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Executive Summary

he Great Lakes region of the United States and Canada is a land of striking glacial legacies:
spectacular lakes, vast wetlands, fertile southern soils, and rugged northern terrain forested
in spruce and fir. It is also home to 60 million people whose actions can profoundly affect
the region’s ecological bounty and the life-sustaining benefits it provides. Now that the world
is entering a period of unusually rapid climate change, driven largely by human activities that release
heat-trapping greenhouse gases into the atmosphere, the responsibility for safeguarding our natural

heritage is becoming urgent.

Growing evidence suggests that the climate of the Great Lakes region is already changing:
* Winters are getting shorter.

* Annual average temperatures are growing warmer.

* The duration of lake ice cover is decreasing as air and water temperatures rise.

* Heavy rainstorms are becoming more common.

This report examines these trends in detail and discusses the likelihood that they will continue
into the future. The consequences of these climatic changes will magnify the impacts of ongoing
human disturbances that fragment or transform landscapes, pollute air and water, and disrupt natural
ecosystems and the vital goods and services they provide. Confronting Climate Change in the Great
Lakes Region explores the potential consequences of climate change, good and bad, for the character,
economy, and environment of the Great Lakes region during the coming century. It also examines
actions that can be taken now to help forestall many of the most severe consequences of climate

change for North America’s heartland.

CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION 1
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ExecurtivE SUMMARY

What is the

likely climate future for

the Great Lakes region?

In general, the climate of the Great Lakes region will
grow warmer and probably drier during the twenty-
first century. Climate models predict that by the end
of the century, temperature in the region will warm
by 5 to 12°F (3 to 7°C) in winter, and by 5 to 20°F
(3 to 11°C) in summer. Nighttime temperatures are
likely to warm more than daytime temperatures, and
extreme heat will be more common. Annual average
precipitation levels are unlikely to change, but the
seasonal distribution is likely to vary greatly, increas-
ing in winter and decreasing in summer. Overall, the
region may grow drier because any increases in rain
or snow are unlikely to compensate for the drying
effects of increased evaporation and transpiration in
a warmer climate. This drying will affect surface and
groundwater levels, and soil moisture is projected to

decrease by 30 percent in summer. In addition, the
frequency of 24-hour and multiday downpours, and
thus flooding, may continue to increase.

These changes in temperature and precipitation
will strongly alter how the climate feels to us. Within
three decades, for example, a summer in Illinois may
feel like a summer in Oklahoma does today. By the
end of the century, an Illinois summer may well feel
like one in east Texas today, while a Michigan sum-
mer will probably feel like an Arkansas summer does
today. Residents in Toronto could experience a shift
from a southern Ontario summer to one that by
2030 may feel more like one in upstate New York,
and by the end of the century more like one in
northern Virginia today.

What might these

——— changes mean for Great Lakes

ecosystems and the goods
and services they provide?

Lakes

* Lake levels have been highly variable in the 1900s,
but declines in both the inland lakes and the Great
Lakes are anticipated in the future.

* Declines in the duration of winter ice are expected
to continue.

* Loss of winter ice may be a mixed blessing for fish,
reducing winterkill in shallow lakes but also jeopar-
dizing reproduction of whitefish in the Great Lakes
bays, where ice cover protects the eggs from winter
storm disturbance.

* The distributions of many fish and other organisms
in lakes and streams will change. Coldwater species

such as lake trout, brook trout, and whitefish
and cool-water species such as northern pike and
walleye are likely to decline in the southern parts
of the region, while warm-water species such as
smallmouth bass and bluegill are likely to expand
northward.

* Invasions by native species currently found just
to the south of the region and invasions of warm-
water nonnative species such as common carp will
be more likely, increasing the stress on native plant
and animal populations in the region.

* In all lakes, the duration of summer stratification
will increase, adding to the risk of oxygen deple-
tion and formation of deep-water “dead zones”
for fish and other organisms.

2 CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION

Union of Concerned Scientists

The Ecological Society of America



* Lower water levels coupled with warmer water .

temperatures may accelerate the accumulation of
mercury and other contaminants in the aquatic
food chain and ultimately in fish.

* Many fish species should grow faster in warmer
waters, but to do so they must increase their
feeding rates. It remains uncertain whether prey
species and the food web resources on which they
depend will increase to meet these new demands.

Streams and Wetlands

* Earlier ice breakup and earlier peaks in spring
runoff will change the timing of stream flows,
and increases in heavy rainstorms may cause
more frequent flooding.

* Changes in the timing and severity

of flood pulses are likely to reduce The risk of oxygen

safe breeding sites, especially for
amphibians, migratory shorebirds,

and waterfowl, and may cause many deep-water “dead

northern migratory species such as
Canada geese to winter further

north. in all lakes.

¢ Reduced summer water levels are

likely to diminish the recharge of groundwater
supplies, cause small streams to dry up, and reduce
the area of wetlands, resulting in poorer water

quality and less habitat for wildlife.

* Drought and lower water levels may ultimately
increase ultraviolet radiation damage to frogs and
other aquatic organisms, especially in clear,
shallow water bodies.

* River flooding may become more common and
extreme because of the interaction of more frequent
rainstorms with urbanization and other land man-
agement practices that increase pavement and
other impervious surfaces and degrade the natural
flood-absorbing capacities of wetlands and flood-
plains. The result could be increased erosion,
additional water pollution from nutrients, pesti-
cides, and other contaminants, and potential
delays in recovery from acid rain.

CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION

Land use change and habitat fragmentation
combined with climate change-induced shrink-
ing of streams and wetlands will also decrease the
number and type of refugia available to aquatic
organisms, especially those with limited dispersal
capabilities such as amphibians and mollusks,

as streams and wetlands shrink.

Forests
* The distribution of forests is likely to change as

warmer temperatures cause the extent of boreal
forests to shrink and many forest species to move
northward. The new forest composition will
depend on the ability of individual species to
colonize new sites and the presence of both
geographic and human barriers to migration.

* Increasing atmospheric CO, con-
centration is likely to spur forest

depletion and growth in the short term, but the

long-term response is not clear at
present. Increasing ground-level

zones” will increase ozone concentrations, for example,

will probably damage forest trees,
potentially offsetting the positive
effect of CO..

* Continued deposition of nitrogen from the

atmosphere may spur growth in forests, but the
long-term consequences include increased nitrate
pollution of waterways, groundwater, and drink-
ing water supplies.

Long-distance migratory birds such as scarlet tan-
agers, warblers, thrushes, and flycatchers depend
on trees and caterpillars for food. Especially for
those migrants who time their migration by day
length rather than by weather, food sources may
be severely reduced when they arrive in the Great
Lakes region.

Resident birds such as northern cardinals, chicka-
dees, and titmice might be able to begin breeding
carlier and raise more broods each season. How-
ever, increasing populations of resident species
could further reduce the food available for migra-
tory songbirds that breed in the Great Lakes,
ultimately reducing forest bird diversity in the
region.

Union of Concerned Scientists » The Ecological Society of America



ExecurtivE SUMMARY

The geographic range of forest pest species such as
the gypsy moth is likely to expand as temperatures
warm and the distribution of food plants changes.

Changes in leaf chemistry due to CO, fertilization
are possible, reducing food quality for some organ-
isms. This could cause some leaf-eating pests to
eat more and could ultimately alter aquatic and
terrestrial food webs.

