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Abstract

We review 25+ years of published climate impacts projections for the continental United States under a variety of climate
scenarios and compare them with observations from field and remote sensing. Summers have become warmer and drier, fire
season longer, drought stress more severe, endemic pests more lethal, vegetation shifts obvious. We present results from a
dynamic global vegetation model that has been used since 1995 to simulate ecosystem responses to a variety of climate futures.
Strengths and weaknesses of the vegetation model and its drivers are listed but overall results show that despite its obvious
shortcomings, the model simulated fairly well the observed trends and the order of magnitude of the changes. One major
conclusion of the study is that uncertainty with climate and vegetation model projections is much less than that of human

choices and sociopolitical decisions which affect land use and greenhouse gas emissions.
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Fig. 4. (A) Potential vegetation map (resampled digital map of the Major Ecosystems of Alaska, US Geological Survey, app D GVM
and simulated vegetation distribution under (B) historical climate conditions 1922—-1996 and under two climate change scen
(C) HADCM2SUL and (D) CGCMLI, for the decade 2090-2100 (data source: http://agdc.usgs.gov/data/blm/fire/firehistory/akfirg
Note: Grey grid cells on the potential vegetation map correspond to wetlands.

Bachelet et al. 2005:“Projections show that by the end of the 2 st
century, /5%—90% of the area simulated as tundra in 1922 is replaced by
boreal and temperate forest.”

Simulating the response of natural ecosystems
and their fire regimes to climatic variability in
Alaska’

D. Bachelet, J. Lenihan, R. Neilson, R. Drapek, and T. Kittel

Abstract: The dynamic global vegetation model MCI was used to examine climate, fire, and ecosystems interactions
in Alaska under historical (1922-1996) and future (1997-2100) climate conditions. Projections show that by the end of
the 21st century, 75%-90% of the area simulated as tundra in 1922 is replaced by boreal and temperate forest. From
1922 to 1996, simulation results show a loss of about 9 g C-myear”! from fire emissions and 360 000 ha burned cach
year. During the same period 61% of the C gained (1.7 Pg C) is lost to fires (1 Pg C). Under future climate change
scenarios, fire emissions increase to 11-12 g C-m2.year and the area burned increases to 411 000 — 481000 ha-year™'.
The carbon gain between 2025 and 2099 is projected at 0.5 Pg C under the warmer CGCM1 climate change scenario
and 3.2 Pg C under HADCM2SUL. The loss to fires under CGCMI is thus greater than the carbon gained in those

75 years, while under HADCM2SUL it represents onfly about 40% of the carbon gained. Despite increases in fire losses,
the model simulates an increase in carbon gains during the 21st century until its last decade, when, under both climate
change scenarios, Alaska becomes a net carbon source.

Résumé : Le modele de végétation dynamique adapté  I'échelle globale MC1 a été utilisé pour étudier les interactions
entre le climat, les feux et les écosystémes sous des conditions climatiques passées (1922-1996) et futures (1997-2100)
en Alaska. Les projections montrent que 75 % a 90 % de la superficie de la toundra simulée en 1922 sera remplacée
par une forét boréale ou tempérée vers la fin du 21° siécle. Selon les résultats de la simulation, de 1922 & 1996, les feux
auraient détruit annucllement une superficie de 360 000 ha et les émissions associées aux feux auraient causé des per-
tes d’environ 9 g C-m2an"'. Pendant la méme période, 61 % des gains en carbone (1,7 Pg C) ont éé consumés par le
feu (1 Pg C). Selon des scénarios de changements climatiques futurs, les émissions provoquées par le feu augmenteraient
a11-12 g C:m2an™' et la superficie brillée augmenterait a 411 000 — 481 000 ha-an™'. Le gain en carbone prévu entre
2025 et 2099 s'éleverait a 0.5 Pg C selon le scénario de changements climatiques le plus chaud (CGCMI) et 2 3.2 Pg C
selon le scénario HADCM2SUL. Les pertes attribuables aux feux avec le scénario CGCMI sont donc plus grandes que
les gains en C au cours de cette période de 75 ans alors qu'avec le scénario HADCM2SUL, elles ne représentent
quenviron 40 % des gains en C. Malgré I des pertes attri aux feux, les simulations du modéle
montrent une augmentation des gains en C au cours du 21° siécle jusqu'a sa derniére décade lorsque I'Alaska devient
une source nette de carbone selon les deux scénarios de changements climatiques.
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Figure 6. Potential vegeta-
tion distribution simulated
by MAPSS and MC1 for cur-
rent conditions (baseline his-
torical climate for MAPSS,
1990 for MC1) and for fu-
ture conditions (2070-99 for
MAPSS and 2095 for MC1)
under two scenarios:
HADCM2SUL and CGCM1
at 0.5° latitude/longitude
resolution. The color legend
is identical to that of Figure
3.
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ABSTRACT

