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Preface

The Committee on the Ecological Impacts of Climate Change was given an unusual task;
therefore it is appropriate to describe how the committee was formed, how it interpreted its task,
and the approach it took to generate this report, so that reviewers and readers are aware of what
the report has been designed to achieve. The full statement of task can be found in Appendix A.
The National Research Council (NRC) was approached by the U.S. Geological Survey
with a request to produce a scientifically accurate brochure for the general public describing the
ecological effects of climate change. Generally, when produced by the NRC, the content of such
brochures is derived from previously published NRC consensus reports. In this case, while the
NRC has published widely on climate change, the ecological impacts have not been the subject
of any recent consensus reports. However, a number of major international consensus reports on
climate change, including the Fourth Assessment of the Intergovernmental Panel on Climate
Change (IPCC),' the Millennium Ecosystem Assessment,” several products from the U.S.
Climate Change Science Program,’ and the United Nations Foundation® provide ample raw
material for such a brochure. Accordingly, the NRC convened a committee of experts to review
the published literature and provide a brief report laying out an overview of the ecological
impacts of climate change and a series of examples of impacts of different kinds. The contents of

' IPCC. Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and III to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change, eds.R. K. Pachauri and A. Reisinger.
Geneva: IPCC, 2007.

* Millennium Ecosystem Assessment. Ecosystems and Human Well-being: Synthesis. Washington, D.C.: Island
Press, 2005.

* Backlund, P., A. Janetos, D. Schimel, J. Hatfield, K. Boote, P. Fay, L. Hahn, C. Izaurralde, B. A. Kimball, T.
Mader, J. Morgan, D. Ort, W. Polley, A. Thomson, D. Wolfe, M. G. Ryan, S. R. Archer, R. Birdsey, C. Dahm, L.
Heath, J. Hicke, D. Hollinger, T. Huxman, G. Okin, R. Oren, J. Randerson, W. Schlesinger, D. Lettenmaier, D.
Major, L. Poff, S. Running, L. Hansen, D. Inouye, B. P. Kelly, L. Meyerson, B. Peterson, R. Shaw. The effects of
climate change on agriculture, land resources, water resources, and biodiversity in the United States. A Report by
the U.S. Climate Change Science Program and the Subcommittee on Global Change Research. Washington D.C.:
U.S. Department of Agriculture, 2008.

* Scientific Expert Group on Climate Change (Rosina M. Bierbaum, John P. Holdren, Michael C. MacCracken,
Richard H. Moss, and Peter H. Raven, eds.). Confronting Climate Change: Avoiding the Unmanageable and
Managing the Unavoidable. Report prepared for the United Nations Commission on Sustainable Development.
Research Triangle Park, N.C., and Washington, D.C.: Sigma Xi and the United Nations Foundation, April 2007.
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this report will be used by the NRC’s Division on Earth and Life Studies communications office
to design a fully illustrated booklet for distribution to the public.

Members of the committee were chosen to represent knowledge of a wide range of
different geographic areas (for example, the arctic or temperate latitudes), and different kinds of
organisms and ecosystems. Crucially, in addition to relevant expertise, the committee members
were chosen because of their deep familiarity with the international activities that allowed
sciciitists to develop the scientific consensuses on which this report is based and for their
experience and skill in conveying complex scientific information to the general public. All
eleven committee members served as lead authors on one or more recent scientific assessments
on global change and many have been recipients of awards and prizes for exceptional
achievement in science communication. The roster of committee members and their biographies
are in Appendix B.

The committee met several times by conference call to discuss which examples of the
ecological impacts of climate change to provide and how the information should be presented.
Because the ultimate audience will be the general public, the committee decided that the report
would avoid using jargon and use straightforward examples to help convey complex issues, all
while not sacrificing accuracy. At the same time, numerous references and suggestions for
further reading are provided for those wishing more detail.

The list of possible examples of ecological impacts of climate change is very long, and
only a few can be included in so brief a document. Instead, an effort was made to choose
examples from a wide range of ecosystems and of several different kinds of impacts, ranging
from range shifts, to seasonal timing mismatches, to indirect consequences of primary impacts.
While trying to illustrate the broad range of impacts, the committee also highlighted a few
fundamental messages: 1. Climate change and ecosystems are intricately connected and impacts
on one will often feed back to affect the other; 2. Ecosystems are complex and their constituent
species do not necessarily react to climate change at the same pace or in the same ways; 3.
Climate change is not the only stress affecting ecosystems, and other stresses, like habitat loss,
overfishing, and pollution, complicate species’ and ecosystems’ ability to adapt to climate
change; 4. These cumulative and interacting changes will likely affect the benefits that humans
derive from both managed and unmanaged ecosystems, including the production of food and
fiber, purification of water and air, provision of pollinators, opportunities for recreation and
much more; and 5. The magnitude of ecological impacts to climate change will depend on many
factors, such as how quickly the change occurs; the intensity, frequency, and type of change; and
in the long run what actions humans take in response to climate change.

Viii
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Introduction

The world’s climate is changing, and it will continue to change throughout the 21st century and
beyond. Rising temperatures, new precipitation patterns, and other changes are already affecting
many aspects of human society and the natural world.

Climate change is transforming ecosystems at extraordinary rates and scales. As each
species iesponds to its changing environment, its interactions with the physical world and the
creatures around it change—triggering a cascade of impacts throughout the ecosystem, such as
expansion into new areas, the intermingling of formerly non-overlapping species, and even
species extinctions

Climate change is happening on a global scale, but the ecological impacts are often local
and vary from place to place. To illuminate how climate change has affected specific species and
ecosystems, this document presents a series of examples of ecological impacts of climate change
that have already been observed across the United States.

Human actions have been a primary cause of the climate changes observed today, but
humans are capable of changing our behavior in ways that reduce the rate of future climate
change. Human actions are also needed to help wild species adapt to climate changes that cannot
be avoided. Our approaches to energy, agriculture, water management, fishing, biological
conservation, and many other activities will all affect the ways and extent to which climate
change will alter the natural world—and the ecosystems on which we depend.

What are ecosystems and why are they important?

Humans share Earth with a vast diversity of animals, plants, and microorganisms. Virtually every
part of the planet—the continents, the oceans, and the atmosphere—teems with life. Even the
deepest parts of the ocean and rock formations hundreds of meters below the surface are
populated with organisms adapted to cope with the unique challenges each environment presents.
In our era organisms almost everywhere are facing a new set of challenges; specifically, the
challenges presented by rapid climate change. How have plants, animals, and microorganisms
coped with the climate changes that have already occurred, and how might they cope with future
changes? To explore these questions we start with a discussion of how plants, animals, and
microorganisms fit together in ecosystems and the role of climate in those relationships.

Earth has a great diversity of habitats. These differ in climate, of course, but also in soils,
day length, elevation, water sources, chemistry, and many other factors, and consequently, in the
kinds of organisms that inhabit them. The animals, plants, and microorganisms that live in one
place, along with the water, soils, and landforms, make an ecosystem. When we attempt to
understand the impacts of climate change, thinking about ecosystems—and not just individual
species—can be helpful because each ecosystem depends on a wide array of interactions among
individuals. Some of these involve competition. For example, some plants shade others or
several animals compete for the same scarce food. Some involve relationships between animals
and their prey. Others involve decomposition, the process of decay that returns minerals and
organic matter to the soil. And some interactions are beneficial to both partners, for example,
bees that obtain food from flowers while pollinating them.

Climate influences ecosystems and the species that inhabit them in many ways. In
general, each type of ecosystem is consistently associated with a particular combination of
climate characteristics (Walter 1968). Warm tropical lands with year-round rain typically support
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tall forests with evergreen broadleaved trees. Midlatitude lands with cold winters and moist
summers usually support deciduous forests, while drier areas are covered in grasslands,
shrublands, or conifer forests. In a similar fashion shallow tropical-ocean waters harbor coral
reefs on rocky bottoms and mangrove forests along muddy shores, whereas temperate shores are
characterized by kelp forests on rocky bottoms and seagrasses or salt marshes on sediment-
covered bottoms. These major vegetation types or biomes can cover vast areas. Within these
aicas a wiae range of subtly different ecosystems utilize sites with different soils, topography,
land-use history, ocean currents, or climate details. Humans are an important part of most
ecosystems, and many ecosystems have been heavily modified by humans. A plot of intensively
managed farmland, a fish pond, and a grazed grassland are just as much ecosystems as is a
pristine tropical forest. All are influenced by climate, all depend on a wide variety of
interactions, and all provide essential benefits to people.

The lives of animals, plants, and microorganisms are strongly attuned to changes in
climate, such as variation in temperatures; the amount, timing, or form of precipitation; or
changes in ocean currents. Some are more sensitive and vulnerable to climate fluctuations than
others. If the climate change is modest and slow, the majority of species will most likely adapt
successfully. If the climate change is large or rapid, more and more species will face ecological
changes to which they may not be able to adapt. But as we will see later, even modest impacts of
climate change can cause a range of significant responses, even if the changes are not so harsh
that the organism dies. Organisms may react to a shift in temperature or precipitation by altering
the timing of an event like migration or leaf emergence, which in turn has effects that ripple out
to other parts of the ecosystem. For example, such timing changes may alter the interactions
between predator and prey, or plants (including many crops) and the insects that pollinate their
flowers. Ultimately we want to understand how climate change alters the overall functioning of
the ecosystem and in particular how it alters the ability of the ecosystem to provide valuable
services for humans.

Ecosystems play a central role in sustaining humans (Figure 1) (Daily 1997; Millennium
Ecosystem Assessment 2005). Ecosystems provide products directly consumed by people. This
includes food and fiber from agricultural, marine, and forest ecosystems, plus fuel, including
wood, grass, and even waste from some agricultural crops, and medicines (from plants, animals
and seaweeds). Our supply and quality of fresh water also depends on ecosystems, as they play a
critical role in circulating, cleaning, and replenishing water supplies. Ecosystems also regulate
our environment; for example, forests, floodplains, and streamside vegetation can be critically
important in controlling risks from floods; likewise, mangroves, kelp forests, and coral reefs
dampen the impact of storms on coastal communities. Ecosystems provide cultural services that
improve our quality of life in ways that range from the sense of awe many feel when looking up
at a towering sequoia tree to educational and recreational opportunities. Ecosystems also provide
nature’s support structure; without ecosystems there would be no soil to support plants, nor all
the microorganisms and animals that depend on plants. In the oceans, ecosystems sustain the
nutrient cycling that supports marine plankton, which in turn supply food for the fish and other
seafood humans eat. Algae in ocean ecosystems produce much of the oxygen that we breathe. In
general, we do not pay for the services we get from ecosystems, even though we could not live
without them and would have to pay a high price to provide artificially.
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http://www.nap.edu/12491

Ecological Impacts of Climate Change

Introduction 3
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FIGURE 1 Ecosystem services. SOURCE: Millennium Ecosystem Assessment (2005).

Ecosystem services rely on complex interactions among many species, SO in most
environments it is critical that they contain a diverse array of organisms. Even those services that
appear to depend on a single species, like the production of honey, actually depend on the
interactions of many species, sometimes many hundreds or thousands. Honey comes from
honeybees, but the bees depend on pollen and nectar from the plants they pollinate. These plants
depend not only on the bees but also on the worms and other soil animals that aerate the soil, the
microorganisms that release nutrients, and the predatory insects that limit populations of plant-
eating insects. Scientists are still at the early stages of understanding exactly how diversity
contributes to ecosystem resilience—the ability of an ecosystem to withstand stresses like
pollution or a hurricane without it resulting in a major shift in the ecosystem’s type or the
services it provides (Schulze and Mooney 1993; Chapin et al. 1997; Tilman et al. 2006; Worm et
al. 2006). But we are already certain about one thing. Each species is a unique solution to a
challenge posed by nature and each species” DNA is a unique and complex blueprint. Once a
species goes extinct, we can’t get it back. Therefore, as we look at the impacts of climate change
on ecosystems, it is critical to remember that some kinds of impacts—Ilosses of biological
diversity—are irreversible.

What do we know about current climate change?

Over the last 20 years the world’s governments have requested a series of authoritative
assessments of scientific knowledge about climate change, its impacts, and possible approaches
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for dealing with climate change. These assessments are conducted by a unique organization, the
Intergovernmental Panel on Climate Change (IPCC). Every five to seven years, the IPCC uses
volunteer input from thousands of scientists to synthesize available knowledge. The IPCC
conclusions undergo intense additional review and evaluation by both the scientific community
and the world’s governments, resulting in final reports that all countries officially accept (Bolin
2007). The information in the IPCC reports has thus been through multiple reviews and is the
inost authoritative synthesis of the state of the science on climate change.