Agriculture

Earlier studies predicted that climate change would
benefit or only marginally disrupt Great Lakes
agricultural productivity over the next 100 years,
with warming and increased CO, fertilization
boosting yields in the northern parts of the region.
Newer climate projections used in this report,
however, suggest a less favorable impact on agri-
culture, largely because of changes in the distribu-
tion of rain: Wetter periods are expected during
times that could delay har-
vest or planting, and dry
spells are projected during
times when crops need wa-
ter. As optimal agricultural
climates move northward
and eastward, crop yields
may be limited by soil qual-
ity and be more vulnerable

to weather extremes such as of wetlands.

floods and droughts.

The length of the growing season will continue
to increase so that by the end of the century it may
be four to nine weeks longer than over the period

1961-1990.

Crop losses may increase as new pests and diseases
become established in the region and as warmer,
longer growing seasons facilitate the buildup of
larger pest populations. Already the range of the
bean leaf beetle, a pest of soybeans, appears to

be shifting northward.

Ozone concentrations already reach levels
that damage soybeans and horticultural crops,
and increasing concentrations may counteract
the increased production expected from CO,
fertilization.

Lower summer water levels
are likely to diminish the
recharge of groundwater,
cause small streams to dry

up, and reduce the area

* Warmer temperatures may impair livestock

health in southern parts of the region, and a drier
summer climate may reduce the productivity of
pasture grasses.

Opverall, the influence of climate change on both
crop and livestock sectors will be greatly moderated
by technological advances and trends in markets.
However, increasing variability in the climate is
likely to increase economic risks for smaller farms.

Economic, Social, and Health Impacts
* As lake levels drop, costs to shipping in the Great

Lakes are likely to increase, along with costs of
dredging harbors and channels and of adjusting
docks, water intake pipes, and other infrastructure.
On the other hand, a longer ice-free season will
increase the shipping season.

Shorter, warmer winters will result in losses in
winter recreation such as skiing, ice fishing, and
snowmobiling, but may lengthen
the season for warm-weather rec-
reation. Changes in recreational
fishing, hunting, and wildlife view-
ing may occur as the distribution
of species shifts across the region.

* Climate warming may lower
heating costs in winter, but that
may be offset by higher costs for
air conditioning in summer.

Water withdrawals from the Great Lakes are
already the subject of contentious debate, and
pressures for more water for irrigation, drinking,
and other human uses may intensify the conflicts
as water shortages develop.

Decreased water levels could reduce hydropower
generation in the region.

More days with high heat may exacerbate the
formation of dangerous levels of ozone. Ozone
and other air pollutants generated by coal-fired
power plants in the region are likely to exacer-
bate asthma and other respiratory diseases.

Health risks associated with extreme heat are likely
to increase, while cold-related illnesses are likely
to decrease.

CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION
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How can residents of

the Great Lakes region address the

challenge of a changing climate?

There are prudent and responsible actions that citi-
zens and policymakers can take now to reduce the
vulnerability of ecosystems and safeguard the econo-
my of the region in the face of a changing climate.
These actions represent three complementary
approaches:

* Reducing the region’s con-
tribution to the global
problem of heat-trapping
greenhouse gas emissions:
Although some warming
is inevitable as a result of
historical emissions of

CO,, many of the most

damaging impacts can be

avoided if the pace and

eventual severity of climate change are moderated.
Strategies for reducing emissions include increasing
energy efficiency and conservation in industries
and homes, boosting the use of renewable energy
sources such as wind power, improving vehicle fuel
efficiency, reducing the number of miles driven,
avoiding waste, and recycling.

* Minimizing human pressures on the global and
local environment to reduce the vulnerability of
ecosystems and vital ecological services to climate
change: Prudent actions include reducing air pol-
lution, protecting the quality of water supplies

CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION
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There are prudent and
responsible actions that citizens
and policymakers can take now
to reduce the vulnerability of

ecosystems and safeguard the

as well as aquatic habitats, reducing urban sprawl
and attendant habitat destruction and fragmenta-
tion, restoring critical habitats, and preventing
the spread of invasive nonnative species.

* Anticipating and planning for the impacts of
change to reduce future
damage: This may include

a wide range of adaptations,
from shifts in fisheries man-
agement and farming activi-
ties to changes in building
codes and public health man-
agement plans to prepare for
extreme weather events.

economy of the region.

Climate change is already
making an impact on the environment of the Great
Lakes region. Waiting to begin reducing emissions
or to plan for managing the effects of climate change
only increases the eventual expense and the potential
for irreversible losses. Fortunately, many of the actions
that can be taken now to prevent the most damaging
impacts of climate change can also provide immedi-
ate collateral benefits such as cost savings, cleaner air
and water, improved habitat and recreational oppor-
tunities, and enhanced quality of life in communities
throughout the region.

The Ecological Society of America






CHAPTER

One

Great Lakes Ecosystems and People:
Mutual Influence and Dependence

he unique waters and landforms of the
Great Lakes region are a striking legacy
of climates past. For two and a half mil-
lion years, massive ice sheets advanced
and retreated across the land, scouring the bedrock,
gouging out spectacular lake basins, and deposit-
ing the geological forerunners of the soils that now
nurture forests, farms, and gardens. The ecosystems
and human economies of the region, like the land-
scape itself, have been profoundly shaped by this
climatic legacy. Now the world is
entering another period of climate
change, this time unusually rapid and
driven largely by human activities that
release heat-trapping greenhouse gases
into the atmosphere. The impacts of
this climate change, in concert with
other human pressures on our lands

and waters, promise to alter the
character, economy, and environment
of the Great Lakes region during the twenty-first
century. Examining the potential impacts of future
climate on the region is the purpose of this report.
The vast majority of scientists are now certain
that the world’s climate is changing. Average global
temperatures are warming, and the current rate
exceeds the normal range of temperature swings
experienced for at least the last thousand years.
Temperatures in the northern hemisphere have

CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION

The vast majority
of scientists are
now certain that
the world'’s climate

is changing.

increased by more than 1°F (0.5°C), growing seasons
have lengthened, and precipitation has increased by
5 to 10 percent since 1900. Other indicators that the
climate is warming include documented losses in the
extent of alpine glaciers, sea ice, and seasonal snow
cover.

Evidence strongly suggests that current climate
change is being driven by increasing atmospheric con-
centrations of greenhouse gases, mainly carbon dioxide
(CO,) but also methane (CH,) and nitrous oxide
(N,O). The main reason for the
buildup of these gases is the burning
of fossil fuels, the clearing of forests,
and other activities of a burgeoning
human population. Without major
shifts in global policies or energy tech-
nologies, these changes in the atmo-
sphere will continue. Even if human
emissions were to be reduced dras-
tically, CO, already in the atmo-
sphere would take decades to decay, ensuring continu-
ing impacts on the climate for several generations.
Life on earth has rarely experienced shifts in climate
as rapid as those now in progress, and it is unclear
whether the plants, animals, and ecosystems on which
humans depend can adapt quickly enough. These
factors lend added urgency to the need to address
both the causes and the impacts of climate change.

