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ABSTRACT

Management of terrestrial carbon fluxes is being proposed
as a means of increasing the amount of carbon sequestered
in the terrestrial biosphere. This approach is generally
viewed only as an interim strategy for the coming decades
while other longer-term strategies are developed and
implemented — the most important being the direct
reduction of carbon emissions. We are concerned that
the potential for-rapid, disturbance-induced losses may
be much greater than is currently appreciated, especially
by the decision-making community. Here we wish to:
(1) highlight the complex and threshold-like nature of
disturbances — such as fire and drought, as well as the
erosion associated with each — that could lead to carbon

losses; (2) note the global extent of ecosystems that are at risk
of such disturbance-induced carbon losses; and (3) call
for increased consideration of and research on the mech-
anisms by which large, rapid disturbance-induced losses
of terrestrial carbon could occur. Our lack of ability as a
scientific community to predict such ecosystem dynamics
is precluding the effective consideration of these processes
into strategies and policies related to carbon manage-
ment and sequestration. Consequently, scientists need to
do more to improve quantification of these potential
losses and to integrate them into sound, sustainable policy
options.
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Management of terrestrial carbon fluxes is being proposed as
a means of increasing the amount of carbon sequestered in
the terrestrial biosphere and thereby slowing the rate of build-
up of atmospheric carbon dioxide and associated global
warming (IGBP, 1998; U.S. Department of Energy, 1999;
IPCC, 2000; Follett et al., 2001). This approach is generally
viewed only as an interim strategy for the coming decades
while other longer-term strategies are developed and
implemented — the most important of the longer-term strategies
being the direct reduction of ‘carbon emissions (Falkowski
et al., 2000). However, for terrestrial carbon sequestration to
be effective, even as an interim strategy, the net results must
be considered rather than simply the projected gains of a given
sequestration strategy (Overpeck, 1996; Cao & Woodward,
1998; IGBP, 1998; Walker et al., 1999; IPCC, 2000). Many
strategies proposed initially for terrestrial sequestration were
not evaluated fully with respect to countervailing losses, i.e.
carbon losses inherent in the proposed sequestration approach,
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and consequently the net amount of carbon sequestered
for many strategies is likely to be much less than originally
estimated (Schlesinger, 1999, 2000; Walker et al., 1999;
Schulze et al., 2000).

Accurate estimation of the net amount of carbon sequestered
by any given strategy depends not only on factoring in counter-
vailing losses but also on accounting for the potential of large,
disturbance-induced carbon losses. Climate-induced disturb-
ances such as forest fire and forest dieback, along with the
associated increase in erosion rates that both can trigger, are
processes by which large amounts of terrestrial carbon can be
rapidly lost. These types of carbon losses are likely to become
more significant due to the increasing probability and magni-
tude of extreme climatic events (Easterling et al., 2000). The
effects of such climate-induced changes are likely to be exacer-
bated by the increasing intensity and extensiveness of land-
use changes (IPCC, 2000). Climate-induced disturbances in
conjunction with land use changes could result in large and
possibly uncontrollable losses in both plant and soil carbon
pools. Such large disturbance-induced carbon dynamics could
result in net carbon loss rather than gain from lands being
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managed for-carbon sequestration. Such. terrestrial carbon. .

losses to the atmosphere could also trigger a positive feedback
that could amplify global warming (Smith & Shugart, 1993;
Woodwell ez al., 1995; Solomon & Kirilenko, 1997; IPCC,
1998; Houghton et al., 2000).

Recent assessments of carbon management and sequestra-
tion strategies acknowledge the possibility of these types of

large, rapid carbon losses, but they generally do not account’
for them adequately. Of particular note is the recent review by

the Intergovernmental Panel on Climate Change of land use
alternatives associated with carbon management (IPCC,
2000). There remains a pervasive underlying paradigm that
terrestrial soils and biota are in close equilibrium with climate
(e.g. IPCC, 2000: 190), and that variation in the tracking
of climate by vegetation can be controlled adaptively by
management. Although the risk of uncontrolled, disturbance-
induced carbon losses is recognized and incorporated into
some of the ¢onceptual models of carbon sequestration (e.g.
IPCC, 2000: 16, 192, 256, 271), the associated account-
ing alternatives focus primarily on direct human land-use
changes, seemingly discounting the probabilities of extensive,
disturbance-induced carbon losses. Quantifying the probability
and magnitude of such rapid non-equilibrium losses has been
difficult, but this does not negate their potential importance
in the global carbon budget and associated carbon manage-
ment and accounting strategies. ’

