest and removal of
both beetle-killed and living trees contributed a further 250 Mt C.
Cumulative transfer of beetle-killed timber to the forest product
sector was projected to be 31 Mt C (13% of total harvest).
Harvesting results in a loss of carbon from the ecosystem, but only
some of that carbon is emitted to the atmosphere; the remainder is
stored in wood products and landfills.

NBP was reduced in the affected landscape by the beetle and the
associated additional harvest response because of reduced net
primary production (NPP) and increased heterotrophic respiration.
Annual NPP dropped from 440 to 400 g C m22 in 2000–2009. The
lowest NPP values (391 g C m22) were estimated for 2015 to 2018,
at which point NPP started to recover. NPP was reduced in the
affected landscape during and after the beetle outbreak because of
the reduction in photosynthetic capacity caused by widespread tree
mortality. Conversely, heterotrophic respiration increased from 408
to 424 g C m22 in the 2003–2007 period because of the large transfers
of biomass to dead organic matter pools (471 Mt C transferred by the
beetle during the outbreak) and subsequent decomposition.

Impacts of the current beetle outbreak are important because they
are of comparable magnitude to other global change factors. Fire
emissions vary widely between years, but within the study area the
worst year for fires in the simulation period produced direct emis-
sions of 13 Mt C, an amount exceeded by annual beetle-caused
impacts from 2005 to 2014. The maximum annual beetle impact
(20 Mt C yr21) for the relatively small study area is of similar mag-
nitude to the direct forest fire emissions from all of Canada during
1959–1999 (27 Mt C yr21)15. Climate warming, elevated atmospheric
CO2 concentrations, and atmospheric nitrogen deposition may
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Figure 1 | Geographic extent of mountain pine beetle outbreak in North
America. a, Extent (dark red) of mountain pine beetle. b, The study area
includes 98% of the current outbreak area. c, A photograph taken in 2006

showing an example of recent mortality: pine trees turn red in the first year
after beetle kill, and grey in subsequent years. Photo credit: Joan Westfall,
Entopath Management Ltd.
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Figure 2 | Annual NBP by percentile from the Monte Carlo simulations.
The model results are based on statistics from 2000 to 2006 and projections
from 2007 to 2020. Negative values represent fluxes from the forest to the
atmosphere (a net source of carbon). Asymmetry of the range of estimates of
NBP in any single year is a function of the area burned and the associated
direct carbon emissions.
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enhance forest carbon sinks16,17. For example, it was estimated in ref.
5 that NPP increased 6% during the 1980s and 1990s as a result of
global change. The impact of the beetle outbreak would negate these
gains within the affected region because NPP was reduced by 10%
and heterotrophic respiration increased by 6%. Here we examined
just one insect outbreak and estimated that its net greenhouse gas
impacts over 21 yr (990 Mt carbon dioxide equivalents, CO2e) are
comparable to about 5 yr of emissions from Canada’s transportation
sector (200 Mt CO2e in 2005)13.

Climate change will have impacts on insect distribution and
abundance either directly via effects on their life cycles or indirectly
via host–plant defences, the abundance of natural enemies or inter-
actions with competitors18. For some forest insects, the outcome may
be changes in: outbreak frequencies or duration; rates of herbivory
and damage; ranges, and associations with host species 11,19. Evidence
for climate-change-related increases in the extent or severity of forest
insect disturbance has begun to accumulate. In north-western North
America, warmer temperatures have halved the time required to
reproduce for the spruce beetle (Dendroctonus rufipennis Kirby,
Coleoptera: Curculionidae, Scolytinae) and have contributed to
unprecedented damage to spruce forests20. In the western United
States, warmer annual temperatures have caused an altitudinal shift
in the range of habitats, allowing the mountain pine beetle to invade
high-elevation pine forests21. Insect impacts have, however, generally
been ignored in large-scale carbon budget modelling studies22,23

because data on insect impacts covering large areas are expensive

to collect and are therefore not widely available24. Moreover, complex
modelling approaches are required to adequately represent the
impacts of insects on stand- and landscape-level forest ecosystem
dynamics. This failure to account for insect impacts may have
resulted in overestimation in previous studies of the potential for
forests to offset anthropogenic CO2.