Union of Concerned Scientists * The Ecological Society of America



GREAT LAKES ECOSYSTEMS AND PEOPLE

FIGURE 1

The Great Lakes Region

Regional Landscapes

he Great Lakes basin encompasses more than
308,000 square miles of the North American
heartland and contains the largest single con-
centration of liquid fresh
water on the planet. The

five Great Lakes them-
selves cover more than
95,000 square miles and
hold about 20 percent
of the world’s supply of
fresh water. The region
hosts not only the

= largest lake in the world
= — (Lake Superior) and the

: four other Great Lakes

See page 33

for full-size color image of this figure

FIGURE 2

Satellite-Derived Maps Showing
Land Cover and Soil Drainage

(Erie, Huron, Michigan,
and Ontario), but also
hundreds of thousands of
smaller lakes, streams, and
wetlands — the greatest
concentration of small

water bodies in the
world in an area of this
size (Figure 1).

This report focuses

on the six Great Lakes

states (Illinois, Indiana,

See page 33

Michigan, Minnesota,

for full-size color image of this figure

Ohio, and Wisconsin), the southern half of the
province of Ontario, and portions of New York and
Pennsylvania within the boundaries of the Great
Lakes Basin (Figure 1). Because of the way economic
and social statistics are collected, this report will
sometimes talk about the six Great Lakes states

plus Ontario.

The glacial history of the region constrains and
influences most aspects of the environment. The
repeated glaciations that began 2.4 million years ago
ended with the last ice age, which covered the entire
region as far south as the Ohio River from 18,000 to
21,000 years ago. The ice finally receded completely
about 9,000 years ago, leaving the mark of its passing
on the current landscape. Current patterns of land
cover and land use in the region (Figure 2) mirror
the distribution of soils and sediments left by the
glaciers. In the northern upland region located on
the Canadian Shield, thin coarse-textured soils sup-
port extensive spruce and fir forests. The cold climate
and relatively poor soils have discouraged develop-
ment of large population centers, and the economy
depends largely on tourism, timber, and mining. In
the lowland areas to the south and east, deep and
fertile soils, combined with a warmer climate, sup-
port a large proportion of the agricultural production
for both Canada and the United States, along with
remnant oak and hickory forests and prairie habitat.

Human Geography and Economy

ore than 60 million people live in the

Great Lakes states and Ontario, half of

them within the Great Lakes drainage
basin itself, and the population continues to grow.
Population grew by 8.7 percent in the Great Lakes
states over the past decade' (Figure 3) and 12.2
percent over the same period in Ontario.” Many
major cities are situated on the shores of the Great
Lakes, including Buffalo, Chicago, Cleveland, Detroit,
Hamilton, Milwaukee, Toronto, and Windsor.

The economy of the region is large and diversified

and includes strong manufacturing, services (includ-
ing tourism and recreation), agriculture, forestry, and
government sectors (Figure 4). Regional production
in 2000 totaled nearly $2 trillion (US), an amount
that exceeds the gross domestic production of any
nation except the United States and Japan.

The Great Lakes region forms the industrial heart-
land of North America. In 2000, over 50 percent
of the value of manufacturing shipments in Canada
came from Ontario,” and the six Great Lakes states
contribute more than 25 percent of total value added’

* The term generally means the enhanced value of a commodity when processed into a secondary, more valuable product or service.
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in US manufacturing.* Early industry relied upon
raw materials mined or harvested in the region and
low-cost shipping on the lakes. Iron ore from north-
ern Minnesota, for instance, was shipped down the
lakes to feed the giant steel mills of Gary and Pitts-
burgh. In recent years, the economy has become
more diversified and no longer relies to such a large
degree on steel, automobile manufacturing, and other
heavy industry. The region remains a major shipping
center, however, and freighters ply the lakes and sea-
way corridors to the Atlantic Ocean carrying grain,
soybeans, coal, iron ore, and other goods and com-
modities worth billions of dollars from the Midwest
and Canada to markets worldwide. This traffic gen-
erates $3 billion (US) in yearly business revenue

and 60,000 jobs.

The region also forms part of the agricultural
heartland of the continent, and more than 25 percent
of the total value of US agricultural products is grown
in the Great Lakes states.® That includes more than
50 percent of the nation’s corn and 40 percent of
its soybeans. Agricultural harvests on the Canadian
side of the basin represent nearly 25 percent of that
nation’s output, and total farm cash receipts in
Ontario exceed those from all other provinces in
Canada except Alberta.”

Although forestry contributes less to the regional
economy than industry or agriculture, locally impor-
tant forestry sectors remain. For example, the forest
products industry in Ontario employed more than
90,000 people and generated receipts of more than
$15 billion (Cdn) in the late 1990s.% In Wisconsin
in 2000, pulp, paper, wood products manufacturing,
and other forest products industries employed 74,000
workers and generated more than $18 billion (US)
in shipments.’

The services sector, which includes many tourism,

FIGURE 3
Population Change in the
Great Lakes Region (1950-2001)

recreation, and envi-
ronment-related enter-
prises, has grown in-

1 b —

creasingly important and
is now one of the largest
economic sectors in the
region. The Great Lakes
themselves represent the
major recreation and
tourism attraction in
middle America.!® Indi-

ana Dunes National ; -

Lakeshore and Sleeping
B D National See page 34

car unes Nattonal ¢ f||-size color image of this figure
Lakeshore in Michigan

each hosted more than FiGURE 4
The World’s Third-Largest Economy

(in Millions of US Dollars)

one million visitors in
1999." In 2001, Ontario

parks from Point Pelee to iguets
Lake Superior drew more
than 11 million visitors
altogether."” In addition,
crowds of summer vaca-
tioners flock to the many
small inland lakes of

Northern Michigan,
Minnesota, Ontario, and

Wisconsin. In winter,
See page 34

too, large numbers of { ) o
for full-size color image of this figure

visitors arrive to take
advantage of opportunities for downhill and cross-
country skiing and snowmobiling. More than 15
million people in the Great Lakes states participate
in fishing, hunting, or wildlife watching (Figure 5),
activities that bring $18.5 billion (US) in sales
annually."® In Ontario, travel and tourism brought

in more than $20 billion (Cdn) in 2000.'

Human Pressures on Ecosystem Health and Services

he well-being of people in the Great Lakes

region depends on the healthy functioning

of ecosystems and the services they provide.
Some of these services are easily valued because they
are bought, sold, or traded. Clearly, agriculture, for-
estry, tourism, and outdoor recreation rely directly

on the vitality of both natural and managed eco-
systems and the plant and animal communities they
harbor. Other ecological processes have not been
assigned any direct economic value, yet they supply
vital support services such as air and water purifica-
tion, flood protection, pest control, soil renewal,
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GREAT LAKES ECOSYSTEMS AND PEOPLE

FIGURE 5

The Changing Character of the Region

habitat, aesthetic values, and support of cultural tradi-
tions, especially for Native Americans and First Nations
groups. Forest birds and amphibians, for example,
serve humans by devouring insects that would other-
wise harm people, forests,
and crops. Amphibians

may be especially impor-
tant as consumers of
mosquitoes in small,
ephemeral wetlands

that lack fish.