Earth’s average temperature is increasing

In 2007 the IPCC reported that Earth’s average temperature is unequivocally warming (IPCC
2007b). Multiple lines of scientific evidence show that Earth’s global average surface
temperature has risen some 0.75°C (1.3°F) since 1850 (the starting point for a useful global
network of thermometers). Not every part of the planet’s surface is warming at the same rate.
Some parts are warming more rapidly, particularly over land, and a few parts (in Antarctica, for
example) have cooled slightly (Figure 2). But vastly more areas are warming than cooling. In the
United States average temperatures have risen overall, with the change in temperature generally
much higher in the northwest, especially in Alaska, than in the south (Figure 3). The eight
warmest years in the last 100 years, according to NASA's Goddard Institute for Space Studies,
have all occurred since 1998 (http://www.giss.nasa.gov/research/news/20080116/).

During the second half of the 20th century, oceans have also become warmer. Warmer
ocean waters cause sea ice to melt, trigger bleaching of corals, result in many species shifting
their geographic ranges, stress many other species that cannot move elsewhere, contribute to sea-
level rise (see below), and hold less oxygen and carbon dioxide.

Copyright National Academy of Sciences. All rights reserved.
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FIGURE 2 Global trends in temperature. The upper map shows the average change in
temperature per decade from 1870 to 2005. Areas in orange have seen temperatures rise between
0.1-0.2°C per decade, so that they average 1.35 to 2.7°C warmer in 2005 than in 1870. The lower
map shows the average change in temperature per decade from 1950 to 2005. Areas in deep red
have seen temperatures rise on average more than 0.4°C per decade, so that they average more
than 2°C warmer in 2005 than in 1950. SOURCE: Joint Institute for the Study of the Atmosphere
and Ocean, University of Washington.
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-1 0 1 2 3
Annual mean temperature change (°C): 1955 to 2005

FIGURE 3 Temperature trends in North America, 1955 to 2005. The darker areas have
experienced greater changes in temperature. For example, the Pacific Northwest had average
temperatures about 1°C higher in 2005 than in 1955, while Alaska’s average temperature had
risen by over 2°C. SOURCE: Created with data from Goddard Institute for Space Studies.

Sea levels are rising

Climate change also means that sea levels are rising. Not only do warmer temperatures cause
glaciers and land ice to melt (adding more volume to oceans), but seawater also expands in
volume as it warms. The global average sea level rose by just under 2 mm/yr (0.08in/yr) during
the 20th century, but since satellite measurements began in 1992, the rate has been 3.1 mm/year
(0.12in/yr)(IPCC 2007a). Along some parts of the U.S. coast, tide gauge records show that sea
level rose even faster (up to 10 mm/yr, 0.39in/yr) because the land is also subsiding. As sea level
rises, shoreline retreat has been taking place along most of the nation’s sandy or muddy
shorelines, and substantial coastal wetlands have been lost due to the combined effects of sea-
level rise and direct human activities. In Louisiana alone, 4900 km?® (1900 mi”) of wetlands have
been lost since 1900 as a result of high rates of relative sea-level rise together with curtailment of
the supply of riverborne sediments needed to build wetland soils. The loss of these wetlands has
diminished the ability of that region to provide many ecosystem services, including commercial
fisheries, recreational hunting and fishing, and habitats for rare, threatened, and migratory
species, as well as weakening the region’s capacity to absorb storm surges like those caused by
Hurricane Katrina (Day et al. 2007). Higher sea levels can also change the salinity and water
circulation patterns of coastal estuaries and bays, with varying consequences for the mix of
species that can thrive there.
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Other effects are being seen

Water Cycle
Climate change is linked to a number of other changes that already can be seen around the world.

These include earlier spring snowmelt and peak stream flow, melting mountain glaciers, a
dramatic decrease in sea ice during the arctic summer, and increasing frequency of extreme
weathier eveits, including the most intense hurricanes (IPCC 2007b). Changes in average annual
precipitation have varied from place to place in the United States (Figure 4).

Climate dynamics and the cycling of water between land, rivers and lakes, and clouds and
oceans are closely connected. Climate change to date has produced complicated effects on water
balances, supply, demand, and quality. When winter precipitation falls as rain instead of snow
and as mountain snowpacks melt earlier, less water is “stored” in the form of snow for slow
release throughout the summer (Mote 2003), when it is needed by the wildlife in and around
streams and rivers and for agriculture and domestic uses. Even if the amount of precipitation
does not change, warmer temperatures mean that moisture evaporates more quickly, so that the
amount of moisture available to plants declines. The complex interaction between temperature
and water demand and availability means that climate change can have many different kinds of
effects on ecosystems.

7 Precipitation Trend
1901 - 2006
%I Century

P High: 52.74

e Low:-36.66
I

FIGURE 4 Trends in precipitation from 1901 to 2006 in the United States. Areas in red are
averaging some 30 percent less precipitation per year now than they received early in the 1900s.
Dark blue areas are averaging 50 percent more precipitation per year. SOURCE: Backlund 2008.
Created with data from the USGS and NOAA/NCDC.

Extreme Events
The character of extreme weather and climate events is also changing on a global scale. The
number of frost days in midlatitude regions is decreasing, while the number of days with extreme
warm temperatures is increasing. Many land regions have experienced an increase in days with
very heavy rain, but the recent CCSP report on climate extremes concluded that “there are recent
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regional tendencies toward more severe droughts in the southwestern U.S., parts of Canada and
Alaska, and Mexico” (Kunkel et al. 2008, Dai et al. 2004; Seager et al., 2007).

These seemingly contradictory changes are consistent with a climate in which a greater
input of heat energy is leading to a more active water cycle. In addition, warmer ocean
temperatures are associated with the recent increase in the fraction of hurricanes that grow to the
most destructive categories 4 and 5 (Emanuel 2005; Webster et al. 2005).

Arctic Sea Ice

Every year the area covered by sea ice in the Arctic Ocean expands in the winter and contracts in
the summer. In the first half of the 20th century the annual minimum sea-ice area in the Arctic
was usually in the range of 10 to 11 million km? (3.86 to 4.25 million mi®) (ACIA 2005). In
September 2007 sea-ice area hit a single-day minimum of 4.1 million km? (1.64 million mi?), a
loss of about half since the 1950s (Serreze et al. 2007). The decrease in area is matched by a
dramatic decrease in thickness. From 1975 to 2000 the average thickness of Arctic sea ice
decreased by 33 percent, from 3.7 to 2.5 m (12.3 to 8.3 ft) (Rothrock et al. 2008).

Ocean Acidification

About one-third of the carbon dioxide emitted by human activity has already been taken up by
the oceans, thus moderating the increase of carbon dioxide concentration in the atmosphere and
global warming. But, as the carbon dioxide dissolves in sea water, carbonic acid is formed,
which has the effect of acidifying, or lowering the pH, of the ocean (Orr et al. 2005). Although
not caused by warming, acidification is a result of the increase of carbon dioxide, the same major
greenhouse gas that causes warming. Ocean acidification has many impacts on marine
ecosystems. To date, laboratory experiments have shown that although ocean acidification may
be beneficial to a few species, it will likely be highly detrimental to a substantial number of
species ranging from corals to lobsters and from sea urchins to mollusks (Raven et al. 2005;
Doney et al. 2008; Fabry et al. 2008).

Causes of climate change

Both natural variability and human activities are contributing to observed global and regional
warming, and both will contribute to future climate trends. It is very likely that most of the
observed warming for the last 50 years has been due to the increase in greenhouse gases related
to human activities (in IPCC reports, “very likely” specifically means that scientists believe the
statement is at least 90 percent likely to be true; “likely” specifically means about two-thirds to
90 percent likely to be true [IPCC 2007b]). While debate over details is an important part of the
scientific process, the climate science community is virtually unanimous on this conclusion.

The physical processes that cause climate change are scientifically well documented. The
basic physics of the way greenhouse gases warm the climate were well established by Tyndall,
Ahrrenius, and others in the 19th century (Bolin 2007). The conclusions that human actions have
very likely caused most of the recent warming and will likely cause more in the future are based
on the vast preponderance of accumulated scientific evidence from many different kinds of
observations (IPCC 2007b). Since the beginning of the Industrial Revolution, human activities
that clear land or burn fossil fuels have been injecting rapidly increasing amounts of greenhouse
gases such as carbon dioxide (CO,) and methane (CHy) into the atmosphere. In 2006 emissions
of CO, were about 36 billion metric tons (39.6 billion English tons), or about 5.5 metric tons (6.0
English tons) for every human being (Raupach et al. 2007). In the United States average CO,
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emissions in 2006 were approximately 55 kg (120 1b) per person per day. As a consequence of
these emissions, atmospheric CO; has increased by about 35 percent since 1850. Scientists know
that the increases in carbon dioxide in the atmosphere are due to human activities, not natural
processes, because they can fingerprint carbon dioxide (for example, by the mix of carbon
isotopes it contains, its spatial pattern, and trends in concentration over time) and identify the
sources. Concentrations of other greenhouse gases have also increased, some even more than
CG; i peicentage terms (Figure 5). Methane, which is 25 times more effective per molecule at
trapping heat than CO,, has increased by 150 percent. Nitrous oxide (N,O), which is nearly 300
times more effective per molecule than CO; at trapping heat, has increased by over 20 percent
(Forster et al. 2007). Scientific knowledge of climate is far from complete. Much remains to be
learned about the factors that control the sensitivity of climate to increases in greenhouse gases,
rates of change, and the regional outcomes of the global changes. These uncertainties, however,
concern the details and not the core mechanisms that give scientists high confidence in their
basic conclusions.
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FIGURE 5: Historical concentrations of greenhouse gasses CO,, CHy4, and N,O over the past
10,000 years. For each of these greenhouse gases, the characteristic “hockey stick” shape of the
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curve is the result of large increases in the concentrations of these gases very recently, compared
to their relatively stable levels over the past 10,000 years. SOURCE: IPCC 2007d.

What do we expect from future climate change?

Evidence of rising atmospheric and ocean temperatures, changing precipitation patterns, rising
sca ievels, and decreasing sea ice is already clear. Average temperatures will almost certainly be
warmer in the future. The amount of future climate change depends on human actions. A large
number of experiments with climate models indicate that if the world continues to emphasize
rapid economic development powered by fossil fuels, it will probably experience dramatic
warming during the 21st century. For this kind of “business as usual” future the IPCC (IPCC
2007b) projects a likely range of global warming over 1990 levels of 2.4-6.4°C (4.3-11.5°F) by
2100 (Figure 6, scenario A1F1). If greenhouse gas emissions grow more slowly, peak around the
year 2050, and then fall, scientists project a likely warming over 1990 levels of 1.1-2.9°C (2.0-
5.2°F) by 2100 (Figure 6, scenario B1).”

Temperature increases at the high end of the range of possibilities are very likely to
exceed many climate thresholds. Warming of 6°C (10.8°F) or more (the upper end of the
projections that the 2007 IPCC rates as “likely”’) would probably have catastrophic consequences
for lifestyles, ecosystems, agriculture, and other livelihoods, especially in the regions and
populations with the least resources to invest in adaptation—that is, the strategies and
infrastructure for coping with the climate changes. Warming to the high end of the range would
also entail a global average rate of temperature change that, for the next century or two, would
dramatically exceed the average rates of the last 20,000 years, and possibly much further into the
past.

Mean seawater temperatures in some U.S. coastal regions have increased by as much as
1.1°C (2°F) during the last half of the 20th century and, based on IPCC model projections of air
temperature, are likely to increase by as much as 2.2-4.4°C (4-8°F) during the present century.
“Business as usual” emissions through 2100 would likely lead to oceans with surface
temperatures that are 2-4°C (3.6-7.2°F) higher than now and surface waters so acidified that only
a few isolated locations would support the growth of corals (Cao et al. 2007). Most marine
animals, especially sedentary ones, and plants are expected to be significantly stressed by these
changes (Hoegh-Guldberg et al. 2007). Some may be able to cope with either increased
temperatures or more acidic waters, but adjusting to both may not be feasible for many species.

> Projections of warming are given as a range of temperatures for three reasons. First, gaps in the scientific
understanding of climate limit the accuracy of projections for any specific concentration of greenhouse gases.
Changes in wind and clouds can increase or decrease the warming that occurs in response to an increase in the
concentration of greenhouse gases. Loss of ice on the sea or snow on land increases the amount of the incoming
sunlight that is absorbed, amplifying the warming from greenhouse gases. Second, the pattern of future emissions
and the mix of compounds released to the atmosphere cannot be predicted with high confidence. Some kinds of
compounds that produce warming remain in the atmosphere only a few days (Ramanathan et al. 2007). Others, like
CO,, remain for centuries and longer (Matthews and Caldeira 2008). Still other compounds tend to produce aerosols
or tiny droplets or particles that reflect sunlight, cooling the climate. Third, there is substantial uncertainty about the
future role of the oceans and ecosystems on land. In the past, oceans and land ecosystems have stored, at least
temporarily, about half of the carbon emitted to the atmosphere by human actions. If the rate of storage increases,
atmospheric CO, will rise more slowly. If it decreases, then atmospheric CO, will rise more rapidly (Field et al.
2007).
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Continued emissions under the “business as usual” scenario could lead by 2100 to 0.6 m
(2 ft) or more of sea-level rise. Continuation of recent increases in loss of the ice caps that cover
Greenland and West Antarctica could eventually escalate the rate of sea-level rise by a factor of
2 (Overpeck et al. 2006; Meehl et al. 2007; Alley et al. 2005; Gregory and Huybrechts 2006;
Rahmstorf 2007).