The Kyoto protocol has focused the attention of the
public and policymarkers on the earth’s carbon (C)
budget. Previous estimates of the impacts of vegeta-
tion change have been limited to equilibrium “snap-
shots” that could not capture nonlinear or threshold
effects along the trajectory of change. New models
have been designed to complement equilibrium mod-
els and simulate vegetation succession through time
while estimating variability in the C budget and re-
sponses to episodic events such as drought and fire. In
addition, a plethora of future climate scenarios has
been used to produce a bewildering variety of simu-
lated ecological responses. Our objectives were to use
an equilibrium model (Mapped Atmosphere—Plant—
Soil system, or MAPSS) and a dynamic model (MC1)
to (a) simulate changes in potential equilibrium veg-
etation distribution under historical conditions and
across a wide gradient of future temperature changes
to look for consistencies and trends among the many
future scenarios, (b) simulate time-dependent
changes in vegetation distribution and its associated C
pools to illustrate the possible trajectories of vegeta-
tion change near the high and low ends of the tem-

perature gradient, and (c) analyze the extent of the
US area supporting a negative C balance. Both models
agree that a moderate increase in temperature pro-
duces an increase in vegetation density and carbon
sequestration across most of the US with small
changes in vegetation types. Large increases in tem-
perature cause losses of C with large shifts in vegeta-
tion types. In the western states, particularly southern
California, precipitation and thus vegetation density
increase and forests expand under all but the hottest
scenarios. In the eastern US, particularly the South-
east, forests expand under the more moderate scenar-
ios but decline under more severe climate scenarios,
with catastrophic fires potentially causing rapid vege-
tation conversions from forest to savanna. Both mod-
els show that there is a potential for either positive or
negative feedbacks to the atmosphere depending on
the level of warming in the climate change scenarios.

Key words: global climate change; simulation
model; biogeography; carbon budget; MAPSS;
MCI.

INTRODUCTION

The Kyoto protocol agreement of December 1997
has focused the attention of the public and policy-
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makers on the earth’s carbon (C) budget. It has
fostered a continuing search for a more accurate
quantification of global terrestrial C sources and
sinks to mitigate global climate change by conserv-
ing or increasing C sequestration. To estimate the
size of C pools and fluxes, scientists have used bio-
geochemical models that simulate steady-state con-
ditions using long-term average climatic records, or

Bachelet et al.

Introduction

Over the last 150 years, lakes and rivers in the Northern
Hemisphere have shown a trend toward later freeze-up and
carlier break-up dates (Magnuson et al. 2000). Permafrost

i as been in Alaska (I et
al. 1986) and in parts of Canada, with a northward shift of
the southern limit of permafrost by about 200 km over the
20th century (Chen et al. 2003). Satellite observations have
also suggested a lengthening of the growing season at high
northern latitudes (Keeling et al. 1996; Myneni et al. 1997).