These and other
ecological services and
the ecosystems and spe-

cies that supply them

See page 34

for full-size color image of this figure

face increasing pressure,
not only from human-
induced climate changes
but from many direct human disturbances as well.
These include land development and land-use change,
discharges of pollutants into the air and water, timber
harvesting, mining, intensive agriculture, tourism,
and even shipping, an activity responsible for intro-
ducing the zebra mussel and other damaging non-
native invasive species into the Great Lakes. As the
population of the region grows, these direct stresses
will increase; so too will the region’s contribution to
changes in the atmosphere and, indirectly, climate.
The six Great Lakes states use an estimated 16.5
quadrillion BT Us (17,000 PJ) of energy each year.
Of this total, more than 90
percent comes from burning
fossil fuels: 36 percent from
petroleum, 32 percent from
coal, and 25 percent from natu-
ral gas. Electricity production
in this part of the United States
depends heavily on burning
coal, which emits the most
carbon per BTU. More than
60 percent of electricity in the six states is generated

by coal-fired power plants.”” In contrast to the US
states in the region, Ontario electricity production

is highly diversified, with 27 percent from coal and
natural gas. For its total energy needs, Ontario cur-
rently uses 3,000 PJ (2.8 quadrillion BTUs) per year,
including 40 percent from petroleum products, 32

Ecological services and the eco-
systems and species that supply
them face increasing pressure

from climate change and other

human disturbances.

percent from natural gas and 3.5 percent from coal.'

The pace of land-use change is likely to continue
to outstrip population growth in the region thanks to
urban sprawl and vacation home development. From
1970 to 1990, the population of northeastern Illinois
grew by only 4.1 percent while residential land con-
sumption increased by nearly 46 percent. In Michi-
gan, the population is projected to grow 12 percent
between 1990 and 2020, but urbanized land may
increase 63 to 87 percent during that period. In On-
tario, the greater Toronto area is expected to expand
its urbanized area by 60 percent by the year 2021."
Much of the land not taken up by urban sprawl is
given to agriculture, and almost half of the land in
the Great Lakes states has been converted to crop
fields, pastures, and dairy farms.

Converting land from forest or grassland to farms,
houses, shopping malls, or factories not only results
in outright loss of habitat for plant and animal species,
but also fragments the landscape, leaving islands of
natural habitat isolated in a sea of human develop-
ment. These habitat remnants may be too small and
degraded to sustain healthy plant and animal popula-
tions, especially when roads, fences, and other human
structures create barriers to migration between them.'®
Landscape fragmentation also makes it more difficult
for species to migrate to suitable new habitats as the
climate shifts.

Urban development greatly modifies local hydrol-
ogy as well by increasing the extent of impervious sur-
faces such as roofs and pave-
ment and destroying natural
wetlands and floodplains that
would otherwise absorb storm
runoff and recharge ground
waters.'” Increasing imper-
vious surfaces in a watershed
by 10 to 20 percent causes a
35 to 50 percent increase in
surface runoff.?” Paved sur-
faces also behave as heat sinks, raising air and stream
water temperatures. Removing streambank trees
exacerbates this heating.”' Overall, the impacts of
climate change on the environment and on human
well-being in the Great Lakes region will be strongly
modified by changes in population, urbanization,
land use, and policy and management decisions.”
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Scenarios of Change:

CHAPTER

Two

Past, Current, and Future Climate

wo major factors that shape the region’s
climate are its location in the middle of
the North American land mass and the
presence of the Great Lakes. The midcon-
tinent, midlatitudes location far from the oceans con-
tributes to large seasonal swings in air temperature
between warm summers and cold winters. In the
winter, bitterly cold Arctic air
masses occasionally move south-
ward into the region, and the
polar jet stream is often located
near or over the region. The
result is frequent storm systems
that bring cloudy, windy
conditions and rain or snow. In
the summer, a semipermanent

high-pressure system in the
subtropical Atlantic pumps warm, humid air into the
region, particularly the southern portions of the
Great Lakes basin.

The Great Lakes themselves have a substantial
impact on the climate. Because large bodies of water

The Great Lakes themselves
help create unique climatic
features, such as lake-effect
snowfalls and microclimates

beneficial for wine growing.

gain and lose heat more slowly than the surrounding
land, surface water temperatures in the lakes tend to
be warmer than the land during the late fall and early
winter. Conversely, lake water remains much colder
than the surrounding land in the late spring and
summer. This phenomenon moderates air tempera-
tures near the shores of the lakes. The influence of
the lakes is most evident on the
downwind sides, where it helps
to create microclimates such

as the wine-growing regions

of southwestern Michigan and
Ontario. Perhaps the best-known
aspect of the Great Lakes’ influ-
ence downwind, however, is
“lake-effect” snowfall. During
the late fall and winter, cold
air masses sweep across the warmer lakes, picking

up heat and moisture and generating extreme snow-
storms on the lee sides of the lakes. A lake-effect
snowstorm in 2002 dumped seven feet of snow

in Buffalo over several days.

Climate Trends and Variability in the Great Lakes Region

atural variations in climate are driven by

many factors, including changes in solar

radiation reaching the Earth, the direction
and intensity of ocean currents that generate El Nifio

and La Nifa events, natural fluctuations in green-
house gases such as water vapor, CO,, and ozone, and
chaotic interactions within the earth-climate system.
The state of the science on currently observed climate
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SCENARIOS OF CHANGE

The International Consensus on Climate Change

he Intergovernmental Panel on Climate Change (IPCC), jointly established by the World

Meteorological Organization and the United Nations Environment Programme, periodically

assembles hundreds of the world’s leading natural and social scientists to assess the state of
the global climate and how it is changing. In its 2001 assessment, the IPCC concluded: “There is
new and stronger evidence that most of the warming observed over the last 50 years is attributable
to human activities,” and “most of the observed warming over the last 50 years is likely to have been
due to the increase in greenhouse gas concentrations.” The IPCC conclusions have been reinforced
by recent assessments in the United States, including a 2001 report from the National Academy of
Sciences and a 2002 US Climate Action Report published by the Department of State.

Within the scientific community, climate change discussions have now moved beyond the questions
“Is the climate changing?” and “Are humans contributing?” to “How large will the changes be in coming
decades?” and “What impacts will we experience from the changing climate?” The IPCC concluded
that there is a high probability of significant global climate change, including warming in most

places, during coming decades. Similarly, the National Academy of Sciences study concluded that,

“human-induced warming and associated sea-level rises are expected to continue through the

twenty-first century.” Unless policy actions are taken now, globally averaged temperatures could

increase from 2 to 11°F over the coming century, and the warming in the United States and

southern Canada could be as much as 50 percent more than this average.

This report builds upon and echoes many conclusions from recent reports on climate change

impacts in the Great Lakes region?* and introduces new analyses and projections based on the most

recent climate change models.

changes and their causes is described in the box above.

Locally or regionally, natural climate variability
can be quite large, generating year-to-year differences
of several degrees in annual temperature or swings
from very wet years to droughts. Current climate
trends in the Great Lakes region may still reflect some
natural variability (see box, p.13), although evidence
strongly indicates that human-driven changes in the
atmosphere are the primary cause for the climate
shifts now being observed worldwide.

Climate in the Great Lakes region is generally
highly variable on time scales of one to several years,
a fact that makes it more difficult to detect long-term
trends. However, careful analyses of data from the
National Climate Data Center (1895-2001) and the
Midwest Climate Center (1900-2000) reveal some
significant shifts in temperature, total precipitation,
and extreme events in recent decades:*!