There will also be hotter extreme temperatures and fewer extreme cold events. An
iiicicase ii1 climate variability, projected in some models, will entail more frequent conditions of
extreme heat, drought, and heavy precipitation. A warmer world will experience more
precipitation at the global scale, but the changes will not be the same everywhere. In general, the
projections indicate that dry areas, especially in the latitude band just outside the tropics (for
example, the southwestern United States), will tend to get drier on average (IPCC 2007b; Kunkel
et al. 2008). Areas that are already wet, especially in the tropics and closer to the poles, will tend
to get wetter on average. Increased climate variability and increased evaporation in a warmer
world could both increase the risk and likely intensity of future droughts.

Changes in the frequency or intensity of El Nifio events forecast by climate models are
not consistent (IPCC 2007b). El Nifos are important because they are often associated with
large-scale drought and floods in the tropics and heavy rains just outside the tropics, but
projecting how the interaction between climate change and El Nifio events will affect
precipitation patterns is difficult. Another example of inconsistent results from models is that
model simulations indicate that future hurricane frequency and average intensity could either
increase or decrease (Emanuel et al. 2008), but it is likely that rainfall and top wind speeds in
general will increase in a world of warmed ocean temperatures.

For all of these different factors—temperature, precipitation patterns, sea-level rise and
extreme events—both the magnitude and speed of change are important. For both ecosystems
and human activities, a rapid rate of climate change presents challenges that are different from,
but no less serious than, the challenges from a large amount of change (Schneider and Root
2001).
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Solid lines are multi-model global averages of surface warming for scenarios A2, A1B and B1, shown as
continuations of the 20th-century simulations. These projections also take into account emissions of short-lived
GHGs and aerosols. The pink line is not a scenario, but is for Atmosphere-Ocean General Circulation Model
(AOGCM) simulations where atmospheric concentrations are held constant at year 2000 values. The bars at the right
of the figure indicate the best estimate (solid line within each bar) and the likely range assessed for the six SRES
marker scenarios at 2090-2099. All temperatures are relative to the period 1980-1999. SOURCE IPCC 2007b.

FIGURE 6 Projected future temperatures. This figure shows projected trends of average global
surface temperature, based on output from all of the major climate models, shown as
continuations of the 20th century observations (with the average for 1980-1999 plotted as 0). The
pink line represents what would happen if CO, concentrations could be held constant at year
2000 levels. Scenarios B1, A1B and A2 represent alternative possible futures. A1B and B1 are
futures with modest population growth, rapid economic growth, and a globally integrated
economy, with A1B focusing on manufacturing and B1 focusing on service industries. A2 is a
world with more rapid population growth but slower economic growth and less economic
integration. The bars to the right of the graph represent the likely range of average global
temperature from the same models in the years 2090-2099 for a wider range of possible futures,
with the horizontal bar in the middle indicating the average across the models. As of 2006, actual
CO, emissions were higher than those in the A2 scenario, making the full range of scenarios look
like underestimates, at least for the first years of the 21st century. (IPCC 2007b, Raupach et al.
2007).
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Climate change can impact ecosystems in many ways

Hundreds of studies have documented responses of ecosystems, plants, and animals to the
climate changes that have already occurred (Parmesan 2006; Rosenzweig et al. 2007). These
studies demonstrate many direct and indirect effects of climate change on ecosystems. Changes
in temperature, for example, have been shown to affect ecosystems directly: the date when some
plaiits Liooin 1S occurring earlier in response to warmer temperatures and earlier springs.
Extreme temperatures, both hot and cold, can be important causes of mortality, and small
changes in extremes can sometimes determine whether a plant or animal survives and reproduces
in a given location.

Changes in temperature, especially when combined with changes in precipitation, can
have indirect effects as well. For many plants and animals soil moisture is critically important for
many life processes; changes in precipitation and in the rate of evaporation interact to determine
whether moisture levels remain at a level suitable for various organisms. For fish and other
aquatic organisms both water temperature and water flow are important and influenced by the
combined effects of altered air temperatures and precipitation. For example, warmer, drier years
in the northwestern United States, often associated with El Nifio events and anticipated to be
more common under many climate scenarios, have historically been associated with below-
average snowpack, stream flow, and salmon survival (Mote 2003). Some salmon populations are
especially sensitive to summer temperatures; others are sensitive to low stream-flow volumes in
the fall (Crozier and Zabel 2006). The fact that climate change leads to rising seas means that
organisms and ecosystems located in coastal zones between the ocean and terrestrial habitats are
squeezed, especially when the coastal land is occupied by buildings or crops.

The ecological impacts of climate change are not inherently beneficial or detrimental for
an ecosystem. The concept that a change is beneficial or detrimental has meaning mainly from
the human perspective. For an ecosystem, responses to climate change are simply shifts away
from the state prior to human-caused climate change. Measured by particular ecosystem services,
some changes could be beneficial; for example, warmer temperatures extend the growing season
in some latitudes, and higher CO; levels increase the growth of some land plants, with higher
potential yields of food and forestry products (Nemani et al. 2003). Others are detrimental, for
example, western mountain areas with a longer snow-free season are experiencing increased
wildfires, reduced potential wood harvests, and loss of some recreational opportunities
(Westerling et al. 2006). In some settings uncertainty about future ecosystem services may be a
cost in itself, motivating investments that may not turn out to be necessary or that may be
insufficient to effectively address changing needs. To date, many species have responded to the
effects of climate change by extending their range boundaries both toward the poles (for
example, northward in the U.S.) and up in elevation, and by shifting the timing of spring and
autumn events. Plants and animals needing to move but prevented from doing so, for example,
because appropriate habitat is not present at higher elevations, are at greater risk of extinction.
Shifting species ranges, changes in the timing of biological events, and a greater risk of
extinction all affect the ability of ecosystems to provide the critical services—products,
regulation of the environment, enhanced human quality of life, and natural infrastructure—they
have been providing.
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Ecosystems can adjust to change—over time

Ecosystems are not static. They are collections of living organisms that grow and interact and
die. Ecosystems encounter an ever changing landscape of weather conditions and various kinds
of disturbances, both subtle and severe. Whatever conditions an ecosystem encounters, the
individual organisms and species react to the changes in different ways. Ecosystems themselves
4o ot move, individuals and species do; some species can move farther and faster than others,
but some may not be able to move at all. For example, a long-lived tree species may take decades
to spread to a new range, while an insect with many hatches per year could move quickly. A
species that already lives on mountaintops may have nowhere else to retreat. Rapid and extreme
disturbances can have major and long-lasting ecological impacts. For example, a severe drought,
wildfire, or hurricane can fundamentally reshape an area, often for many decades. In one of the
most dramatic examples the impact of an asteroid 65 million years ago is believed to have so
radically changed conditions on Earth that the dominant animals, the dinosaurs, died off and
were supplanted by mammals (Alvarez et al. 1990).

On longer time scales, most places on Earth have experienced substantial climate
changes. During the peak of the last ice age, approximately 21,000 years ago, most of Canada
and the northern United States were under thousands of feet of ice (Jansen et al. 2007). Arctic
vegetation thrived in Kentucky, and sea levels were about 120 m (400 ft) lower than at present.
Over the past million years Earth has experienced a series of ice ages, separated by warmer
conditions. Global average temperatures during these ice ages were about 4-7°C (7.2-12.6°F)
cooler than present, with the cooling and warming occurring over many thousands of years
(Jansen et al. 2007). These ice ages triggered extensive ecological responses, including large
shifts in the distributions of plants and animals, as well as extinctions. The massive changes
during past ice ages certainly pushed ecosystems off large swaths of Earth’s surface as ice-
dominated landscapes advanced. However, these changes were generally slow enough that
surviving species could move and reassemble into novel, as well as familiar-looking, ecosystems
as the ice retreated (Pitelka et al. 1997; Overpeck et al. 2003). The 10,000 years since the last ice
age have seen substantial regional and local climate variation, but on a global scale climate was
relatively stable, and these regional climate changes did not drive species to extinction nor result
in the scale of global ecosystem change seen during glacial-to-interglacial transitions. Even when
the global climate is not changing noticeably, regional climate variability (droughts, storms, and
heat waves) can have dramatic regional (often short-term) impacts. In a period of climate change
it is important to remember that this climate variability will continue to occur on top of the more
long-term human-caused climate changes.

Data on ecosystem responses to disturbances in the distant past can provide valuable
information about likely responses to current and future climate change. But it is important to
recognize that the current rate of increase of CO, in Earth’s atmosphere is faster than at any time
measured in the past, indicating that human-caused global climate change in the current era is
likely to be exceedingly rapid, many times faster than the long-term global changes associated
with onset and termination of the ice ages (Jansen et al. 2007). One of the big concerns about the
future is that climate changes in some places may be too fast for organisms to respond in the
ways that have helped sustain ecosystem services in response to natural changes in the past.
Understanding how quickly ecosystems can and cannot adjust is one of the key challenges in
climate change research.
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Climate change, other stresses, and the limits of ecosystem resilience

Climate change is not the only way humans are affecting ecosystems. Humans have a large and
pervasive influence on the planet. We use a substantial portion of the land for agriculture and the
oceans for fishing (Worm et al. 2006; Ellis and Ramankutty 2008). Many rivers are dammed to
provide water for crops or people, or they are polluted with fertilizer or other chemicals.
Cheinical residues and the by-products of industrial activity, from acid precipitation to ozone,
affect plant growth. Human activities, especially land and ocean use, limit some opportunities for
species migrations while opening routes for other species. Globally humans have moved many
non-native species from one ecosystem to another. Ecosystems operate in a context of multiple
human influences and interacting factors.

Earth’s ecosystems are generally resilient to some range of changes in climate. A resilient
ecosystem is one that can withstand a stress like pollution or rebuild after a major disturbance
like a serious storm. A resilient ecosystem can cope with a drought or an unusually hot summer
in ways that alter some aspects of ecosystem function but do not lead to a major shift in the type
of ecosystem or the services it provides. Thus, a resilient ecosystem may not appear to be
affected by modest or slow climate changes. But this resilience has limits. When a change
exceeds those limits, or is coupled with other simultaneous changes that cause stress, the
ecosystem undergoes a major change, often shifting to a fundamentally different ecosystem type.
There is a threshold point when dramatic ecosystem transformations may occur (Gunderson and
Pritchard 2002). These thresholds are like the top of a levee as the water level rises. As long as
the water level is even slightly below the top of the levee, function is normal. But once it rises
above the levee, there is a flood. This kind of threshold response is common in ecosystems,
where extreme events like heat waves often serve as triggers for an irreversible transition of the
ecosystem to a new state.

Currently plants and animals are responding to rapid climate change while
simultaneously coping with other human-created stresses such as habitat loss and fragmentation
due to development, pollution, invasive species, and overharvesting. How do we know climate
change itself is causing major changes in ecosystems? First, species changing their ranges in the
Northern Hemisphere are almost uniformly moving their ranges northward and up in elevation in
search of cooler temperatures (Parmesan and Yohe 2003; Parmesan 2006; Rosenzweig et al.
2007). If any or all of the other stressors were the major cause of ecosystem changes, plants and
animals would move in many directions in addition to north, and to lower as well as higher
elevations. Second, when we look at the association over time of changes between species ranges
and temperatures modeled using only natural variation in climate, such as sunspots and volcanic
dust in the stratosphere, the relationship is poor. When temperatures are modeled using natural
variability as well as human-caused drivers, such as emission of CO, and methane, the
association is very strong. Consequently, humans are very likely causing changes in regional
temperatures to which in turn the plants and animals are responding (Root et al. 2005).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/12491

Ecological Impacts of Climate Change

17

Documented Current Ecological Impacts of Climate Change

Given the compounding factors discussed in the preceding section, it is generally difficult to
attribute ecological changes directly or solely to the effects of climate change. Evidence of the
ecological impacts of climate change becomes more convincing when trends are observed among
hundreds of species rather than relying on studies of a few particular species. Two widely
aocuineiiiea and well-studied general ecological impacts of climate change that provide a
glimpse into the broader issue are climate-induced shifts in species’ ranges and seasonal shifts in
biological activities (known as phenology) or events. These types of change have been observed
in many species, in many regions, and over long periods of time.

Range and seasonal shifts are not the only general impacts of climate change; other
impacts that affect many ecosystems are changes in growth rates, the relative abundance of
different species, processes like water and nutrient cycling, and the risk of disturbance from fire,
insects, and invasive species.