As evidence for climate change becomes more tangible, con-
cerns have arisen over the stability of the large carbon re-
serve in the Alaskan boreal and arctic regions. Moreover,
the area burned by wildfires in North America’s boreal for-
ests was higher in the 1980s than in any previous decade on
record (Murphy et al. 2000 cited by Harden et al. 2000).
The interactions between climate and fire are complex.
Warmer temperatures alone would lead to increased fire
activity by reducing the moisture content of fuels and increas-
ing litterfall caused by drought stress, as long as ignition
sources were not limiting. A concurrent increase in precipi-

Received 30 November 2004. Accepted 15 April 2005. Published on the NRC Research Press Web site at http://cjfr.nrc.ca on
18 October 2005.
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Fig. 9. (A) Five-year running-average change in ecosystem carbon (net biological production in Tg C-year™') under historical condi-
tions 1922-1996 and under two climate change scenarios compared with variations in 5-year running-average (B) annual maximum
temperature (Tmax) and (C) annual precipitation (PPT) normalized to the 1922-1996 average.
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Regional Differences in the Carbon Source-Sink
Potential of Natural Vegetation in the U.S.A.
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ABSTRACT / We simulated the variability in natural ecosystem
carbon storage under historical conditions (1895-1994) in six
regions of the conterminous USA as delineated for the US-
‘GCRP National Assessment (2001). The largest simulated
variations in carbon fiuxes occurred in the Midwest, where
large fire events (1937, 1988) decreased vegetation biomass
and soil carbon pools. The Southeast showed decadal-type

trends and alternated between a carbon source (1920s,
1940s, 1970s) and a sink (1910s, 1930s, 1950s) in response
to climate variations. The drought of the 1930s was most ob-
vious in the creation of a large carbon source in the Midwest
and the Great Plains, depleting soil carbon reserves. The
Northeast shows the smallest amplitudes in the variation of its
carbon stocks. Westem regions release large annual carbon
fluxes from their naturally fire-prone grassland- and shrubland-
dominated areas, which respond quickly to chronic fire distur-
bance, thus reducing temporal variations in carbon stocks.
However, their carbon dynamics reflect the impacts of pro-
longed drought periods as well as regional increases in rainfall
from ocean-atmosphere climate regime shifts, most evident in
the 1970s. Projections into the future by using the warm
CGCM{ climate scenario show the Northeast becoming
mostly a carbon source, the Southeast becoming the largest
carbon source in the 21st century, and the two western-most
regions becoming carbon sinks in the second half of the 21st
century. Similar if more moderate trends are observed by us-
ing the more moderately warm HADCM2SUL scenario.
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The size of terrestrial carbon sinks and the interac-
tion of these sinks with anthropogenic emissions of
CO; have proved controversial. The existence and the
size of a sink in the continental USA is difficult to
estimate. Attempts to define sinks at the regional level
are full of uncertainties and contradictions. Using in-
verse-modeling techniques based on atmospheric and
oceanic data and models, Fan and others (1998) calcu-
lated a continental United States carbon sink for the
early 1990s of 0.81 Pg Cy ™' (1.7 Pg Cy ™ for the entire
North American continent), whereas Bousquet and
others (2000), using similar techniques, estimated the
sink to be as much as 2 Pg Cy~" during the early 1990s

for the entire North American continent. Observations
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Heath 1995, Turner and others 1995, Brown and Schr-
oeder 1999) have generated carbon sequestration rates
by North American forest ecosystems between 0.08 and
0.28 Pg Cy ™. By including anthropogenic effects, such
as changes in agricultural soils due to management
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practices (e.g. conservation tillage), woody encroach-
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mentin the western U.S., and fire suppression, Hough-
ton and others (1999) estimated the upper limit for
carbon sequestration in the United States at 0.35 Pg C

FIRE CONS,

HADCM2SUL

Most of the uncertainty among these various esti-
mates arises from the lack of integration of information
rather than the lack of knowledge (Falkowski and oth-
ers 2000). The combined effects of increasing CO,