* Temperatures over the past three decades have
ranged from near average to somewhat warmer
than average. In the past four years, however,
annual average temperatures have ranged 2 to 4°F
(1 to 2°C) warmer than the long-term average and
up to 7°F (4°C) above average in winter. This recent
warming is comparable in magnitude to warm

periods during the 1930s and 1950s (Figure 6a).

* The past two decades have seen the hottest months
in recorded history, although extended heat waves
(seven days or longer) have been relatively infre-
quent since the 1950s. A few episodes of extreme
cold occurred in the 1990s, but most years saw
a lessening of cold waves.

* The last spring freeze has been occurring progres-
sively earlier, and current dates are approximately
one week earlier than at the beginning of the
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Natural Variability, Long-Term Changes,
and the Challenge of Prediction

limate can be highly variable. For a given year, the annual temperature can vary by

5°F (3°C) from the long-term mean (Figure 6a). Precipitation varies even more significantly

from year to year (Figure 6b).

Natural variations in climate are clearly substantial, but one critical comparison is between short-term

variability and the long-term changes that have occurred since the last ice age. During the past 20,000

years, the climate of the Great Lakes area has changed enough to alter the regional distribution of

forests, prairies, and other vegetation types dramatically, and this change was driven by a 9 to 11°F

(5 to 6°C) change in temperature. Put in these terms, the current projections for a 5 to 20°F

(3 to 11°C) warming in the region in less than 100 years should ring bells of alarm.

The challenge in climate change prediction is to determine whether there will be longer-term

trends in temperature or precipitation, and whether those trends will be accompanied by a change

in variability. Scientists now believe with high confidence that both changes will occur: Average daily

temperatures are expected to rise sharply over the next century (Figure 6a), and although precipi-

tation is currently quite variable, the frequency of extreme events such as rainstorms and droughts

is likely to increase.

FIGURE 6A

Observed and Projected Change
in Average Daily Temperature
(Averaged Over Entire Region)

See page 36

for full-size color image of this figure

1900s. Growing seasons have also begun to length-
en in the past two decades.

Both summer and winter precipitation has gen-
erally been above average for the past three decades,
making this the wettest period of the twentieth
century (Figure 6b). However, water levels in the
Great Lakes were higher during the mid- to latter-

FIGURE 6B

Observed and Projected Change
in Average Daily Precipitation
(Averaged Over Entire Region)

See page 37

for full-size color image of this figure

nineteenth century, indicating even wetter con-
ditions then.

* Over the past five decades, the frequency of 24-

hour and 7-day intense rainfall events, which re-

sult in flooding of streams and rivers, has been fairly

high relative to the long-term average (Figure 7).

CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION
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ScENARIOS OF CHANGE

Historical Records of Change:

Lake Temperature, Ice Cover, and Water Levels

ecause the Great Lakes are critically important

to the regional economy, excellent records

have been kept of variations in their water
temperature, ice cover, and water levels. These long-
term records help in identifying trends that may
extend into or be amplified in the future.

Water Temperatures
The key trends observed from water temperature
records of the Great Lakes and other inland lakes

FIGURE 7
Historical Trends in Extreme
Rainfall Events (1931-1996)
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for full-size color image of this figure

FIGURE 8
Change in Timing of Lake
Freezes and Thaws

See page 35

for full-size color image of this figure

include:

* Increases in near-
shore water temperatures
at five of seven sites in
the eastern Great Lakes
area have lengthened
the period of summer
stratification of the
lakes by one to six days
per decade.” (Stratifica-
tion is the layering and
separation of warmer
surface waters from
cooler bottom waters,

a phenomenon that
prevents turnover and
oxygenation of bottom
waters.)

* Increasingly warmer
water temperatures have
been observed in spring
and fall over the last

80 years, and summer
water temperatures have
also increased, though
less dramatically.®

* Local trends in
water temperature cor-
relate with trends in
global mean air temper-
ature, suggesting that
climate changes in

the Great Lakes may track changes in global
temperature.”’

Duration and Extent of Lake Ice

Shifts in the duration and extent of ice cover on lakes
and streams are highly sensitive indicators of climate
variability and change. Thus, they can provide early
signs of ecosystem responses to climate change.?®
Consistent historical changes in ice cover have been
observed in the inland lakes and in the bays of the
Great Lakes themselves:

* Freeze-up has been occurring later in fall and

ice-out (the loss of ice cover in spring) earlier in
spring for the past century (Figure 8), and the
rates of change have been greater in the past 20
years than over the preceding 80 years. Recently,
the fall freeze has been moving later by 1.5 days
per decade and spring breakup earlier by 2 days
per decade.

Records over the past 100 to 150 years consistent-
ly show shorter periods of ice cover (see box, p.15).

Changes in ice cover for the inland lakes are
greatest in Michigan, Minnesota, and Wisconsin
(Figure 8). In New York and Ontario, lake-effect
snowfall can delay ice breakup,” although it does
not influence the fall freeze date. In the Great
Lakes themselves, the extent of ice cover has been
highly variable from 1963 to the present with no
long-term trend; however, in recent years the
Great Lakes have had little ice cover.

Occurrences of unusually extensive ice cover have
declined in recent years, while periods of greatly
reduced or no ice cover have become more fre-
quent.”’ In the winter of 2001-2002, for example,
a number of inland New York lakes with a history
of ice cover did not freeze.

Year-to-year variations in ice cover are associated
in part with large-scale climate drivers such as

El Nifo, the North Atlantic Oscillation, and the
strength of the Aleutian low. These drivers can in
turn be influenced by the buildup of heat-trapping
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On Thin Ice in Madison

housands of visitors to Madison, Wisconsin, strolled on the snow-covered ice of Lake Monona

in early February 2002, enjoying giant kites shaped like penguins, lobsters, stars, and even

cathedral windows. It was the international Kites on Ice festival, a winter highlight in Madison
and a magnet for serious kite fliers from around the world. That year, however, the kites were not
flying above their usual site on the frozen lake in front of Monona Terrace near the state capitol. The
ice there remained dangerously thin, with open water showing near the shore. Instead the festival

had to be moved several miles around the lake to an area with safer ice.

Ice fishermen, ice boaters, and other winter recreationists on Madison'’s four lakes were not so lucky
that winter. The iceboat regatta had to be moved off Lake Monona completely. On Lake Mendota,
the largest of the four lakes, where ice fishermen in the 1980s were logging 70,000 to 100,000
hours each winter, ice fishing was virtually eliminated. Snowmobiling, iceboating, and skiing were

similarly curtailed.

The winter of 2001-2002 provides a glimpse of the future for residents of the Great Lakes region,
where the duration and extent of ice cover have been declining for more than a century. On Lake
Mendota, for example, the average duration of ice cover has decreased from about four months in
the mid-1800s to about three months by the late 1990s.3' The extreme came in 2001-2002, when
Lake Mendota had the shortest ice duration observed since 1853: ice cover lasted only 21 days
(Figure 9a). On Lake Monona, too, the mean duration of ice cover has declined from 114 days in
the 1870s to 82 days in the 1990s.

The continuing decline in winter ice cover portends a severe cultural shift for the region, where
winter fun on ice has long been an integral part of residents’ sense of place (Figure 9b). While the
unfrozen lakes are accessible mostly to boaters, the frozen lakes become a playground for all, from

I//

families walking dogs or skating and children flopping into the snow to make “angel” imprints to
hobbyists with extravagant kites and ice yachts. In cities such as Madison, where even iceless win-

ters would remain wet and cold, lost ice activities will not be easily replaced by other outdoor fun.