‘We are concerned that the potential for rapid, disturbance-
induced losses may be much greater than currently appreci-
ated, especially by the decision-making community. Here we
wish to: (1) highlight the complex and threshold-like nature
of disturbances that could lead to carbon losses; (2) note the
global extent of ecosystems that are at risk of such disturbance-
induced carbon losses; and (3) call for increased considera-
tion of and research on the mechanisms by which large, rapid
disturbance-induced losses of terrestrial carbon could occur.
Our current inability as a scientific community to predict and
quantify adequately such global ecosystem dynamics is appar-
ently resulting in ecosystem processes being largely dis-
counted from proposed approaches for carbon management
and sequestration and associated societal assessments of risk
and policy. Consequently, scientists need to do more to quantify
these potential losses more fully and to integrate them into
sound, sustainable policy options.

Large, rapid losses of carbon associated with disturbance
often exhibit complex behaviour and may have nonlinear,
threshold-like responses. Our lack of ability to understand
and predict these disturbance-induced responses can result in
‘environmental surprises’ (Brown & Postel, 1987; Overpeck,
1996; Bright, 2000; Camill & Clark, 2000; Rinaldi & Scheffer,
2000; NAST, 2001). Such threshold-like responses related
to climate and land use are exemplified by crown fires and
drought-induced tree mortality, as well as by the changes in
erosion rates that can accompany both of these. The complex

nature of these types of responses could lead to large, rapid
and perhaps-uncontrollable carbon losses.

Here we highlight examples of landscape-scale disturbances
related to fire and drought in the Jemez Mountains in northern
New Mexico, United: States, during the last 50 years. During

“the la Nifia year of 2000, the Cerro Grande Fire burned

17:000 ha in this mountain range, much of it severely. This
was part of the roughly 3 million ha that burned in the west-
ern United States that year. The volatilized carbon from much
of the burned area included all foliage and litter, much of the
wood, and likely some of the soil organic matter. In addition,
the loss of ground cover resulting from the fire triggered a
major increase in soil erosion rates (Johansen et al., 2001),
probably further increasing site carbon loss (e.g. Bajracharya
et al., 1998). While some of the carbon post-fire simply may
have been translocated by erosion (‘lateral fluxes of carbon’
in the terms of IPCC, 2000), a significant amount was likely
transferred to the atmosphere (Trumbore, 1997). The severity
of the fire was a consequence of land use practices that
included fire suppression over the past century, and this
practice allowed fuels to build up to excessively high levels
(Swetnam et al., 1999). The interaction of climate and land use
has also caused rapid landscape-scale changes in the Jemez
Mountains in association with drought. A severe drought in
the 1950s. produced landscape-scale mortality of ponderosa
pine {Pinus ponderosa) at the ecotone between the ponderosa
pine forest and pifion—juniper woodland, shifting the ecotone
by more than the 2 km in less than 5 years (Allen & Breshears,
1998). Apparently, the drought also produced extensive
mortality of the herbaceous understorey, as observed else-
where for the 1950s drought (Herbel et al., 1972); this loss of
ground cover triggered a transition from low to high erosion
rates (Wilcox et al., 1996; Davenport et al., 1998). The tree
mortality was probably exacerbated by the fire suppression of
the past century, which -allowed pifion (P. edulis) and juniper
( Juniperus monosperma) to establish in the ponderosa pine
understorey prior to the drought. Both pifion and juniper are
effective at obtaining shallow soil water (Breshears et al.,
1997) and are less sensitive to cavitation under conditions of
low soil water content (Pockman et al., 1995; Linton et al.,
1998; Pinol & Sala, 2000). Hence, both fire- and drought-
induced changes and associated increases in soil erosion can
exhibit complex and threshold-like responses to the effects of
climate and land use in ways that can lead to large, rapid
carbon losses. .