Range shifts

Climate change is driving the most massive relocation of species to occur without direct human
assistance since the beginning of the current interglacial (warm) period (Parmesan 2006). Each
species has a range of climates within which it can survive and reproduce. Species can live only
in geographic areas where they can tolerate local temperatures, rainfall, and snowfall (see Figure
7). As Earth warms, the tolerable climate ranges for many species are shifting their locations.
About 40 percent of wild plants and animals on land that have been followed over decades are
relocating in order to remain within suitable climate conditions (Parmesan and Yohe 2003).
Maximum range shifts observed during the past 30 years (up to 1000 km poleward and 400 m
upward shifts) surpass responses to regional climate variability during the current interglacial
(warm) period of the past 10,000 years, and are approaching the magnitudes of range shifts
which occurred during the transition from the last glacial maximum to the current interglacial
(Coope 1994,1995; Davis and Shaw 2001; Parmesan 2006; Seimon et al. 2007).

Populations or entire species that are unable to move become stressed as the climate
around them becomes unsuitable, and ultimately are at high risk of extinction if they cannot
relocate (Williams et al. 2003; Thomas et al. 2004; Bomhard et al. 2005; Thuiller et al. 2005;
Fischlin et al. 2007). For example, several U.S. Fish and Wildlife Service-listed endangered
species live on only one or a few mountaintops. When such a restricted species distribution is
coupled with poor dispersal abilities, these species are unlikely to be able to colonize new
habitats as their current locations become climatically unsuitable..

One obvious consequence of shifting species ranges is that many of the nature preserves,
parks, refuges, and marine protected areas may no longer experience the climates required by the
very species for which they were founded. In another hundred years the nation’s carefully
planned park, preserve, and refuge system may not function as intended (Opdam and Waschler
2004). The movement of species out of the borders of nature preserves is compounded by the
fact that some of the preserved areas are also the ones being hardest hit by climate change. For
example, the harsh but fragile landscapes of the boreal tundra on the high peaks of the Grand
Tetons, the High Sierra, and the Alaska Range, are being strongly affected by human-caused
climate change.
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Range shifts acutely affect species in the Arctic and Antarctic. Temperatures are rising
more rapidly near the poles—up to 3°C (5.4°F) warming since 1850 (compared with 0.75°C
[1.3°F] average global increase) (IPCC 2007b). As sea ice gets thinner and shrinks in area, so too
shrink animal populations that use ice as their home, including the polar bear and the ringed seal
in the Arctic (Stirling et al. 1999; Derocher et al. 2004; Ferguson et al. 2005). In the Antarctic,
declines in Adeli¢é penguin populations reflect warming-induced declines in sea ice and
waiiniig-iinduced increases in precipitation (Croxall et al. 2002; Ducklow et al. 2007). These
animals are retreating toward the poles, and are rapidly reaching the end of Earth as they know it.

Cold-adapted species living at the tops of mountains are also being stranded with
nowhere to move as warmer temperatures—and formerly lower-elevation species—creep up to
higher elevations. As these formerly lower-elevation species move into conditions suitable at
higher elevations the available land area tends to get smaller as the elevation gets higher (Figure
8). Of course, an upward shift in each forest type means that the next higher type is either
eliminated or pushed even higher. The tundra and subalpine plants and animals that grace the
tops of the many high peaks and ridges may disappear completely as they are effectively pushed
off the tops of the mountains.

1990 Map
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National Arbor Day Foundation Plant Hardiness Zone Map
published 1n 2006.
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FIGURE 7 Shifts in plant hardiness zones between 1990 and 2006. Many gardeners rely on plant
hardiness zones to determine which plants will grow in their region. Each type of plant will
thrive only in certain zones. These zones have changed since the map was established. The
hardiness zone is moving north in most areas. This means that a plant that once could be grown
only in the south can now be grown successfully in areas that were not suitable 15 years ago.
However, it also means that some plants can no longer survive where they were planted.
SOURCE: The Arbor Day Foundation.

: Altitude (m)
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BO°N 30°
FIGURE 8 This figure shows current and future types of vegetation from north to south and from
lower to higher elevation as a result of future warming. Each zone represents a type of
ecosystem. In the future these zones move northward but also upward in altitude, replacing
existing zones and creating new zones. At an elevation of 1000 m currently one sees subalpine
vegetation in the south and fell-field in the north. In a warmer future, at 1000 m one would see
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boreal forest in the south and subarctic forest in the north. This process is called range shift.
SOURCE: ACIA 2004.

Seasonal Shifts
Climate change is also driving changes in phenology. Many biological events are timed based on

looking at changes of the timing of spring events have found that over the last 30 to 40 years,
various seasonal behaviors of numerous species now occur 15 to 20 days earlier than several
decades ago (Parmesan and Yohe 2003; Root et al. 2003; Parmesan 2007). The types of changes
include earlier arrival of migrant birds, earlier appearance of butterflies, and earlier flowering
and budding of plants. For example, the date when buds open in the spring in aspen trees in
Edmonton, Canada, shifted approximately 26 days earlier between 1900 and 2000, in response to
a warming of nearly 2°C (Figure 9) (Beaubien and Freeland 2000). Lilacs carefully observed at
over 1100 sites in North America expanded leaves and flowered an average of five to six days
earlier in 1993 than in 1959. Autumn changes are not as obvious partly because species vary in
the way that earlier springs affect their fall behavior. For example, some birds that arrive earlier
in the spring also leave earlier in the fall, regardless of the weather. Many trees, on the other
hand, respond to a later arrival of fall by delaying the date their leaves turn color.

Spring bud-burst dates:
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FIGURE 9 This graph shows when the buds on aspen trees opened in Edmonton, Canada during
the 20th century. The zero point is the average date (for the entire century) when buds opened.
Each circle represents an historical record of when buds opened in that particular year. The
dotted line shows the trend; aspen buds are opening on average 25 days earlier than they did a
century ago in response to warmer temperatures. The change in blooming date is an example of a
seasonal, or phenology, shift. SOURCE: adapted from data in Beaubien and Freedland (2000).
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If all the different species in an ecosystem shifted their spring behavior in exactly the
same way, the impact of warming temperatures might be minimal. But what happens when a
species depends upon another for survival (predator on prey, for example) and only one changes
the timing of its spring activity? Such a change can disrupt the predator-prey interaction, which
in turn can cause a drop in the predator population. For example, in Europe the bird known as the
pied flycatcher has not changed the time it arrives on its breeding grounds, but the caterpillars it
feeds its young are emerging earlier (Both et al. 2006). Missing the peak of food availability
means fewer chicks are surviving and the pied flycatcher population is declining.

Another example of mismatched predator-prey emergence is seen in plankton blooms in
the North Sea near England. There, many kinds of plankton (small marine organisms) have
changed the timing of their major blooms, but not by the same amount. In response to a warming
of about 0.9°C (1.6°F), Ceratium fusus, a tiny plant-like organism, shifted its peak bloom about a
month earlier in 1981-2002, compared to 1958-1980, but copepods, their shrimp-like predators,
shifted by only 10 days. This kind of mismatch appears to be common in the North Sea, with
plants generally shifting farther than the animals that feed on them (Edwards and Richardson
2004).
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Examples of Ecological Impacts of Climate Change in the United States

Climate change is global in scope, but ecological impacts are often quite localized. Although
most of the evidence of the ecological impacts of climate change stems from trends observed
among hundreds of species rather than a particular species, there are compelling examples of
how climate change has affected individual species and ecosystems. The following examples
ieview just a few of the ecological changes that have been documented in regions across the
United States. Future projections of the effects of climate change on these areas are also
explored, although it should be noted that such projections are based on the continuation of
current trends in anthropogenic contributors to climate change. If human activities change, so too
may these projections.

The Pacific Coastline

Edith’s and Quino checkerspot butterfly

We know some species are very sensitive to climate which allows them to act as early warning
indicators for climate change. One such species is Edith's checkerspot butterfly (Euphydryas
editha), a species with a marked range shift over the past 100 years that has been attributed to
climate change.

Forty years of research have documented strong responses of wild populations of Edith’s
checkerspot butterfly to the vagaries of weather and to climates with strong seasonal variation.
Weather extremes cause local extinctions but this is a natural part of Edith’s checkerspot biology
(Singer & Ehrlich 1979, Singer & Thomas 1996). Using museum records to determine where
Edith’s checkerspot lived in the past, an asymmetrical pattern of population extinctions on a
continental scale was revealed. Population extinctions were four times as high at the southern
end of the butterflies' range (in Baja, Mexico) than at the northern end (in Canada), and nearly
three times as high at lower elevations (below 2400 m (8,000 ft)) than at higher elevations (from
2400 to 3800 m (8,000 to 12,500 ft)) (Parmesan 1996). This extinction process has effectively
shifted the range of E. editha both northward and upward in elevation since the beginning of the
20th century—a shift in concert with temperature increases resulting from climate change.

Separate analyses showed that other factors (such as proximity to large urban areas) were
not associated with the observed extinction patterns. Since the only strong associations were
between the extinction patterns and various climate trends, regional climate warming was by
default the most likely cause of the observed shift in the butterfly’s range.

The Quino checkerspot (E. editha quino) is a federally listed endangered subspecies of
Edith’s checkerspot whose case highlights the conservation implications of climate change.
Although habitat destruction is the primary cause of the decline of the Quino checkerspot,
climate change poses problems for its recovery. Quino checkerspot populations along the
southernmost range (in Mexico) face the lowest degree of threat from development.
Unfortunately, these habitats are at the greatest risk from continuing warming and drying climate
trends. By contrast, Quino habitat that might have been available farther north has been
destroyed by development in the Los Angeles/San Diego corridor. The case of the Quino
checkerspot has resulted in the first habitat recovery plan to list climate change not only as a
current threat but also as a factor that should be considered in designing habitat reserves and
recovery management (Anderson et al. 2001).
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Pacific Ocean and fisheries

With seafood providing the primary source of protein for more than 1 billion people worldwide,
and demand for seafood growing exponentially, the future of the world’s fisheries is of critical
importance. There is, however, very limited understanding of how global climate change might
affect whole ocean ecosystems. Some of what we have learned about how changes in climate
affect marine ecosystems comes from what has been observed during periodic climate cycles,
suchi as the Tl Nifio-Southern Oscillation, the Pacific Decadal Oscillation, and the North Pacific
Gyre Oscillation, natural climatic fluctuations generated by ocean-atmosphere interactions over
the Pacific that can have important effects on weather conditions globally For example, some
species’ distributions change with El Nifio cycles. Other ecosystem changes, however, appear to
be unlinked to those cycles, and instead seem to have arisen as novel, unexpected perturbations.

One such anomaly is a new dead zone that has appeared off the Pacific Northwest coasts
of Washington and Oregon. A dead zone is an area of the ocean with insufficient oxygen to
support most marine life. Most animals that cannot swim or scuttle away suffocate. The zone of
low (or no) oxygen along the Pacific Northwest is different from most of Earth's other
approximately 400 dead zones that are caused by runoff of excess nutrients from the land,
usually from agricultural lands (Diaz and Rosenberg 2008). The Pacific Northwest dead zone
first appeared in the summer of 2002 and has appeared each summer since that time.

This dead zone is not a result of fertilizer use or sewage from land-based sources. Its
ultimate cause is still under investigation, but three immediate causes have been documented,
each of which is possibly linked to climate change. (1) Warmer ocean waters hold less oxygen at
the surface and slow the resupply of oxygen to deeper waters (Stramma et al. 2008). (2) Changes
in the coastal winds that control a process called coastal upwelling have been documented (Barth
et al. 2007). (3) Changes in ocean circulation that bring waters with abnormally low oxygen and
high nutrient levels to the surface during upwelling have been recorded. Reliable and comparable
oxygen measurements in this coastal ocean date back 60 years. Researchers who compared
dissolved oxygen content in coastal waters along the Oregon shore conclude that the recent seven
years (starting in 2002) have been dramatically different from the previous fifty years (Chan et
al. 2008). Analysis of over 10,000 individual dissolved oxygen measurements indicate that prior
to the early 2000s only one record showed severe hypoxia (low oxygen of less than 0.5 ml of
oxygen per liter of water), and none showed anoxia (no oxygen) in nearshore coastal waters.

Starting in 2002 the dead zone has appeared repeatedly each summer. The most severe
low-oxygen event on record was in 2006 along the Pacific Northwest coast; that dead zone lasted
four months and occupied up to two-thirds of the water column, oxygen levels dropped to zero,
and there were widespread die-offs of seafloor life that could not get away quickly enough. The
implications for fisheries in the region are under investigation.