FIGURE 9A
Ice Cover Duration on
Lake Mendota, Wisconsin

See page 38

for full-size color image of this figure

FIGURE 9B
Kites on Ice Winter Festival 2002
on Lake Monona, Wisconsin

See page 39

for full-size color image of this figure
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ScENARIOS OF CHANGE

greenhouse gases. Recent analyses suggest that El
Nifios are becoming stronger,** and the influence
of El Nifios on earlier ice breakup has increased
in recent years.*

Shifts in ice cover not only signal a response
to climate change but also drive further ecological,
social, and climate impacts. Reduced ice cover leads
to greater evaporation from open water in winter,
which contributes to lower water levels, loss of winter
recreation on lakes, and perhaps an increase in lake-
effect snows (depending on air temperature and
wind direction).

Lake Water Levels and Stream Flows
Historically, water levels in the Great Lakes have been
highly variable, and there has been no clear trend toward

t.>* Even

lower water levels from 1860 to the presen
though water levels in the Great Lakes were very low
in 2000, for instance, levels in several inland lakes in
Wisconsin rose dramatically from 1967 to 1998,
largely because of increasing snowfall, rising ground-
water levels, and presumed increases in groundwater
contributions.* Indeed, until the late 1990s, the
Great Lakes themselves had experienced three

decades of extremely high water levels.*

Water levels usually rise in the spring as snowmelt
enters the lakes and drop in late summer and fall as
surface water evaporates and the weather turns drier.
Despite a lack of overall trends in water level, there
have been trends in the seasonal timing of changing
water levels from the 1960s to 1998.% In both Lakes
Ontario and Erie over this period, the seasonal rises
and falls of water level are occurring one month
carlier than before, while in Lake Superior, the
maximum water level is occurring slightly earlier in
the year. These trends apparently result from earlier
snowmelt and earlier tapering off of summer runoff.

The frequency of heavy summer rainstorms has
increased over the past 25 years in the Great Lakes
region®® (Figure 7, p.14), and flooding from these
downpours, which saturate soils and cause rapid
runoff, may be increasing.”” The trend toward more
frequent heavy rainstorms appears to have increased
flooding in small- and medium-sized streams in the
central United States from 1921 to 1985.% Even if the
climate turns drier in the future, increased flooding of
streams and erosion of lake shores is likely if a greater
proportion of the rain falls in extreme storm events.*
Flooding is also exacerbated by construction of roads,
buildings, and other impervious surfaces that prevent
water from infiltrating the soil.

Projections of Future Climate in the Great Lakes Region

or most people, the critical impacts of climate

change will be those that occur at local and

regional scales. Sophisticated general circula-
tion models (GCMs) of the Earth’s climate system are
the best tools for global climate projections. While
most of these models agree on future climate changes
for the Earth as a whole, regional predictions are dif-
ficult because the extrapolation from large to local
scales is not precise. Also, the model-simulated vari-
ability and uncertainty in climate increase as the area
under consideration grows smaller. For this reason,
the climate change projections presented in this report
rely on multiple approaches. Analyses of regional
temperature and precipitation projections from

several of the most up-to-date GCMs have been
combined with 100 years of historical data from
the Midwest Climate Center to serve as a guide
to possible future changes.

This report uses results from two of the latest
generation of GCMs: the Parallel Climate Model
(PCM) developed for the US Department of Energy
at the US National Center for Atmospheric Research,
and the HadCM3 model developed at the UK
Meteorological Office’s Hadley Centre for Climate
Modeling.” Model simulations of human-induced
climate change must rely on some plausible scenarios
about how much CO, the world will be emitting in
the future. These emission scenarios are, in turn,

* .. . . . . .. .
For additional technical background on the models and scenarios used in this report, as well as additional modeling results, see

www.ucsusa.org/greatlakes.
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FIGURE 10
Projected Changes in Temperature
During Summer and Winter by

2070-2099 (Relative to 1961-1990,
Average for Low- and High-Emission

over the Great Lakes
will be 2 to 5°F (1 to
3°C) lower than tem-

based on assumptions about such factors as
world population growth, economic development,
technological change, and continued reliance on

fossil fuels. The climate analyses in this report are perature increases over

based on model runs using scenarios that span the the southwestern and ~ >Cenanos)

range of business-as-usual projections made by an northern areas of the W — .
IPCC special report on emission scenarios.” The region (Michigan, north- : l
high-emission scenario projects rapid economic ern Minnesota, Wis- -

growth and continued dependence on fossil fuels,
while the low-emission scenario foresees a move
toward clean, efficient technologies and sustain-
able economies.

Climate models often differ considerably in their
sensitivity, that is, in the degree of warming they
project in response to increases in atmospheric green-
house gases. When compared with the full range of
climate models, the HadCM3’s sensitivity lies in the
middle of the range, while the PCM’s sensitivity is
low, indicating that the climate projections presented
in this report capture much of the range of plausible
climate futures for this region.

temperature over the -
Temperature region is also projected T ==
Temperature is expected to increase throughout to shift, with summer | |. kil =
the next century and to vary substantially by season. and to a lesser extent A =
By 2025-2035, both models project that spring and winter warming more | | ;.‘{_-_—L,_
summer temperatures in the Great Lakes region are than spring and fall. j i ==
likely to be 3 to 4°F (1.5 to 2°C) above current aver- These projected L '
ages. Projections of fall and winter temperature change changes in temperature : . |
over the next few decades are ambiguous, with warm-  patterns are consistent - e
ing not evident until the middle of the century. By with recent trends in ' : .

the end of the century, however, substantial tempera-
ture increases are expected in all seasons (Figure 10).
The HadCM3 model projects that winter tempera-
ture increases averaged over the period 2070-2099
will range from 6 to 9°F (3 to 5°C) if the low-emis-
sion scenario prevails, and 8 to 14°F (5 to 8°C) for
the high-emission scenario. Summer temperatures
are projected to increase even
more for the high-emission
scenario (11 to 16°F 6 to
9°C), but slightly less for the
low scenario (5 to 7°F 3 to
4°C).

Warming is expected to
vary across the region. Tem-

perature increases centered

CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION

In less then three decades,

spring and summer temperatures
in the Great Lakes region are likely
to be 3 to 4°F (1.5 to 2°C) above

current averages.

consin, and Ontario)
(Figure 10). In winter, -
the greatest warming is
expected to occur at

higher latitudes. This

will be reversed for

summer, with the great-

est changes occurring  See page 38

over the southern and
western parts of the
region (Illinois, Indiana, F!GUYRE T1
Minnesota, and Ohio).

The seasonal cycle of

for full-size color image of this figure

Growing Season in the Great
Lakes Region (1900-2100)

growing season length
and dates of first and last  5€€ Page 39
frost. Historical data show
that the longest growing seasons occurred in the 1990s
(Figure 11). Compared with the turn of the century,
the growing seasons today are about one week longer,
primarily because the last spring frost has been oc-
curring earlier. Model pro-
jections suggest that the
length of the growing
season will continue to
increase, and by the end
of the century, it may be

4 t0 9 weeks longer than
the 1961-1990 average
(Figure 11). The date of
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ScENARIOS OF CHANGE

FIGURE 12

Projected Changes in Precipitation
During Summer and Winter by
2070-2099 (Relative to 1961-1990,
Average for Low- and High-Emission
Scenarios)

See page 40

for full-size color image of this figure

FIGURE 13
Seasonal Precipitation Cycle

(Historical Baseline and Projected
Changes, 10-Day Running Mean)

See page 41

for full-size color image of this figure

last spring frost is
projected to be earlier
by as much as 15 to 35
days, and the date of
first autumn frost is
projected to be later
by up to 35 days.