Large, rapid disturbances that could trigger terrestrial
carbon losses are increasingly being documented in forests
globally. The extensive high-latitude forests of Canada’
exhibited a reduction in ecosystem carbon storage during the
1980s due to large increases in fire and insect disturbances
(Kurz & Apps, 1999). In the northern temperate zone,
changes in land use and climate trends have enabled woody
vegetation to increase in extent, density and productivity,
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resulting in substantial sequestration of carbon in recent
decades (Houghton et al., 1999; Pacala et al., 2001), but this
initial increase in sequestered carbon actually increases the
potential for carbon loss through catastrophic crown fire,
particularly in western forests (Covington et al., 1994), as
observed in the western United States during 2000. Higher
tree densities can also exacerbate the extent of tree mortality
following drought via increased competition (e.g. Fensham &
Holman, 1999). In tropical forest ecosystems current land use
patterns ate expected to lead to continued net carbon loss
through a marked increase in wildfire activity and fire suscept-
ibility (Cochrane et al., 1999), in addition to biomass collapse
of increasingly fragmented tropical forests (Laurance et al.,
1997). Synergies among these processes are even more likely
to produce complex responses (e.g. Laurance et al., 2000).
Although these recent studies clearly highlight the
importance of potential rapid losses of carbon, to date there
are few quantitative estimates of the possible magnitude of
disturbance-induced carbon losses, and those few estimates
are highly uncertain (Smith & Shugart, 1993; IPCC, 1998;
Kirilenko & Solomon, 1998; Goudriaan et al., 1999). There
is a pressing need for improved predictions of the effects of
disturbances associated with climate variability on carbon
losses. With respect to fire, our ability to predict regional-
scale interactions between vegetation, climate and fire is
progressing (e.g. Lenihan et al., 1998; Swetnam & Betancourt,
1998) but is not yet well integrated with post-fire changes
in hydrology such as accelerated runoff and erosion. With
respect to drought, our ability to predict tree mortality remains
poor, and predictions are based on few empirical data (Shugart,
1998). However, new advances in understanding the relation-
ship between tree water stress and cavitation (Pockman et al.,
1995; Linton et al., 1998) offer promise for improving our
ability to predict tree mortality. Both fire and drought can
produce secondary effects, such as triggering high soil erosion
rates, and neither are integrated into our predictive capability
yet. These larger-scale threshold responses in erosion are
likely to be related to small scale heterogeneity in vegetation
pattern and can be difficult to predict. (Davenport et al., 1998;
Klausmeier, 1999; Ludwig et al., 1999). Hence, ecological
and hydrological dynamics are tightly interrelated and an
improved integration of these processes is needed to evaluate
the complex responses of carbon loss following disturbance.
The potentially large magnitude of losses of terrestrial
carbon stocks is unlikely to be offset simply by remedies such
as reforestation, particularly because woody mortality losses can
occur much faster than tree growth gains (Allen & Breshears,
1998; Walker et al., 1999). Because of the potential for these
large carbon losses, global carbon management plans need
to include explicit strategies to mitigate carbon losses; these
strategies include pre-emptive thinning and controlled burning
of temperate forests (Covington, 2000), improved soil conser-
vation techniques (Gregorich et al., 1998) and protection of
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large unfragmented blocks of remaining tropical forests
(Laurance et al., 2000). The implementation of such strategies
to maintain current land stocks of carbon, particularly for
forests, in concert with important carbon sequestration initiatives
such as reforestation (where appropriate and sustainable), is
essential for minimizing further net losses of terrestrial carbon.

It is critical that assessments of carbon management and
sequestration account more fully for the potential for large,
rapid disturbance-induced carbon losses. Advances are urgently
needed to improve quantification of these processes so that
such carbon losses can be factored more fully into strategies
and policies for carbon management and sequestration.

ACKNOWLEDGMENTS

We thank Michael Ebinger for his thoughtful reviews,
and Fairley Barnes, Susan Johnson, Susan Kammerdiener,
Scott Martens, Orrin Myers, Tom O’Shea, Pat Unkefer and
Brad Wilcox for their comments. This work was supported
by funding from the Los Alamos National Laboratory
Carbon Program, sponsored by the D.O.E. National Energy
Technology Laboratory, and by the U.S.G.S. Global Change
Program.