Other ecosystems off the coasts of Peru, Chile, Namibia, South Aftrica, and Morocco also
seem to be undergoing changes involving dead zones, although the specifics vary across these
systems. These large marine ecosystems all depend on coastal upwelling; they collectively
represent 1 percent of the surface area of oceans, but have historically provided around 20
percent of the fisheries (Pauly and Christensen 1995). If catches diminish and ecosystem
functioning is disrupted as a consequence of emerging or expanding dead zones, the
consequences for many of the world’s key fisheries could be substantial.
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Wine Quality in California

Climate change affects managed ecosystems like vineyards just as it affects natural ecosystems,
and thereby can have major economic and social effects. Wine is one of California’s most
important agricultural products. The industry takes in billions of dollars per year and is a critical
part of the State’s cultural fabric. Wine grapes can grow in a wide range of climates and soils,
but the quality of the crop and its value for producing high-quality wine depends on something
the gioweis call “terroir,” a subtle balance of climate, soils, and landforms. Terroir can be so
important that the price of grapes from a premium wine region typically fetch more than 10 times
the price of the same variety grown elsewhere. Climate changes from 1950 to 1997 generally
improved conditions for growing grapes in California’s premium wine regions (Nemani et al.
2001). A modest warming, especially at night, decreased the incidence of frost and advanced the
start of the growing season. Further warming would, however, be unlikely to aid the industry.
One study concluded that the warming associated with “business as usual” emissions would, by
the last decades of the 21st century, degrade California’s premium wine regions to marginal from
their current status of optimal (Figure 10) (Hayhoe et al. 2004). Another study concluded that the
area with the potential to produce premium wines could decrease by up to 81 percent (White et

al. 2006).
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FIGURE 10 Projected conditions for grape growing in certain regions of California, from two
different climate models, the low sensitivity PCM model and the medium sensitivity HadCM3
model. Each model was used to project conditions for grape growing under conditions of higher
or lower CO, emissions. Both models project that conditions will improve in some regions in the
medium term (2020-2049), but that by 2070-2099 only the cool coastal regions will still have
optimal conditions for growing grapes (Hayhoe et al. 2004).
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Marine species along the Pacific coastline

Changing climate has already affected the distribution of marine organisms from south to north
along the coasts. For example, in one long-term study of animals and plants that inhabit rocky
shores along the central California coasts, many southern species became more common while
northern species became more rare over the 60-year period ending in the mid-1990s (Sagarin et
al. 1999). During that period, shoreline ocean temperatures increased by 0.8°C (1.4°F) and
suininei inaximum temperatures by nearly 2.2°C (4°F). Other changes in species abundances that
are consistent with expectations of climate change have been reported in this system (Smith et al.
2006) as well as for rocky shores in Europe (Southward et al. 2005). Very rapid shifts in
geographic distribution have been recorded for bottom-dwelling species that are important to
fisheries in the Bering Sea (Mueter and Litzow 2008). A clear northerly migration of snow crab,
rock sole, halibut, and pollock has been reported with rates of movement 2-3 times faster than
the average rate found for terrestrial species (Parmesan and Yohe 2003). These species appear to
be shifting northward in response to the northward movement of the extent of seasonal ice.

The Rocky Mountains

Range of the American pika

Once havens for cold-adapted species, mountaintops around the world are now showing signs of
warming stress. Consider the case of the American pika, a small mammal that looks like a
hamster but is actually more closely related to rabbits. Paleoecological records show that it lived
in the lowlands during the last ice age. As the ice retreated, the pika that had once lived across
the entire landscape gradually shifted uphill—an easy move. It now survives in isolated
mountaintop islands on various mountain ranges throughout the western United States.
Populations below about 7000 ft are rapidly going extinct, with past physiological studies
suggesting stress from high temperature is the cause (Beever et al. 2003; Smith 1974).

Trout habitat

Earlier springs and warmer summers are beginning to restrict trout habitat severely in some of
the small headwater streams of the Rocky Mountains, home to legendary trout fisheries. As
snowpacks melt earlier in the spring, late summer streamflows of cool snowmelt water are
declining, and some small rivers, like the Big Hole in Montana, cease to flow in late summer,
becoming isolated pools until replenished by fall rains. Trout die at water temperatures above
26°C (78°F), and some stream temperatures are now reaching lethal levels in July and August. If
current trends continue, coldwater species like trout could increasingly be restricted to the most
permanent streams. Late summer stream flow in seven Montana rivers has dropped an average of
30 percent since 1950 as a result of increasing irrigation demand, earlier snowmelt, and warmer
summer temperatures. State officials have had to temporarily close recreational trout fishing
during August in recent years on certain streams because of low stream flow and high water
temperatures. From 18 to 92 percent of bull trout habitat could be lost in the northern Rocky
Mountains in the next half century due to global warming influences on stream temperatures
(Rieman et al. 2007). Rocky Mountain lakes will likely see an increase in the abundance of
warmwater fish like yellow perch and smallmouth bass but a decrease in coldwater species.
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Spring emergence of yellow-bellied marmots

High in the Colorado Rockies, some important members of the animal community are
responding to warmer springtime temperatures. The yellow-bellied marmot, a large burrowing
mammal of the squirrel family, very common in the western mountains of the United States,
emerged from hibernation 23 days earlier (around April 1) in 1999 than in 1976, apparently in
response to warmer late-winter temperatures. This unfortunately means they are present and
active wheii snow still covers their normal food; in this Rocky Mountain location warmer
temperatures were not, by 1999, associated with earlier melting of the winter snowpack. Cut off
from food the marmots need to survive longer on stored reserves, potentially decreasing their
ability to reproduce (Inouye et al. 2000).

Forests: a deadly combination of drought, wildfire, and insect pests

In much of the country winter temperatures are not as severe as before, which may be more
convenient for humans but throughout the western mountains we now see more wintertime
precipitation falling as rain instead of snow (Knowles 2006). Thus the winter snowpack, which is
crucial for summer water resources, is no longer providing as much free natural storage as
before. Winter snowpack used to peak around April 1, when snow hydrologists would take a
measure of peak snow depth for each year’s water management planning. Now the April 1
snowpack is 10 to 20 percent lower than 50 years ago, partly because of less snow but also
because the spring melt begins on average 2 to 4 weeks earlier (Mote et al. 2005; Barnett et al.
2008).

In climates with adequate summer rainfall, earlier springs mean a longer growing season,
which may result in greater plant growth. But in the arid climates of the West, earlier snowmelt
and warmer spring temperatures mean that the annual summer drought may now begin in the
spring. Western valleys have always been dry, but now the higher mountain forests, from 1200 m
(4000 ft) and higher in Montana to over 3600 m (12,000 ft) in Arizona are no longer as protected
by a slowly melting snowpack as before. The longer, more intense spring-summer drought is
stressing mountain forests (Logan et al. 2003).

Wildfire occurrence and extent are also dramatically escalating in western forests (not
only in the U.S. Rockies but also in western Canada and Alaska), a legacy of both a changing
climate and decades of total fire suppression that has resulted in a dramatic buildup of dead fuels.
In the last 20 years the western fire season has expanded by over 2.5 months (Westerling et al.
2006). In 2007 California had wildfires burning in November, and Billings, Montana, had a
wildfire burning on January 8, 2008. There are now four times as many wildfires exceeding 4
km? (1.5 mi?) as there were 30 years ago, and these frequent large fires are burning six times as
much area. The national wildfire-fighting budget (already strained for other reasons such as
increased development in fire vulnerable areas) now exceeds $1 billion almost every year, and an
ominous interaction is now emerging: as insect epidemics kill vast areas of forest, they leave
standing dead fuels for even larger wildfires. Ecologists now expect that some of these areas will
not recover as forests; they will instead return as more open savannah or grassland ecosystems.
The climate is becoming too dry to support some of our nation’s forests.

An unprecedented bark beetle epidemic has affected 47,000 km* (18,000 mi®) of forest in
western North America over the last 10 years (Raffa et al. 2008). The epidemic is an example of
the complicated interactions that characterize ecosystem dynamics: in this case the interplay
between a changing climate, vulnerable trees, and opportunistic insects. Mild overwintering
temperatures have allowed more insect larvae to survive the winter (Logan et al. 2003). At the
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same time longer, dryer, and warmer, summers have both accelerated beetle life cycles and
stressed the trees upon which these beetles feed. The stressed trees produce less pitch, which
makes them more susceptible to beetle damage. Many of the affected forests are made up of trees
that are all the same age because of earlier wildfire damage. These uniform forest age structures
provide contiguous landscapes allowing rapid population dispersal and successful beetle attacks
on the stressed trees.

The Breadbasket: Central United States

Agricultural Shifts

The central part of the United States is one of the world’s great agricultural regions. With rich
soils and a favorable climate, the region produces some of the world’s highest yields of corn,
soybeans, and wheat. Production of corn and soy beans are centered east of the plains, with the
highest production in Iowa, Illinois, Minnesota, and Indiana. Wheat is grown mainly in the
western part of the region, especially in the Dakotas and Kansas. For these three crops, yields
have increased steadily over the last century, reflecting the combined effects of improved seed
stocks and improved management (National Agricultural Statistics Service 2008).

Continuing efforts by farmers and scientists to increase yields make it difficult to assess
whether climate changes to date have had an effect. In general, the rate of plant growth increases
with warming, up to a point, but it decreases when temperatures get above that point. For each
crop, varieties have adapted or been bred to thrive in a range of temperatures, but there are limits
to the temperature range for each crop. When temperatures get too warm, crops tend to mature
early, completing growth before the end of the season. Under extreme conditions crops can be
killed by either high or low temperatures. Projecting crop growth in a changing climate is further
complicated by the fact that for most plant species, growth increases in response to an increase in
the CO, concentration of the atmosphere. Plants grow by combining CO, from the atmosphere
with water, using energy from light, to make carbohydrates, in the process called photosynthesis.
Under open-field conditions, increasing atmospheric CO, concentrations (but not changing
temperature) from the current ambient level to a level that may occur in 30 to 50 years increases
the yield of plants like soybeans or wheat an average of about 15 percent (Long et al. 2006).
Plants like corn and sugarcane have a mechanism that concentrates CO, in the leaves, and they
generally do not grow more when exposed to elevated CO,. Unhappily, some pest plants (like
poison ivy) grow faster and produce more of their characteristic irritant when atmospheric CO,
concentration is higher (Mohan 2006).

A number of models estimate changes in crop yields in response to changing climate and
CO; concentrations. At the global scale these models suggest that if warming is modest, yields in
hot regions will decrease, while yields in cool regions will increase. For the temperate Great
Plains, most models conclude that warming up to 2°C will probably increase average yields by 5
to 20 percent (Field et al. 2007b). Depending on the amount of warming that occurs, these yield
increases may persist through the century.

The actual impact of climate change on crop yields in the future depends on a number of
factors. The balance between effects of warming (which can increase or decrease yields) and
effects of increased CO, (which increases yields for some crops but not for corn) will mean
increased yields for some crops and different varieties within crops and decreases for others.
Higher temperatures can interfere with pollination and seed set, resulting in reductions in
productivity; the acceleration of plant life cycles can result in crops that are smaller when they
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mature (Hatfield et al. 2008). Effects of climate change on the competitive ability of weeds and
other pests, on the susceptibility of weeds to herbicides, and on the frequency of severe weather
all potentially complicate the challenge of sustaining historical rates of yield increases (Hatfield
et al. 2008). Another critical factor in future yields is the level of adaptation by farmers.
Aggressive action to adjust farming methods, planting dates, and the crops or varieties grown can
play a large role in yields. The potentially large contrast between yields with and without
tarimeis’ taking steps towards adaptation underscores the importance of good information for
coping effectively with climate change.

Migratory Waterways

The natural ecosystems in the central United States are also affected by climate change. Millions
of migratory birds fly back and forth across the central United States, many of them resting,
feeding, and mating in temporary lakes called playa lakes in the south and prairie potholes in the
north. The region is especially critical for mallard ducks and other waterfowl, with their annual
population numbers corresponding closely to the number of these temporary wetlands available
at the beginning of the breeding season. The health of the prairie potholes for waterfowl habitat
depends on whether future precipitation increases sufficiently to offset warmer temperatures. A
combination of higher temperatures and lower rainfall could dry up potholes in a region covering
six U.S. states and three Canadian provinces, home to the most productive waterfowl habitat on
Earth (Johnson et al. 2005). These shallow water holes are already under pressure because they
are used to provide water for irrigation, filled to provide more land for crops and houses, and
often subject to runoff of nutrients and pesticides. Climate change could further stress these
essential but transient habitats (Covich 1997).