Precipitation,
Extreme Events,
and Runoff

Both the low- and
high-emission scenarios
project that average
annual precipitation
may be slightly above
average, rising 10 to 20
percent by the end of
the century (Figure 6b,
p.13). Changes in the
seasonal precipitation
cycle are likely to be
higher, with winter and
spring rain increasing
and summer rain de-
creasing by up to 50
percent. The largest
precipitation increases
during winter months
are expected at higher
latitudes and under the
higher-emission scenario

(Figure 12). Although this may result in more snow-

fall, warming temperatures are expected to cause a

decrease in the average depth of snow cover during

the winter. In summer, the largest decreases are ex-

pected over the southern and western parts of the

region, where most agriculture is concentrated. Pre-
cipitation is also projected to increase downwind of
the Great Lakes, probably because of the influence of
the lakes on local conditions under warmer tempera-
tures. Toward the end of the century, spring and fall
may be wetter and winter and summer drier on
average across the region relative to today’s seasonal
patterns (Figure 13).

The frequency of heavy rainstorms, both 24-hour
and multiday, will almost certainly continue to increase

during the next century and may double by 2100
(Figures 14 and 15). The intensity of these events
may increase, though this is accorded a lower con-
fidence level, and would be likely to increase the
risk of flooding.*

Perhaps most important to the welfare of the
region will be the impacts of climate change on water
distribution and resources. As climate warms, evapo-
transpiration is expected to increase year-round, with
the largest relative increases in winter and spring.*’
Evapotranspiration is shorthand for the processes of
evaporation from soils and surface waters and trans-
piration of moisture from plants, both of which re-
turn water to the atmosphere. The difference between
precipitation and evapotranspiration gives an indi-

The frequency of heavy rainstorms,
both 24-hour and multiday, will
almost certainly continue to increase
during the next century and may
double by 2100.

cation of how much water is available for runoff into
streams and lakes or for recharging groundwater sup-
plies. On average over the entire region by the end of
the century, the amount of water available for runoff
is expected to remain the same or perhaps increase
for all seasons except summer. In summer, less runoff
is predicted and changes are expected to be highly
variable across the region. Large areas where runoff
is reduced may occur across the Midwest during win-
ter and summer and in the central Great Lakes region
during autumn. In contrast, runoff is projected to
increase over the entire region during spring and
over the southern Great Lakes region during fall.
Changes in the amount of water available for
runoff will also affect soil moisture, which is a key
factor in plant growth and soil processes. Thus, soil
moisture is projected to increase as much as 80 per-
cent during winter in some locales, but decrease re-
gionally by up to 30 percent in summer and fall rela-
tive to the 1961-1990 average. This shift will favor
crops and ecosystems that rely on recharge of water
levels during the winter months; however, crops
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requiring a certain level of summer rainfall and soil
moisture may come under substantial stress, and
some wetland ecosystems may dry up entirely
during summers.

Migrating Climates

A dramatic way of visualizing the effects of these
climate projections is to estimate where Ontario and
selected Great Lakes states will have “moved” climati-
cally over the next century. Such analyses are limited,
of course, to average conditions and do not consider
the extremes or variability in projected climate changes.
They also do not take into account differences in
major topographical features from state to state such
as the Appalachians, the Ozarks, or the Great Lakes.
That said, here are a few comparisons based on
projections of seasonal average temperature and
precipitation (Figure 16):

e By 2095, a typical winter climate in the state
of Illinois can be expected to feel hotter and drier,
much like current-day Oklahoma or Arkansas.

* By 2095, today’s Michigan winter climate is
likely to be replaced by a climate similar to that
in Ohio today.

e Summer changes will appear more quickly. By
2030, Illinois summers may resemble those of
Oklahoma or Arkansas in terms of average tem-
perature and rainfall. However, by the end of the
century, the Illinois summer climate will generally
resemble that of current east Texas.

* Michigan summer weather could be similar to
that of Ohio in a few decades, while by the end
of the century, Michigan summers are likely to
resemble those of northern Arkansas today.

By century’s end, summers in
lllinois will generally resemble those
of east Texas today, while Michigan
summers are likely to resemble

those Arkansas now experiences.

* By 2030, southern Ontario summers may feel

more like those in upstate New York and, by the

end of the century, similar to those in northern

Virginia today.

The Potential for Surprise
In addition to the gradual long-term trends in

climate just discussed, it
is possible that very
abrupt and strong short-
term changes in climate
could occur as well. An
abrupt change is one that
takes place so rapidly and
unexpectedly within
years to decades that
human or natural sys-
tems have difficulty adapt-
ing.** Abrupt changes in
past climate are well
documented by records
preserved in fossils, ice
cores, and lake sediments.
Patterns of abrupt change
from glacial to inter-
glacial periods were com-
mon, for example, with
sudden changes in the
North Atlantic rapidly
affecting the entire
Northern Hemisphere,
including the Great
Lakes region.”” Temper-
atures shot up by as
much as 29°F (16°C)
and rainfall doubled in
a matter of decades in
some regions in re-
sponse to the warming
of North Atlantic sur-
face waters after the ice
sheets melted.*

In the past, abrupt
changes occurred most
often when the climate
system was being forced
to change rapidly by

FIGURE 14
Increased Frequency of Heavy Rain-
fall Events in the Great Lakes Region
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See page 41

for full-size color image of this figure

FIGURE 15
Precipitation Shifts Signal Trouble
for Farmers

See page 42

for full-size color image of this figure

FIGURE 16
Migrating Climate: Changing
Winters and Summers in lllinois
and Michigan

See page 42

for full-size color image of this figure
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ScENARIOS OF CHANGE

natural forces such as meteor impacts or major
volcanic eruptions. Now it is again forced to change
rapidly, but by a combination of natural and human
forces. A recent report on abrupt climate change
concluded, “greenhouse warming and other human
alterations of the earth system may increase the

possibility of large, abrupt, and unwelcome region-
al or global climatic events.” ** Abrupt changes in
climate could obviously have dramatic impacts on
the Great Lakes region, leaving even less time for
society, the economy, and natural ecosystems to
adapt or mitigate the damage.
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hree

Ecological Vulnerability to Climate
Change: Aquatic Ecosystems

he Great Lakes region is distinguished by

its abundant lakes, streams, and wetlands.

All of these aquatic ecosystems will be

affected in some way by the direct human
stresses and human-driven climate changes explored
in Chapters 1 and 2.

Lake Ecosystems

akes in the region differ widely in size, depth,

transparency, and nutrient availability, charac-

teristics that fundamentally determine how
each lake will be affected by climate change (Figure
17). A wide variety of studies have focused on the
inland waters and Great Lakes, providing strong evi-
dence of how the waters have changed and are likely
to change in the future.