REFERENCES

Allen, C.D. & Breshears, D.D. (1998) Drought-induced shift of
a forest-woodland ecotone: rapid landscape response to climate
variation. Proceedings of the National Academy of Sciences USA,
95, 14839-14842.

Bajracharya, R.M.,, Lal, R. & Kimble, ].M. (1998) Soil organic carbon
distribution in aggregates and primary particle fractions as influenced
by erosion phases and landscape position. Soil processes and the
carbon cycle (ed. by R. Lal, J. Kimble, R.E. Follett and B.A. Stewart),
pp. 353-367. CRC Lewis Publishers, Boca Raton.

Breshears, D.D., Myers, O.B., Johnson, S.R., Meyer, C.W. &
Martens, S.N. (1997) Differential use of spatially heterogeneous
soil moisture by two semiarid woody species: Pinus edulis and
Juniperus monosperma. Journal of Ecology, 85,289-299.

Bright, C. (2000) Anticipating environmental ‘surprise’. The World-
watch Institute, state of the world 2000 (ed. by L. Starke), pp. 22—
38. W.W. Norton, New York.

Brown, L.R. & Postel, S. (1987) Thresholds of change. The World-
watch Institute, state of the world 1987 (ed. by L. Starke), pp. 3~
19. W.W. Norton, New York.

Camill, P. & Clark, J.S. (2000) Long-term perspectives on lagged
ecosystem responses to climate change: permafrost in boreal peatlands
and the grassland/woodland boundary. Ecosystems, 3, $34—544.

Cao, MK. & Woodward, EI (1998) Dynamic responses of terrestrial
ecosystem carbon cycling to global climate change. Nature, 393,
249-252.

Cochrane, M.A., Alencar, A., Schulze, M.D., Souza, C.M.,
Nepstad, D.C., Lefebvre. P. & Davidson, E.A. (1999) Positive
feedbacks in the fire dynamic of closed canopy tropical forests.
Science, 284, 1832-1835.



4 D.D.Breshears and C. D.Allen

- Covington, W.W. (2000) Helping forests heal. Nature, 408, 135—
136.

Covington, W.W., Everett, R.L., Steele, R., Irwin, L.L., Daer, T.A. &
Auclaire, AN.D. (1994) Historical and anticipated changes in
forest ecosystems of the inland west of the United States. Journal of
Sustainable Forestry, 2, 13-63.

Davenport, D.W., Breshears, D.D., Wilcox, B.P. & Allen, C.D.
(1998) Viewpoint: sustainability of pifion-juniper ecosystems — a
unifying perspective of soil erosion thresholds. Journal of Range
Management, 51, 231-240.

Easterling, D.R., Meehl, G.A., Parmesan, C., Changnon, S.A., Karl, TR.
& Mearns, L.O. (2000) Climate extremes: observations, modeling,
and impacts. Science, 289, 2068-2074. .

Falkowski, P.,, Scholes, R.J., Boyle, E., Canadell, J., Canfield, D.,
Elser, J., Gruber, N., Hibbard, K., Hégberg, P., Linder, S.,
Mackenzie, ET., Moore, B. 1II, Pedersen, T., Rosenthal, Y.,
Seitzinger, S., Smetacek, V. & Steffen, W. The global carbon cycle: a
test of our knowledge of Earth as a system. Science, 290, 291-296.

Fensham, R.J. & Holman, J.E. (1999) Temporal and spatial patterns
in drought-related tree dieback in Australian savanna. Journal of
Applied Ecology, 36, 1035-1050.

Follett, R.E, Kimble, J.M. & Lal, R. (2001) The potential of U S
grazing lands to sequester carbon and mitigate the greenbouse
effect. Lewis Publishers, Boca Raton, FL.

Goudriaan, J., Shugart, H.H., Bugmann, H., Cramer, W., Bondeau, A.,
Gardner, RH., Hunt, L.A,, Lauenroth, WK., Landsberg, J.J.,
Linder, S., Sutherst, R.W., Valentin, C. & Woodward, EL (1999)
Use of models in global change studies. The terrestrial biosphere
and global change: implications for natural and managed ecosystems
(ed. by B. Walker, W. Steffen, J. Canadell and J. Ingram), pp. 106—
140. Cambridge University Press, Cambridge.