The Northeastern United States

Northeast Fisheries
New England fisheries have for many decades been based on cod and lobster. Stocks of Georges
Bank cod, flounder, and haddock have collapsed due to overfishing. It is increasingly clear that
the cod fishery is also vulnerable to stress related to warming (Fogarty et al. 2008). Cod require
average bottom-water temperatures cooler than 12°C (54°F) and cooler than 8°C (46°F) for
growth and survival of young. If future warming of bottom waters is limited to the low end of
projected increases by the end of this century, cod may still survive over much of its current
range from Long Island to the Gulf of Maine, but more substantial warming will likely push
temperatures south of Cape Cod above the 12°C (54°F) threshold. Cod could survive in cooler
pockets north of Cape Cod and the cooler, historically rich waters of Georges Bank.
Lobsters tolerate a wider range of water temperatures, however in warmer water lobsters
need more oxygen to survive, and warmer water holds less oxygen. As temperatures approach
26°C (79°F) the concentration of oxygen in the water becomes insufficient for lobsters. Since the
late 1990s, lobster populations in Long Island Sound have fallen rapidly, with harvests in 2003
only 20 to 30 percent of their earlier size. While many factors may contribute to this decline,
warming is probably part of the mix, as water temperatures have exceeded 26°C with increasing
frequency (Frumhoff et al. 2007). In the Gulf of Maine warmer conditions in the future will
probably improve lobster habitat, providing a longer growing season, more rapid growth, and
more area suitable for the growth and survival of juveniles. However, such warmer temperatures
may have other indirect effects on lobsters. Since the late 1990s, lobster-shell disease, caused by
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a bacterium, has been prevalent in southern New England, making the affected lobsters
unmarketable. While temperature increases have not been demonstrated to be the cause of
greater disease prevalence, the spatial pattern of disease occurrence suggests temperature is a
factor (Glenn and Pugh 2006).

We are also seeing animal parasites moving northward. For example, the oyster parasite
(Perkinsus marinus) extended its range northward from the Chesapeake Bay to Maine, a 500 km
{310 i) suift with potentially major implications for oyster fisheries. Censuses from 1949 to
1990 showed a stable distribution of the parasite from the Gulf of Mexico to its northern
boundary at the Chesapeake Bay. A rapid northward expansion of the parasite in 1991 has been
linked to above-average winter temperatures, rather than to human-driven introduction or genetic
change (Ford 1996).

Florida and the Southern United States

Northward movement of tropical species

Just as cold-adapted species are moving toward the poles and up the mountains, many tropical
species are also moving into the United States. Former migrants like the rufous hummingbird
(Selasphorus rufus) and the Mexican green jay (Cyanocorax yncas) have become year-round
residents in Alabama and Texas, respectively (Hill et al. 1998). Florida has five new species of
tropical dragonfly (Paulson 2001). Many tropical butterflies that are normally confined to
Mexico are starting to breed as far north as Austin, Texas.

Having these new species in U.S. backyards has delighted bird and butterfly watchers,
and overall species diversity may have actually increased along the southern U.S. border. The
observed northward movement of species also has such potentially negative implications as new
arrivals competing with local species for scarce resources, bringing with them new diseases, or
crowding out native species.

Sea-level rise and the Everglades
The Florida Everglades are a unique ecosystem: a vast subtropical wetland of sawgrass,
mangrove forests, and cypress swamps that are home to wading birds, alligators, wood storks,
Florida panthers, and manatees. Beginning in the late 1800s, first to support agriculture and later
to protect a rapidly growing human population from flooding, a large part of the natural wetlands
have been drained or otherwise managed. These activities shrank the Everglades to half their
original size, fresh water flows through the wetlands changed dramatically, pollution from urban
areas and fertilizer runoff from agricultural areas increased, and saltwater from the surrounding
oceans infiltrated further inland.
In response to the deterioration of this natural resource—the Everglades National Park is a
designated International Biosphere Reserve, a World Heritage Site and a Wetlands of
International Importance—a number of preservation and restoration initiatives are underway.
Sea-level rise has already resulted in the landward encroachment of salt-tolerant mangroves
(Ross et al. 2000) and the task of restoring the Everglades will be made more difficult by the
higher rate of sea-level rise, increase in water temperature, changes in precipitation, and more
extreme storms that are expected to result from climate change (Twilley et al. 2001; NRC 2008).
In regions of the low-lying southeastern U.S. coast that are undergoing subsidence, a
projected relative sea-level rise of 0.6 to 1.2 m (2 to 4 ft) over the 21st century would reconfigure
shorelines and fragment barrier islands. Coastal saltmarshes and mangroves would be hard
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pressed to accumulate new soil fast enough to keep pace with the rising water level, and many of
them would be lost. The migration of wetlands inland as sea levels rise is an important means of
coastal ecosystem adaptation. When human development prevents such migration, adaptation is
more difficult. Conversely, protection of regions into which coastal wetlands can migrate would
ease adaptation. Even where landward migration is not blocked by development, rapid climate
change would make it unlikely that this process could happen fast enough to compensate for the
iosses. Aiiiimal species that depend on coastal marshes and mangroves, ranging from fish species
that use them as nursery areas to migratory waterfowl and wading birds will likely be adversely
affected.

Coral reefs

Coral reefs provide many ecosystem services including acting as a habitat for many kinds of fish
and a protective barrier for nearby shores. Reefs off the Florida Keys and in other tropical U.S.
waters are to varying degrees already in degraded condition due to the effects of overfishing,
land-based pollution by nutrients and sediments, and coastal development (Pandolfi et al. 2005).
Ocean warming and acidification due to increasing carbon dioxide concentrations pose an
additional double threat that will challenge the survival of coral reefs (Hoegh-Guldberg et al.
2007). Heat stress in shallow tropical waters causes corals to expel the colorful symbiotic algae
that provide a primary source of nutrition for the coral, leaving only the white “bone structure”
of the corals behind. This process, called coral bleaching, can be lethal to the coral if it lasts too
long. Bleaching has increased in intensity and frequency in recent decades. Bleaching and coral
mortality become progressively worse as unusually high temperatures are experienced over
longer periods. Increased acidity is likely to slow or stop the growth of coral over this century,
making them less competitive with the seaweeds that overgrow them, and reducing the capacity
of corals to build reefs. Not only are the corals themselves in jeopardy but so is the survival of
the myriad species found only on coral reefs, which make coral reefs one of the most diverse
ecosystems on Earth.

The Southwestern Deserts

Wildfire and invasive species

Until recently the Mojave and Sonoran deserts of the southwestern United States were generally
fireproof. There simply was not enough fuel to carry a fire from shrub to shrub or cactus.
However, a number of non-native grasses have now become successfully established in much of
the area, transforming fireproof desert into highly flammable grassland. Important examples
include buffelgrass (Pennisetum ciliare) a non-native grass originally from Africa that is
spreading rapidly over large parts of the Sonoran desert, and other grasses (e.g., Bromus rubens)
in the Mojave (Brooks and Matchett 2006). Like many fire-prone grasses, these are also fire-
adapted, sprouting again quickly and densely following fire, pushing out the native species,
including the iconic Saguaro cactus, which is not adapted to frequent fire (Esque et al. 2004).
While climate change is not implicated in the spread of buffelgrass, there is concern that
warming temperatures will allow this plant to continue to thrive in the desert Southwest, and also
extend its range to higher elevations.
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The pifion pine

We tend to think of established vegetation, especially in desert regions, as very drought tolerant,
but drought tolerance has limits. Severe drought, especially combined with warming, has the
potential to push ecosystems past those limits. That is exactly what happened recently across
much of the Four Corners region, where New Mexico, Arizona, Colorado, and Utah meet. This
region experienced a severe drought from 2000 to 2003, with precipitation levels 25 to 50
peiceiit iess than the long-term average. This was not the region’s most severe drought if
measured by total precipitation, but it was unusual in combining low precipitation with
abnormally hot temperatures. Much of this region is covered with pifion and juniper woodlands,
a vegetation type that is between a forest and a shrubland. By 2003 a large fraction of the pifions
in the region died, with mortality greater than 90 percent in some areas (Breshears et al. 2005).
The main cause of death was infestation by the pine bark beetle (Ips confusus), which often
successfully attacks trees weakened by other stresses. The consequence of this mortality is a
major change in the ecosystem structure and function over a large area. We do not, in general,
know the thresholds for this kind of major change before we see them occur. It is possible that
many ecosystems may be subject to dramatic changes at conditions only slightly outside the
observed range, especially when they are subject to many interacting stresses.

Alaska and the Arctic

The Arctic is warming about twice as rapidly as the rest of the planet. Warming at high latitudes
causes the sea ice and seasonal snow cover to melt more rapidly (Figure 11), converting white
reflective surfaces to darker ocean water or vegetation, respectively. These dark surfaces absorb
more solar radiation, transferring the heat to the air, leading to higher air temperatures and more
rapid melting—a feedback loop that exposes arctic marine and terrestrial ecosystems to much
higher rates of warming than the rest of the planet (Chapin et al. 2005). Permafrost, the
permanently frozen ground characteristic of cold regions, contains about as much carbon as the
global atmosphere (Zimov et al. 2006). As high-latitude regions warm, the thawing soil will
release much of this carbon to the atmosphere, which in turn will cause more warming, in
another continuous feedback loop. Exactly how fast this will happen is not known. In addition, as
permafrost thaws and ice volume is lost, the ground subsides unevenly, forming small thaw
ponds. The organic matter that decomposes in the airless sediments of these ponds produces
methane, an even more powerful greenhouse gas than CO, (Walter et al. 2006). These powerful
feedbacks to climate warming from permafrost thaw and many other finer-scale physical
processes are not currently incorporated in global models. Uncertainty about the impact of these
regional phenomena suggests that climate change could occur even more rapidly than models
currently project.

Climate change is also affecting the way humans interact with arctic ecosystems. Shorter
winters mean that ice roads used for oil exploration may no longer be practical. Alternative
construction methods that lay gravel roads over sensitive tundra have much greater ecological
impact on tundra than the ice roads and also affect the streams and rivers from which the gravel
is taken. For example, female caribou and their calves avoid roads, thereby losing access to

grazing areas, and the harvesting of stream gravels disrupt an important spawning habitat for
fish.
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FIGURE 11 Average arctic sea ice area for the month of September 2007 (in white) and the
average from 1979 to 2000 (pink outline). SOURCE: National Snow and Ice Data Center.
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Changes in terrestrial vegetation and effects on the arctic food chain

Arctic warming has important consequences for the mixture of plants on the land. Under
experimental conditions it has been shown that warming of tundra causes increased shrub
growth. This vegetation change has also been observed in the field, based on repeat aerial
photography, long-term field measurements, observations by indigenous people, and increased
vegetation cover observed from satellites (Figure 12) (Chapin et al. 2005; Sturm et al. 2005;
Goeiz et ai. 2005). If current trends continue, the future will see forests growing in areas
previously dominated by shrubs and shrubs taking over in areas that used to hold rushes and
sedges.

The expansion of shrub habitat is another example of a feedback loop. Because the
shrubs are taller than the vegetation they replace, they tend to trap snow, preventing it from
blowing away or turning directly from snow into water vapor. This increases the availability of
meltwater in the spring, and the thicker blanket of snow insulates the soil, keeping it warmer
over much of the winter. The arctic microbes respond dramatically to these warmer conditions,
increasing the processing of soil organic matter and making more useable nitrogen. In tundra the
shrubs grow faster in response to added nitrogen than do other species (Chapin et al. 2005), thus
adding to their capacity to trap snow and further warm the soil (Sturm et al. 2005).

The expansion of tundra shrubs also has important ecological and social implications.
The entire arctic ecosystem depends on caribou, including bears, wolves, and a range of carrion
feeders, whose populations shift with the abundance of caribou. Caribou are also perhaps the
most important terrestrial subsistence resource for indigenous peoples across the circumpolar
Arctic. Lichens, an important winter food for caribou, are among the species that are crowded
out by increased shrub growth (Cornelissen et al. 2001). The deeper snow around shrubs also
makes it harder for caribou to reach the lichens beneath. And over the longer term, warming-
induced increases in wildfire place an additional stress on this ecosystem because lichens recover
from wildfire much more slowly than shrubs (Rupp et al. 2006).

A warmer climate may help caribou in the summer. Warmer summer temperatures tend
to increase food availability and, as a consequence, survival of calves. But these advantages are
countered by more frequent thaw events in winter, which tend to produce a layer of ice on top of
the snow, making it difficult for caribou to reach the underlying foliage. Herd sizes have been
observed to decrease during periods of frequent icing (Griffith et al. 2002).
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FIGURE 12 Two photographs of the Aylyak River in Alaska (68° 53'N, 152° 31'W)
taken 50 years apart, showing larger individual shrubs, denser shrub patches, and
expansion of shrubs into areas that were previously shrub-free. SOURCE: Sturm et al.

2001.