60

of ic gas conc ions and
transport models have also suggested a Northern Hemi-
sphere mid-latitude terrestrial sink of 1-3 Pg Cy~'. On
the other hand, Schimel and others (2000) and Potter
and Klooster (1999), using biogeochemical models,
published values around 0.2 Pg Cy . Similarly, forest
inventory data (Birdsey and others 1993, Birdsey and

Published online May 20, 2004.
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c i (Keeling and others 1989), warmer
night-time temperatures (Easterling and others 1997),
climatic fluctuations (Easterling and others 2000), and
anthropogenic impacts such as pollution, land conver-
sion, water diversion combine to complicate the issue.
Attempts to resolve this situation are continuing. For
example, Pacala and others (2001) summarized and
reconciled the results from all these studies and came
up with a carbon sink estimate of 0.30 to 0.58 Pg Cy™"
for the conterminous USA.
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Figure 6. Simulated interannual variation in total ecosystem carbon during the historical period (1895-1993), and under

HADCM2SUL and CGCM1 future climate scenarios (10-year running average). Carbon gains in live vegetation (green) and soil

(blue), carbon losses from live vegetation (red) and soil (orange), and biomass consumed by fire, for the six U.S. GCRP regions.
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Bachelet et al. 2004: “The Northwest alternates as either
a source or a sink of carbon with HADCMZ2SUL, whereas it is
mostly a sink of carbon with CGCM| except in the 2010s
and the 2060s, when up to 40 Tg C are released to the
atmosphere.”
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In June and early July 2019, a heat wave in Alaska broke temperature records, as seen in this July 8 air temperature map (left). The corresponding
image from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument on Aqua on the right shows smoke from lightening-triggered
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the firs
few decades of the 2 Ist century as precipitation slightly decreases, t
hypothesized early green-up does not materialize under CGCM .
Instead, there is a rapid loss in vegetation density until mid-cent
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CLIMATE CHANGE EFFECTS ON VEGETATION DISTRIBUTION,
CARBON, AND FIRE IN CALIFORNIA
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Abstract. The objective of this study was to d ically simulate the resp of
vegetation distribution, carbon, and fire to the historical climate and to two contrasting
scenarios of climate change in California. The results of the simulations for the historical
climate pared f bly to independs i and observations, but validation of
the results was complicated by the lack of land use effects in the model. The response to
increasing temperatures under both scenarios was characterized by a shift in dominance
from needle-leaved to broad-leaved life-f and by i in ion productivity,
especially in the relatively cool and mesic regions of the state. The simulated response to
changes in precipitation were plex, involving not only the effect of changes in soil

i on vegetation p: ivity, but also changes in tree—grass competition mediated
by fire. Summer months were warmer and persistently dry under both scenarios, so the
trends in simulated fire area under both scenarios were primarily a response to changes in
vegetation biomass. Total ecosystem carbon increased under both climate scenarios, but
the proportions allocated to the wood and grass carbon pools differed. The results of the

imulati d e p ally large impact of climate change on California eco-
systems, and the need for further use and develop of d ic veg models using

various ensembles of climate change scenarios.

—

—

Key words:  California, USA; carbon; climate change; dynamic vegetation model; fire; vegetation

distribution.

INTRODUCTION

California, USA, is one of the most climatically and
biologically diverse areas in the world. There is more
diversity in the state’s land forms, climate, ecosystems,
and species than in any comparably sized region in the
United States (Holland and Keil 1995). The diversity
of landscapes and climates supports a broad range of
natural ecosystems ranging from the cool and wet red-
wood forests of the northwestern bioregion to the hot

riparian areas have been severely degraded or de-
stroyed. Even relatively unmanaged natural systems
have been signi ly altered by introduction of non-
native species and fire suppression (Field et al. 1999).

In the future, global climate change will increasingly
interact with and intensify the pressures of a growing
population on the natural 'y of California. Re-
cent studies show that even gradual and apparently
small changes in climate can lead to catastrophic shifts

and dry Mojave and Sonoran Deserts (Fig. 1; Hick
1993). This diversity of habitats sustains a greater level
of species diversity and endemism than is found in any

in y when y ili has been
p d by human expl (Scheffer et al.
2001). Regional climate studies indicate that on av-

other region of the nation. The California flora includs

IO : .
erage C may y warmer

~25% of the flora of the continental United States, and
~25% of the plant species are endemic to the state
(Davis et al. 1998).