Other insects, such as eastern spruce budworm (Choristoneura
fumiferana Clemens, Lepidoptera: Tortricidae) and forest tent cater-
pillar (Malacosoma disstria Hubner, Lepidoptera: Lasiocampidae)
also exhibit outbreaks during which they affect forest carbon
dynamics by reducing growth and increasing tree mortality over large
areas25. Other forms of disturbance, such as fires, also markedly
influence terrestrial carbon budgets26. Significant climate warming
has already allowed the mountain pine beetle to expand its range
into formerly climatically unsuitable habitats4,21. Future projected
warming could facilitate further range expansion. Insect outbreaks,
together with fires, could put North American forest carbon sinks at
risk27. Disturbances are one of the principal drivers of the carbon
budget in northern forests26, and this study shows but one example
of how climate change can affect disturbance regimes for which
impacts on the global carbon cycle then provide strong positive feed-
back to the global climate system.

METHODS SUMMARY
The CBM-CFS3 uses forest inventory as well as growth and yield data to simulate

stand- and landscape-level forest carbon dynamics28–30. It tracks carbon stocks,

transfers between pools and emissions. The model accounts for tree growth,

litterfall, turnover and decay as annual components of the forest carbon cycle.

Fires were simulated as stand-replacing events where a portion of foliage and

above-ground dead organic matter pools were consumed; all remaining biomass

was killed, and standing snags were transferred to litter and coarse woody debris.

Harvests were also simulated as stand-replacing clear-cut events where stem-
wood carbon was transferred out of the ecosystem to the forest products sector,

and the rest of the carbon in biomass pools was transferred to pools of dead

organic matter. Beetle infestation areas were simulated as partial-mortality

events killing a portion of softwood biomass pools. The remaining stand con-

tinues to grow and recover from beetle impacts. The stand mortality classes were

5%, 10%, 30% or 50% per year (see Supplementary Information for more

details).

The British Columbia Ministry of Forests and Range supplied forest inventory

and growth curve data. Almost 700,000 forest stands were assigned to 86 spatial

analysis units that represented the administrative and ecological variability

in the study area. Spatially and temporally explicit beetle outbreak area and

a

b

Percentiles
100

B
ee

tle
 a

re
a 

(th
ou

sa
nd

s 
of

 k
m

2 )
B

ee
tle

 a
re

a 
(th

ou
sa

nd
s 

of
 k

m
2 )

80

60

40

20

0

80

60

40

20

0

Mortality class

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

2000 2002 2004 2006 2008 2010
Year

2012 2014 2016 2018 2020

Light
Moderate
Severe
Very severe

40–60
30–40 or 60–70
20–30 or 70–80
10–20 or 80–90
1–10 or 90–99

Figure 3 | Area infested with the mountain pine beetle during the
simulation period. Statistics are used from 2000 to 2006 and projections are
used from 2007 to 2020. a, Percentiles describing the parameter space
resulting from 100 Monte Carlo projections of the beetle-infested area. Our
projections of decreasing area after 2009 are largely based on the decline in
available live host (pine) area. b, Area statistics for the single Monte Carlo
simulation used for scenario analysis broken down by host mortality class.

Sink

10

E
co

sy
st

em
 c

ar
b

on
 s

to
ck

 c
ha

ng
e 

(M
t 

C
 y

r–
1 )

5

0

–5

–10

–15

–20

–25

–30

–35
2000 2005

Control scenario
Beetle scenario
Beetle and additional harvest scenario

2010

Year

2015 2020

Source

Figure 4 | Total ecosystem carbon stock change for three scenarios. The
control simulation was run with no beetle outbreak, and with base harvest
and fires. The beetle simulation added insect impacts to the control scenario.
The additional harvest simulation added the management response of
increased harvest levels from 2006 to 2016 to the beetle simulation. Negative
ecosystem carbon stock change values represent fluxes from the forest to the
atmosphere (net source of carbon). The source in 2003 was, in part, the
result of the large area burned (2,440 km2 in the study area) that was
included in all three scenarios.
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area-burned data sets were used for 2000–2006 and projected for 2007–2020
using random draws from historically calibrated probability distributions.

Harvest rates for each administrative unit were available for 2000–2005, and

forecasts for 2006–2020 were based on local management plans (see

Supplementary Information for more details).
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