Ice-dependent animals: Walrus and polar bear

Climate change is having a major impact on the extent of sea ice, and therefore on the animals
that depend on it, including walruses and polar bears. Walruses, for example, use ice floes as
nursing platforms and as a home base from which they dive to feed on clams and other bottom-
dwellers (Ray et al. 2006). Each spring walruses follow their sea-ice perches northward as ice
floes in southern latitudes melt. Because of climate change, the range of year-round sea ice is
shrinking and the walruses must move farther northward each year (Krupnik and Bogoslovskaya
1999; Grebmeier et al. 2006). In 2007 the sea ice moved beyond the edge of the continental
shelf, where the water becomes too deep for the walruses to feed. For the first time in recorded
history several thousand walruses—seeking an alternate place to rest between feeding
excursions—set up camp along the beaches near the village of Wainwright, Alaska. Over time,
such a dense aggregation of animals in a single location could deplete bottom food resources
along the coast. This dense aggregation of animals also crushed many calves as adults moved to
and from the ocean to feed (Metcalf and Robards 2008). Polar bears rely on sea ice for hunting;
when the sea is covered with ice, bears can wait at openings in the ice for their favorite prey
(ringed seals) to surface for air. In the open sea, seals can surface anywhere and the polar bears
cannot catch them (Laidre et al. 2008).
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Warmer waters and declines in sea ice (Figure 11) in the Bering Sea between Alaska and
Russia are causing massive ecological changes (Grebmeier et al. 2006). Fish species are shifting
northward in response to warmer temperatures and greater algal production in the water column.
This reduces the organic matter that falls to the seafloor as sediments, reducing the productivity
of the seafloor ecosystem on which walrus, crabs, and other species feed. As sea ice continues to
retreat this entire ice-dependent ecosystem, including coastal indigenous communities that

aepeid oii inarine mammals both culturally and nutritionally, will be substantially restructured
(Grebmeier et al. 20006).
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Lessons from the Distant Past

Much of what we know about the current ecological impacts of climate change comes from long-
term observations and experiments. Our ability to predict future ecological impacts of climate
change, however, largely stems from what we know about the effects of past climate changes.
Although climate changes over recent geological history were generally more modest and slower
thain the changes we currently face, studying the geologic record of climate and ecosystem
change provides a valuable way to understand how large-scale climate change affects natural
vegetation and ecosystems.

Climatic records spanning the last 50,000 or so years can be generated from sediments,
tree-rings, cave formations, corals, ice cores, and many other natural recorders of climate. These
climate records can be dated and compared with vegetation and ecosystem records like those
based on fossil pollen, plants, animals, and other organisms. These physical records allow
scientists to understand what ecosystems were like in the past and together make up what is
called the paleoecological record.

Past ecological responses to climate change

Thousands of years ago
The last 20,000 years on Earth have seen the demise of the last ice age, along with a global
warming of 4-7°C (7.2-12.6° F) into the current interglacial period, all driven by subtle changes
in the orbit of Earth (Jansen et al. 2007). This warming caused significant and widespread
changes in dominant plant types as the ecosystems of the continent reorganized in response to
climate warming and associated changes in the water cycle (Overpeck et al. 2003). This
millennia-long climate shift caused some plant and animal species to become rare on the
landscape and restricted to just a few isolated locations, a situation that can put species at greater
risk of extinction. Some vegetation communities shifted to locations with more favorable
conditions, others became extinct, and new communities emerged.

The paleoecological record of the last 20,000 years makes clear that each plant species
adapts to large-scale climate change in its own way, and that the climate conditions needed for
any individual species’ survival and reproduction can move hundreds of kilometers or more
across the landscape in response to climate change (Jackson and Overpeck, 2000). In extreme
cases whole biomes (assemblages of plant species) can go extinct. For example, around 12,000
years ago, much of the U.S. Midwest was covered by a mixed forest of spruce and hardwoods
unlike anything that can be found there today. This major vegetation biome went extinct as
summers warmed and ice sheets retreated about 10,000 years ago. Of course, the converse is also
true: when novel new climates emerge, ecosystems with entirely new mixtures of species may
arise.

Interestingly, the long-term climate changes that occurred in the 20,000 years before the
Industrial Revolution are known to have caused only one North American plant species—a type
of spruce tree—to go extinct in the last 20,000 years (Jackson and Weng 1999). In contrast,
many species of North American mammal—most notably Pleistocene megafauna such as wooly
mammoths and mastodons—are known to have gone extinct over the last 20,000 years. Although
debate continues on the exact cause of these extinctions, it appears most likely that climate
change caused major reductions in the favored habitats of these animals, and that human hunting
acted as a compounding stress (Koch and Barnosky 2006). This highlights the potentially deadly
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challenge that rapid climate change (even faster than over the last 20,000 years), combined with
human activities (now more varied and pervasive than ever in the past), could pose to North
American biodiversity in the future.

Millions of years ago
Another important lesson emerges from the Paleocene-Eocene Thermal Maximum,
appioxiinately 55 million years ago. At this time rapid and large increases in atmospheric carbon
dioxide caused an abrupt, sustained global warming of over 5°C (9°F), and also acidification of
the world’s oceans—similar to what we currently face. Ocean chemistry took over 100,000 years
to return to a less acidic state, and in the meantime many marine animals became extinct.
Ecological impacts on land were also substantial, apparently including the appearance of the first
primates on Earth, although the details of cause and effect remain uncertain (Jansen et al. 2007).

The global warming that occurred after the last ice age was large, particularly with
respect to the magnitude of global warming over the last 100 years, but it was also likely at least
10 times slower than what could happen in the future. Such rapid changes in conditions place
greater stress on ecosystems, since not all of the individual species that make up the ecosystem
will be able to adapt or migrate at the same speed. In addition to unprecedented rates of
warming, species now face human-caused fragmentation of the landscape and other barriers to
migration, invasive species, groundwater and stream flow reductions, pollution, and other
pervasive human influences that will inhibit the natural ability of ecosystems to adjust to climate
change.
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Impacts of Future Climate Changes

Uncertainties in predictions

The record of climate-induced change over the last million years indicates that human-caused
climate change, if not slowed significantly, will have a major landscape-transforming impact
across most of North America and its coastal ocean in the next 100 years and beyond. The

changes, but the picture is incomplete for several reasons. First, future climate changes will be
unprecedented in many respects. Depending on human actions climate change over the next
century may produce a temperature change as large as the difference between full glacial and full
interglacial conditions, and with temperatures warmer than Earth has experienced in many
millions of years. Second, if “business as usual” practices continue, climate change in coming
decades will be exceptionally rapid, much more rapid on a sustained global basis than the
transitions into and out of past ice ages. The only global-scale climate changes in Earth’s history
that have happened more rapidly are probably those associated with major cataclysms, such as
meteor impacts. Third, climate change will occur in a setting where human actions have
fundamentally altered terrestrial, aquatic, and marine ecosystems. Land use for farming and
forestry has disrupted migration routes for some plants and animals, while improving them for
others. Coastal ecosystems are increasingly squeezed between rising oceans and extensive
human development along the coasts. Many rivers are dammed, diverted, or polluted. Wild
stocks of fish are in many cases seriously depleted by overfishing or by changes in coastal and
river habitats. Finally, human actions are very effectively facilitating species movements, both
intentionally and unintentionally, making it possible for species that are good at moving to
spread around the world, often eliminating native species in their path.

Making decisions in spite of uncertainty

Although evidence from the recent and distant past is incomplete, we can draw some important
lessons. Perhaps the most important is that ecosystem responses to climate change, especially
with interacting stresses, are extremely complex. Interactions that were unimportant in one
setting may become critical in another. Healthy populations may be ravaged by pathogens that
are newly at home in a formerly hostile or resistant environment. And some rare species may
surprise us with their tenacity. Strategies for managing ecosystems in the future will need to pay
special attention to uncertainty—making the best decisions based on available information and
implementing decisions in a way that makes them adjustable as additional information becomes
available.

Future climate change will affect many aspects of ecosystem composition, structure, and
functioning. Some of these will have profound influences on ecosystem services. Others will
have effects on the integrity of ecosystems and on their resilience (their ability to cope with
future changes). Among all the possible impacts of climate change on ecosystems, the most
permanent is extinction. Once a species is lost, it cannot be replaced. Everything that was unique
about that species, perhaps its interactions with other species, perhaps its ability to deal with
particular kinds of stresses, or perhaps its unique appearance or behavior, is lost forever. When
we step back and probe the likely future consequences of human actions in causing climate
change, increased extinctions are one of the key impacts. So far the number of known extinctions
as a result of climate change is small, but quite a high number of species are currently considered
functionally extinct, in other words, they are at risk of going extinct as the climate warms unless
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we directly intervene (Thomas et al. 2004). For example, species currently living at the top of
mountains have no place else to go and will likely become extinct unless we capture them, move
them to a more hospitable habitat and monitor them to make sure they survive in the new habitat
(Hoegh-Guldberg et al. 2008). Such a response would require money, people power and political
will. If a warming of 2-3°C (3.6-5.4° F) occurs, the Intergovernmental Panel on Climate Change
has estimated that about 20 to 30 percent of studied species could risk extinction in the next 100
yeais. (rischlin et al. 2007). Given that there are approximately 1.7 million identified species on
the globe, an estimated 300,000 to 600,000 species could be committed to extinction primarily
due to human activities. An important reason why climate change is expected to have such a
major impact on biodiversity is that in most ecosystems climate change is occurring in the
context of ongoing pressures from a range of other important factors, including loss of habitat
from human land use, overfishing, fertilizer and pesticide runoff, and the encroachment of
invasive species (Sala et al. 2000). Indeed, we seem to be standing at the brink of a mass-
extinction event, precipitated by the behavior of one species—Homo sapiens.

What should we do about these trends?

Climate change is undoubtedly one of the defining environmental and development issues of the
21st century. Never before have humans had the numbers and the technology to dramatically
alter the climate of Earth at the global scale. Decisions about climate change over the coming
decades will likely reverberate through centuries.

This document is not intended to make policy recommendations. Rather, it is focused on
characterizing some of the changes to ecosystems that have already occurred and that are likely
to occur in the future, with different levels of climate change. There is no question that the
impacts of climate change on ecosystems become increasingly profound as the magnitude and
rate of climate change increases and that disruptions to ecosystem services, including potentially
irreplaceable services from biological diversity, become more severe.

The challenge is finding a set of policies, practices, and standards of behavior that
provide long-term economic opportunities and improved quality of life around the world while
maintaining a sustainable climate and viable ecosystems. Some authoritative recent analyses
(Stern 2007; IPCC 2007c¢) conclude that on economic grounds alone, the world should invest in
curtailing the amount of climate change that occurs and in adapting to the changes that cannot be
avoided. The appropriate level of these investments and the way they are financed and structured
are relevant questions for a wide-ranging discussion among all members of society—in
communities, businesses, places of worship, schools, and families. Some of the issues are quite
technical and can only be effectively addressed at the level of governments. This includes
decisions like whether and how best to impose a price on carbon emissions to the atmosphere or
the kinds of technological alternatives to fossil fuel energy to receive government subsidies.
Other decisions can be best addressed at the individual or family level. Each time a car, home
appliance, or light bulb is purchased, a decision is made that has a small influence on the change
in climate being driven by human-caused greenhouse gas emissions. But many small decisions,
made by billions of people, can combine to have very large effects.

As has been illustrated throughout this report, climate change is not the only stress on our
ecosystems. So another way that society can help reduce the negative ecological impacts of
climate change is by creating conditions that make it easier for species in ecosystems to adapt.
For example, the impacts of climate change on natural systems will be less harsh if other stresses
on ecosystems that are in fact under human control are reduced. Ocean ecosystems could be
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strengthened by eliminating overfishing, guarding against invasive species, and reducing nutrient
runoff. Ocean ecosystems could also be helped by protecting as much habitat and biodiversity as
possible in a fashion that is designed to allow movement of species, for example, with networks
of marine reserves where no fishing is allowed). Comparable protection on land would include
preserves and parks connected by corridors. Carefully considered approaches to and investment
in conservation, sustainable agricultural practices, pollution reduction, and water management
caii aii woik together to help ecosystems withstand the impact of a changing climate and
maintain critical ecosystem services.

The climate challenge is big and complex. It is unlikely that it can be solved with any
single strategy or by the people of any single country. But very likely it can be abated with the
dedicated efforts of millions of people, working hard on diverse strategies, from many different
angles.
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Appendix A

The Committee on Ecological Impacts of Climate Change

Statement of Task

An ad-hoc committee will prepare a short (20-page) consensus, high-level overview report based
on the recent Intergovernmental Panel on Climate Change Working Group II report and other
NRC reports and published literature that provides a balanced summary of key examples of
observed impacts of climate change on a variety of ecosystems. This report will form the basis of

derivative products such as a public brochure and material that could be used as the basis of a

class curriculum or public education.
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Appendix B

Committee on Ecological Impacts of Climate Change
Member Biographies

Christopher B. Field — Chair
Carnegie Institution for Science

Christopher B. Field is the founding director of the Carnegie Institution's Department of Global
Ecology, professor of biological sciences at Stanford University, and faculty director of
Stanford's Jasper Ridge Biological Preserve. For most of the last two decades Dr. Field has
fostered the emergence of global ecology. His research emphasizes ecological contributions
across the range of Earthscience disciplines. Dr. Field and his colleagues have developed diverse
approaches to quantifying large-scale ecosystem processes, using satellites, atmospheric data,
models, and census data. They have explored local and global patterns of climate change
impacts, vegetation-climate feedbacks, carbon cycle dynamics, primary production, forest
management, and fire. For more than a decade, Dr. Field has led major experiments on grassland
responses to global change, experiments that integrate approaches from molecular biology to
remote sensing at the ecosystem-scale. His activities in building the culture of global ecology
include service on many national and international committees, including committees of the
National Research Council, the International Geosphere-Biosphere Programme, and the Earth
System Science Partnership. Dr. Field was a coordinating lead author for the fourth assessment
report of the Intergovernmental Panel on Climate Change. He is a fellow of the ESA Aldo
Leopold Leadership Program and a member of the National Academy of Sciences. He has served
on the editorial boards of Ecology, Ecological Applications, Ecosystems, Global Change
Biology, and PNAS. Dr. Field received his Ph.D. from Stanford in 1981 and has been at the
Carnegie Institution since 1984. His recent priorities include high performance "green"
laboratories, integrity in the use of science by governments, local efforts to reduce carbon
emissions, ecological impacts of biofuels, and the future of scientific publishing.