Gregorich, E.G., Greer, K.J., Anderson, D.W. & Liang, B.C. (1998)
Carbon distributions and losses: Erosion and deposition effects.
Soil and Tillage Research, 47, 291-302.

Herbel, C.H., Ares, EN. & Wright, R.A. (1972) Drought effects on a
semidesert grassland range. Ecology, 53, 1084-1093.

Houghton, R.A., Hackler, J.L. & Lawrence, K.T. (1999) The US
carbon budget: contributions from land-use change. Science, 285,
574-578.

Houghton, R.A., Hackler, J.L. & Lawrence, K.T. (2000) Changes in
terrestrial carbon storage in the United States. 2. The role of fire and
fire management. Global Ecology and Biogeography, 9, 145-170.

IGBP Terrestrial Carbon Working Group (1998) The terrestrial
carbon cycle: implications for the Kyoto protocol. Science, 280,
1393-1394.

Intergovernmental Panel on Climate Change (IPCC) (1998) The
regional impacts of climate change, pp. 439-455. Cambridge
University Press, Cambridge, UK.

Intergovernmental Panel on Climate Change (IPCC) (2000) Land
use, land-use change, and forestry. Cambridge University Press,
Cambridge, UK.

Johansen, M., Hakonson, T.E. & Breshears, D.D. (2001) Post-fire
runoff and erosion following rainfall simulation: contrasting forests
with grasslands and shrublands. Hydrological Processes, 15, 2953
2965.

Kirilenko, A.P. & Solomon, A.M. (1998) Modeling dynamic vegeta-
tion response to rapid climate change using bioclimatic classifica-
tion. Climatic Change, 38, 15-49.

Klausmeier, C.A. (1999) Regular and irregular patterns in semi-
arid vegetation. Science, 284, 1826-1828.

Kurz, W.A. & Apps, M.]J. (1999) A 70-year retrospective analysis of
carbon fluxes in the Canadian forest sector. Ecological Applica-
tions, 9, 526—547.

Laurance, W.E, Cochrane, M.A., Bergen, S., Fearnside, Delamonica,
Barber, C., D’Angelo, S. & Fernandes, T. (2000) The future of the
Brazilian Amazon. Science, 291, 438-439.

Laurance, W.E, Laurance, S.G., Ferreira, L.V., Rankindemerona, .M.,
Gascon, C. & Lovejoy, T.E. (1997) Biomass collapse in Amazonian
forest fragments. Science, 278, 1117-1118.

Leniban, J.M., Daly, C., Bachelet, D. & Neilson, R.P. (1998) Simulating
broad-scale fire ‘severity in a dynamic global vegetation model.
Northwest Science, 72, 91-103.

Linton, M.]., Sperry, J.S. & Williams, D.G. (1998) Limits to water
transport in Juniperus osteosperma and Pinus edulis: implications
for drought tolerance and regulation of transpiration. Functional
Ecology, 12, 906-911.

Ludwig, J.A., Tongway, D.J. & Marsden, S.G. (1999) Stripes, strands
or stipples: modelling the influence of three landscape banding
patterns on resource capture and productivity in semi-arid wood-
lands, Australia. Catena, 37, 257-273.

National Assessment Synthesis Team (NAST). (2001) Climate change
impacts on the United States: the potential consequences of climate
variability and change. Report for US Global Change Research
Program. Cambridge University Press, Cambridge.

Overpeck, J.T. (1996) Warm climate surprises. Science, 271, 1820—
1821,

Pacala, S.W.,, Hurtt, G.C., Baker, D., Peylin, P., Houghton, R.A.,
Birdsey, R.A., Heath, L., Sundquist, E.T., Stallard, R.E, Ciais, P,
Moorroft, P., Casperen, ].P., Shevliakova, E., Moore, B.,
Kohlmaier, G., Holland, E., Gloor, M., Harmon, M.E., Fan, S.M.,
Sarmiento, J.L., Goodale, C.L., Schimel, D. & Field, C.B. (2001)
Consistent land- and atmosphere-based U.S. carbon sink estimates.
Science, 292, 2316-2320.