Much of California’s biological wealth is
by the state’s burgeoning population and the conse-
quent impacts on the landscape. Throughout the state,
natural habitats have been and continue to be altered
and fragmented, endangering the state’s biological di-
versity (Barbour et al. 1993). Most of the state’s forests
have been logged, native oak woodlands are in serious
decline, native grasslands have almost ipletely dis-
appeared, and nearly 90% of the state’s wetlands and

Manuscript received 9 September 2002; revised 27 March
2003; accepted 15 April 2003. Corresponding Editor: W. L.
Silver.

3 E-mail: lenihan@fsl orst.edu

and wetter winters, somewhat warmer summers, and
an enhanced El Nifio Southern Oscillation (ENSO) dur-
ing the next century (Field et al. 1999, Gutowski et al.
2000). All natural ecosystems, whether managed or un-
managed, will be impacted by these changes in climate.
It is not possible to accurately predict the response of
the natural systems to global climate change through
direct experimentation. The physical extent, complex-
ity, and expense of even a single factor experiment for
an entire ecosystem is usually prohibitive (Aber et al.
2001). However, analyses of the sensitivity of natural
ecosystems to climate change can be made using eco-
system models that integrate information from direct
experimentation.

In this study we used MAPSS-CENTURY 1 (MC1;
Daly et al. 2000, Bachelet et al. 2001a), a state-of-the-
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Response of vegetation distribution, ecosystem
productivity, and fire to climate change scenarios
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Abstract The response of vegetation distribution, carbon, and fire to three scenarios of
future climate change was simulated for California using the MC1 Dynamic General
Vegetation Model. Under all three scenarios, Alpine/Subalpine Forest cover declined, and
increases in the productivity of evergreen hardwoods led to the displacement of Evergreen
Conifer Forest by Mixed Evergreen Forest. Grassland expanded, largely at the expense of
Woodland and Shrubland, even under the cooler and less dry climate scenario where
increased woody plant production was offset by increased wildfire. Increases in net primary
productivity under the cooler and less dry scenario contributed to a simulated carbon sink of
about 321 teragrams for California by the end of the century. Declines in net primary
productivity under the two warmer and drier scenarios contributed to a net loss of carbon
ranging from about 76 to 129 teragrams. Total annual area bummed in California increased
under all three scenarios, ranging from 9-15% above the historical norm by the end of the
century. Annual biomass consumption by fire by the end of the century was about 18%
greater than the historical norm under the more productive cooler and less dry scenario.
Under the warmer and drier scenarios, simulated biomass consumption was initially greater,
but then at, or below, the historical norm by the end of the century.

1 Introduction

California is one of the most climatically and biologically diverse areas in the world. There
is more diversity in the state’s land forms, climate, ecosystems, and species than in any
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Fig. 7 a Percent change in annual total area burned relative to the simulated mean annual total area burned
for the 1895-2003 historical period, and b percent change in annual total biomass consumed relative to the
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| Lenihan et al. 2003." The simulated response to changes in precipitation were complex,
involving not only the effect of changes in soil moisture on vegetation productivity, but also changes
in tree—grass competition mediated by fire. Summer months were warmer and persistently dry
under both scenarios, so the trends in simulated fire area under both scenarios were primarily a
response to changes in vegetation biomass.*
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Lenihan et al. 2008: “The model results indicate fire will play a critical
role in the adjustment of semi-arid vegetation to altered precipitation
regimes, be it slowing or limiting the encroachment of woody vegetation
into grasslands under less dry conditions or hastening the transition from
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simulated mean annual biomass consumed for the historical period. All trend lines have He
a 10-year running average
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woody communities to grassland under drier conditions.”
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