Donald F. Boesch
University of Maryland Center for Environmental Science

Donald F. Boesch is a professor of marine science and president of the University of Maryland
Center for Environmental Science. From June 2002 through October 2003 Dr. Boesch also
served as interim vice chancellor for academic affairs of the University System of Maryland. In
1980 he became the first executive director of the Louisiana Universities Marine Consortium,
where he was also a professor of marine science at Louisiana State University. He assumed his
present position in Maryland in 1990. Dr. Boesch is a biological oceanographer who has
conducted research in coastal and continental-shelf environments along the Atlantic Coast and in
the Gulf of Mexico, eastern Australia, and the East China Sea. He has published two books and
more than 85 papers on marine benthos, estuaries, wetlands, continental shelves, oil pollution,
nutrient overenrichment, environmental assessment and monitoring, and science policy. His
research presently focuses on the use of science in ecosystem management. Dr. Boesch is active
in extending knowledge to environmental and resource management at regional, national and
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international levels. He has served as science adviser to many state and federal agencies and
regional, national, and international programs. He has chaired numerous committees and
scientific assessment teams that have produced reports on a wide variety of coastal
environmental issues. A native of New Orleans, Don Boesch received his B.S. from Tulane
University and Ph.D. from the College of William and Mary. He was a Fulbright postdoctoral
fellow at the University of Queensland and subsequently served on the faculty of the Virginia
iistitute of Marine Science.

F. Stuart "Terry" Chapin 111
University of Alaska, Fairbanks

F. Stuart "Terry" Chapin III is a professor of ecology in the Institute of Arctic Biology at the
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international commissions focused on the environment and climate, including the Millennium
Ecosystem Assessment and Intergovernmental Panel on Climate Change. He was the first
Alaskan elected to the National Academy of Sciences. Among the honors he has received are the
Kempe Award for Distinguished Ecologist in 1996 and the Usabelli Award for the top researcher
in all fields from the University of Alaska in 2000. Dr. Chapin received his Ph.D. in biological
sciences from Stanford University in 1973.

Peter H. Gleick
Pacific Institute

Peter H. Gleick is the president of the Pacific Institute in Oakland, California, which he
cofounded in 1987 and where he works on issues related to the environment, economic
development, and international security, with a focus on global freshwater challenges. Among
the issues he has addressed are conflicts over water resources, the impacts of climate change on
water resources, the human right to water, and the problems of the billions of people without
safe, affordable, and reliable water and sanitation. Dr. Gleick received a B.S. from Yale
University and an M.S. and Ph.D. in energy and resources from the University of California,
Berkeley. Dr. Gleick is the author of the biennial series on the state of the world's water, called
The World's Water, published by Island Press, Washington, D.C., regularly provides testimony
to the U.S. Congress and state legislatures, and has published many scientific articles. He served
as lead author of the water sector report of the U.S. National Assessment of the impacts of
climatic change and variability and as a reviewer for several chapters in the IPCC reports. In
2003 he was awarded a MacArthur Fellowship for his work on water resources and in 2006 he
was elected fellow of the American Association for the Advancement of Science and to
Membership in the National Academy of Sciences.

Anthony C. Janetos
University of Maryland

Anthony C. Janetos is director of the Joint Global Change Research Institute at the University of
Maryland. Dr. Janetos previously served as vice president of the H. John Heinz III Center for
Science, Economics and the Environment in Washington, D.C., where he directed the center's
Global Change Program. He has written and spoken widely to policy, business, and scientific
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audiences on the need for scientific input and scientific assessment in the policy-making process
and about the need to understand the scientific, environmental, economic, and policy linkages
among the major global environmental issues. Dr. Janetos has served on several national and
international study teams, including working as a cochair of the U.S. National Assessment of the
Potential Consequences of Climate Variability and Change. He also was an author of the
Intergovernmental Panel on Climate Change’s Special Report on Land-Use Change and Forestry,
the Glovai Biodiversity Assessment, and a coordinating lead author in the recently published
Millennium Ecosystem Assessment. He currently serves as a member of the National Research
Council’s Committee on Earth Science and Applications from Space. Dr. Janetos graduated
magna cum laude from Harvard College with a bachelor’s degree in biology and earned a
master’s degree and a Ph.D. in biology from Princeton University.

Jane Lubchenco
Oregon State University

Jane Lubchenco is the Wayne and Gladys Valley Professor of Marine Biology and Distinguished
Professor of Zoology at Oregon State University. Dr. Lubchenco is an environmental scientist
and marine ecologist who is actively engaged in teaching, research, synthesis, and
communication of scientific knowledge. Her expertise includes interactions between humans and
the environment: biodiversity, climate change, sustainability science, ecosystem services, marine
reserves, coastal marine ecosystems, the state of the oceans, and the state of the planet. She leads
an interdisciplinary team of scientists who study the marine ecosystem off the west coast of the
United States. This PISCO team is learning how the ecosystem works, how it is changing and
how humans can modify their actions to ensure continued benefit from ocean ecosystems. She is
a former president of the International Council for Science and a former president of the
American Association for the Advancement of Science and the Ecological Society of America.
She was a presidential appointee to two terms on the National Science Board which advises the
President and Congress and oversees the National Science Foundation. She often testifies before
Congress, addresses the United Nations, and provides scientific advice to the White House,
federal and international agencies, nongovernmental organizations, religious leaders, and leaders
of business and industry. In 1996, she was elected to the National Academy of Sciences,
American Academy of Arts and Sciences, American Philosophical Society, Royal Society, and
the Academy of Sciences for the Developing World. Dr. Lubchenco has received numerous
awards, including a MacArthur Fellowship, a Pew Fellowship, and the 2005 American
Association for the Advancement of Science's Award for Public Understanding of Science and
Technology. She graduated from Colorado College, received her Ph.D. from Harvard University
in marine ecology, taught at Harvard for two years, and has been on the faculty at Oregon State
University since 1978.

Jonathan T. Overpeck
University of Arizona

Jonathan T. Overpeck is a professor of geosciences and director at the Institute for the Study of
Planet Earth at the University of Arizona. His specialty areas are climate dynamics, including
paleoclimatology, climate and ecosystem interaction, and climate assessment and decision
support. Dr. Overpeck has written over 100 publications on climate and ecosystem variability,

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/12491

Ecological Impacts of Climate Change

56

and was founding cochair of both international and U.S. CLIVAR-PAGES working groups. He
is the chair of the National Science Foundation Arctic System Science Committee, and a member
of the NOAA Climate Working Group. Dr. Overpeck has been awarded the U.S. Department of
Commerce Gold Medal, as well as the Walter Orr Roberts Award of the American
Meteorological Society for his interdisciplinary research. He is also a coordinating lead author
for the ongoing Intergovernmental Panel on Climate Change Fourth Assessment. Most recently
Di. Oveipeck was awarded a Guggenheim Fellowship to investigate paleoenvironmental
perspectives on the future. He has a Ph.D. from Brown University.

Camille Parmesan
University of Texas

Camille Parmesan is associate professor of integrative biology at the University of Texas. Dr.
Parmesan's early research focused on multiple aspects of population biology, including the
ecology, evolution and behaviors of insect-plant interactions. For the past several years the focus
of her work has been on current impacts of climate change on wildlife in the 20th century. Her
work on butterfly range shifts has been highlighted in many scientific and popular press reports,
such as in Science, Science News, New York Times, London Times, National Public Radio, and
the recent BBC film series State of the Planet with David Attenborough. The intensification of
global warming as an international issue led her into the interface of policy and science. Dr.
Parmesan has given seminars for the White House, government agencies, and NGOs. As a lead
author she was involved in multiple aspects of the Third Assessment Report of the
Intergovernmental Panel on Climate Change. She received her Ph.D. at the University of Texas
in 1995.

Terry L. Root
Stanford University

Terry L. Root is a senior fellow in the Woods Institute for the Environment, and professor by
courtesy in the Biology Department at Stanford University. Dr. Root's research focuses on how
wild animals and plants have responded over the last century when the global average
temperature increased ~0.8°C and what the future ecological consequences will be for wild
species as the globe continues to warm rapidly. She and coworkers have also used studies of
species to show that humans are indeed causing a large portion of the increase in local and
regional temperatures. As the planet continues to warm at an escalating rate more and more
species will be at risk of extinction. Dr. Root’s current work is focusing on how to avert as many
extinctions as possible. She is working to help communicate information about climate change to
decision makers and the general public. She was a lead author in both the third and fourth
assessment reports of the Intergovernmental Panel on Climate Change Working Group 2. In
2007 the IPCC shared the Nobel Peace Prize with Vice President Gore. In 1990 she received the
Presidential Young Investigator Award from the National Science Foundation and in 1992 was
selected as a Pew scholar in Conservation and the Environment and Aldo Leopold leadership
fellow in 1999. She received her bachelors degree in mathematics and statistics at the University
of New Mexico, her masters degree in biology at the University of Colorado in 1982, and her
Ph.D. in biology from Princeton University in 1987. She has served on the National Research
Council Committee on Environmental Indicators and Pierce’s Disease in Vineyards of California
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Steven W. Running
University of Montana

Steven W. Running is trained as a terrestrial ecologist, receiving B.S. (1972) and M.S. (1973)
aegices ioin Oregon State University and a Ph.D. (1979) in forest ecology from Colorado State
University. Since 1979 he has been with the University of Montana, Missoula, where he is a
University Regents Professor of Ecology. His primary research interest is the development of
global and regional ecosystem biogeochemical models by integration of remote sensing with
climatology and terrestrial ecology. He is a team member for the NASA Earth Observing
System, Moderate Resolution Imaging Spectroradiometer, and he is responsible for the EOS
global terrestrial net primary production and evaporative index datasets. He has published over
240 scientific articles. Dr. Running has recently served on the standing Committee for Earth
Studies of the National Research Council and on the federal Interagency Carbon Cycle Science
Committee. He is a cochair of the National Center for Atmospheric Research Community
Climate System Model Land Working Group, a member of the International Geosphere-
Biosphere Program Executive Committee, and the World Climate Research Program, Global
Terrestrial Observing System. Dr. Running shared the Nobel Peace Prize in 2007 as a chapter
lead author for the Fourth Assessment of the Intergovernmental Panel on Climate Change. He is
an elected Fellow of the American Geophysical Union and is designated a highly cited researcher
by the Institute for Scientific Information.

Stephen H. Schneider
Stanford University

Stephen H. Schneider is a professor in the Department of Biological Sciences, a senior fellow at
the Woods Institute for the Environment, and professor by courtesy in the Department of Civil
and Environmental Engineering at Stanford. In 1975 he founded the interdisciplinary journal,
Climatic Change, and continues to serve as its editor. Dr. Schneider’s current global change
research interests include climatic change, global warming, food and climate and other
environmental science public policy issues, ecological and economic implications of climatic
change, integrated assessment of global change, climatic modeling of paleoclimates and of
human impacts on climate (carbon dioxide greenhouse effect and environmental consequences of
nuclear war, for example). He is also interested in advancing public understanding of science and
in improving formal environmental education in primary and secondary schools. He was honored
in 1992 with a MacArthur Fellowship for his ability to integrate and interpret the results of
global climate research through public lectures, seminars, classroom teaching, environmental
assessment committees, media appearances, congressional testimony, and research collaboration
with colleagues. He has served as a consultant to federal agencies and White House staff in the
Nixon, Carter, Reagan, Bush Sr., Clinton, and Bush Jr. administrations. He received, in 1991, the
American Association for the Advancement of Science Westinghouse Award for Public
Understanding of Science and Technology for furthering public understanding of environmental
science and its implications for public policy. He was elected to membership in the National
Academy of Sciences in 2002. Dr. Schneider received his Ph.D. in mechanical engineering and
plasma physics from Columbia University in 1971.
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