Pinol, J. & Sala, A. (2000) Ecological implications of xylem cavita-
tion for several Pinaceae in the Pacific Northern USA. Functional
Ecology, 14, 538-545.

Pockman, W.T., Sperry, J.S. & O’Leary, ].W. (1995) Sustained and
significant negative water pressure in xylem. Nature, 378, 715—
716.

Rinaldi, S. & Scheffer, M. (2000) Geometric analysis of ecological
models with slow and fast processes. Ecosystems, 3, 507-521.

Schlesinger, W.H. (1999) Carbon and agriculture: Carbon sequestra-
tion in soils. Science, 284, 2095.

Schiesinger, W.H. (2000) Carbon sequestration in soils: some cautions
amidst optimism. Agriculture, Ecosystems and Environment, 82,
121-127.

Schulze, E.-D., Wirth, C. & Heimann, M. (2000) Managing forests
after Kyoto. Science, 289, 2058-2059.

Shugart, H.H. (1998) Terrestrial ecosystems in changing environ-
ments. Cambridge University Press, New York.

Smith, T.M. & Shugart, H.H. (1993) The transient response of
terrestrial carbon storage to a perturbed climate. Nature, 361,
523-526.

Solomon, A.M. & Kirilenko, A.P. (1997) Climate change and terres-
trial biomass: what if trees do not migrate? Global Ecology and
Biogeography Letters, 6, 139-148.

© 2002 Blackwell Science Ltd, Global Ecology & Biogeography, 1 1, 1-5

(3.3

-



Rapid, disturbance-induced C losses 5

Swetnam, T.W., Allen, C.D. & Betancourt, J.L. (1999) Applied
historical ecology: using the past to manage for the future. Eco-
logical Applications, 9, 1189~1206.

Swetnam, T.W. & Betancourt, J.L. (1998) Mesoscale disturbance and
ecological response to decadal climatic variability in the American
Southwest. Journal of Climate, 11, 3128-3147.

Trumbore, S.E. (1997) Potential response of soil organic carbon to
global environmental change. Proceedings of the National Acad-
emy of Sciences USA, 94, 8284-8291.

U.S. Department of Energy (1999) Carbon sequestration: state
of the science. Draft, February 1999. Available at: http://
www.fe.doe.gov/coal_power/sequestration/index_rpt.html.

Walker, B.H., Steffen, W.L. & Langridge, J. (1999) Interactive and
integrated effects of global change on terrestrial ecosystems. The
terrestrial biosphere and global change: implications for natural
and managed ecosystems (ed. by B. Walker, W. Steffen, J. Canadell
and J. Ingram), pp. 329-375. Cambridge University Press,
Cambridge.

Wilcox, B.P., Pitlick, J., Allen, C.D. & Davenport, D.W. (1996)
Runoff and erosion in a rapidly eroding pinyon-juniper hilislope.
Advances in billslope processes, vol. 1 (ed. by M.G. Anderson
and S.M. Brooks), pp. 61-77. Wiley, New York.

Woodwell, G.M., Mackenzie, ET., Houghton, R.A., Apps, M].,
Gorham, E. & Davidson, E.A. (1995) Will the warming speed the

©2002 Blackwell Science Ltd, Global Ecology & Biogeography, 11, 1-5

warming? Biotic feedbacks in the global climatic system: will
the warming feed the warming? (ed. by G.M. Woodwell and
ET. Mackenzie), pp. 393-411. Oxford University Press, Oxford.

BIOSKETCHES

David D. Breshears is an ecologist in Environmental
Dynamics and Spatial Analysis at Los Alamos National
Laboratory and is affiliated with University of New Mexico
and Colorado State University. His research focuses on
ecological and hydrological interactions for semiarid
ecosystems along a continuum from grassland to forest,
and related soil water, contaminant and carbon
relationships.

Craig D. Allen is a research ecologist with the U.S.
Geological Survey. His research focuses on landscape-
scale patterns and processes, with an emphasis on the
importance of disturbances such as fire and drought and
the use of historical data for understanding current
patterns.