Higher Lake Temperatures

Warmer air temperatures are likely to lead to increas-
ing water temperatures and changes in summer strat-
ification in the Great Lakes* and in the inland lakes
and streams of the region.*® Earlier model studies
project that summer surface water temperatures in
inland lakes will increase by 2 to 12°F (1 to 7°C).
Projections for deep water range from a 14°F warm-
ing to a counterintuitive 11°F cooling. The response
in deep waters varies because warming air tempera-
tures can cause a small, deep lake to stratify sooner in
spring, at a cooler temperature. Projected changes in

water temperature would be even greater using the
more recent climate scenarios on which this report is
based, especially by 2090. Overall, changes in tem-
perature and stratification will affect the fundamental
physical, chemical, and biological processes in lakes
(see box, p.22). Higher water temperatures, for
example, result in lower oxygen levels.

Lower oxygen and warmer temperatures also
promote greater micro-

FIGURE 17
bial decomposition and

Impacts on Lake Ecosystems

subsequent release of
nutrients and contami-
nants from bottom sedi-
ments. Phosphorus re-
lease would be enhanced®’
and mercury release and
uptake by biota would
also be likely to increase.
Other contaminants,
particularly some heavy
metals, would be likely
to respond in a similar
fashion.”! (Heavy metals
such as mercury become
more soluble in the
absence of oxygen. Oxy-
gen binds with these

elements to form in-

soluble compounds that
sink to the bottom.) See page 42
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Climate Change and “Dead Zones” in Lake Erie

he fall of 2001 brought startling and discouraging news to residents around Lake Erie.

Testing stations in the lake’s central basin reported the most rapid oxygen depletion in nearly

20 years. “It's like going back to the bad old days when Lake Erie was dead,” one aquatic
biologist told the Toledo Blade. The bad old days were the 1960s when Lake Erie had been all but
choked to death: massive phosphorus pollution had fertilized algal blooms and their decay was using
up the dissolved oxygen needed to support fish and other aquatic life. Then, in 1972, implemen-
tation of the Great Lakes Water Quality Agreement led to billions of dollars in new sewage treatment
plants, bans on phosphate laundry detergent, new farming practices that reduced fertilizer runoff,
and other measures that drastically cut phosphorus input to Lake Erie. As phosphorous loading

dropped, so did the extent and duration of the summer “dead zones.”

FIGURE 18A Was the massive dead zone of 2001 an anomaly or a
Lake Stratification and the

trend, scientists and policymakers wondered? And what
Development of “Dead Zones” policy

had caused it this time? A committee of US congress-

- ———— men traveled to the lake to investigate, and researchers

in the United States and Canada launched a $2 million
effort to find answers. The suspected culprits ranged
from ozone depletion, which allows ultraviolet light to
reach deeper into the waters, to the invading zebra mussels
that now line the lake bottom down to 100 feet (30

In_m.;_ﬂ
-

meters). Missing from most discussions, however, was
the recognition that a warming climate will mean

more frequent and larger dead zones in the future.

A dead zone is an area of water—in a lake or even in a

part of the ocean such as the Gulf of Mexico off the mouth

of the Mississippi River—that contains no oxygen to support
-t e life. Dead zones form when oxygen in the water is con-

See page 43 sumed by organisms, but these zones can only persist
ol e el vsigre @ Wl g when the water is isolated from the atmosphere and
thus from a source of new oxygen. This isolation occurs
when water is stratified—that is, layered and separated with warmer surface waters acting as a lid

on top of the cooler bottom waters, isolating them from the air (Figure 18a).

When winter ends in the Great Lakes region and surface waters become free of ice, lakes usually mix
from top to bottom and the entire lake becomes saturated with oxygen. Soon after this spring mixing,
however, the sun warms the surface waters and stratification sets in. Once the lake is stratified,
oxygen begins to decrease (hypoxia) in bottom waters, and the race is on to see whether all the
oxygen will be depleted (anoxia) and a dead zone created before the lake again mixes fully in the
late fall or early winter. The more rotting biomass such as dead algae in the water, the more oxygen

is consumed. In recent years, oxygen consumption has had the advantage in this race because

CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION
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shorter winters have led to earlier spring stratification ~FIGURE 188

in many lakes, meaning that the lake bottom runs out Lake Michigan Fish Kill

of oxygen even sooner in the summer. For example,
winters on Lake Erie have been growing shorter since
the 1960s. Also, recent increases in the near-shore
water temperatures for four of the five Great Lakes
indicate that their summer stratification periods have

increased by one to six days per decade.?®

In a warming climate, the duration of summer strati-
fication will increase in all the lakes in the region.
Warming could also lead to a partial disappearance of
the fall and spring periods of complete mixing that are
typical of all the Great Lakes. This mixing resupplies
oxygen and nutrients throughout the water column.
In the fall, the formerly warm and buoyant surface
waters cool and then sink, driving mixing. This occurs

only if the surface waters cool to the temperature of

maximum water density (39°F or 4°C).>? Lake Ontario

is particularly sensitive to this effect. Under some
See page 43

climate warming scenarios,? it would experience onl : . s
9 ! P Y for full-size color image of this figure

asingle, short period of complete mixing in late winter,

then deep water temperatures would increase throughout the year. The deeper Great Lakes (Huron,
Michigan, and Superior) would experience a similar suppression of mixing in some years, along with a
significant warming of deep waters.>* No suppression of mixing will occur in shallower bodies of water
such as Lake St. Clair and the western basin of Lake Erie, because there will always be sufficient wind

to stir the entire water column from top to bottom.

In the end, longer stratification periods and warmer bottom temperatures will increase oxygen
depletion in the deep waters of the Great Lakes** and will lead to complete loss of oxygen during
the ice-free period in many inland lakes of at least moderate depth.*¢ Anoxia or hypoxia in deep
waters will have negative impacts on most of the organisms in the lakes. Persistent dead zones
can result in massive fish kills, damage to fisheries, toxic algal blooms, and foul-smelling, musty-

tasting drinking water (Figure 18b).

Reduced Ice Cover impacts. Shorter ice cover periods, for example, can
Extrapolations from 80 to 150 years of records be a mixed blessing for fish. Reduced ice will lessen
strongly suggest that ice cover will decline in the the severity of winter oxygen depletion in many small
future. Hydrologic model simulations also predict inland lakes,* thus significantly reducing winterkill
drastic reductions in ice cover on the Great Lakes’ in many fish populations. However, small species
and on inland waters in the future (Table 1). Changes  uniquely adapted to live in winterkill lakes go extinct
in ice cover create large ecological and economic locally when predatory fishes are able to invade and
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persist in lakes that previously experienced winterkill.*®
Reduced ice cover also allows greater storm distur-
bance, which increases egg mortality of the commer-
cially valuable lake whitefish, whose eggs incubate
over winter on the bottom of Great Lakes bays.”
Increases in the ice-free period extend the shipping
season on the Great Lakes but reduce ice fishing, ice
boating, skiing, snowmobiling, and winter festivals
such as Wisconsin’s “Kites on Ice” (see box, p.15).

Changes in Lake Water Levels

Climate scenarios and lake models have consistently
predicted less runoff, more evaporation, and lower
water levels in both large and small lakes in the region.®
The most recent hydrologic models continue to pro-
ject lower lake and groundwater levels in the future
(Table 2), despite a lack of clear trends in the historic
record. Predictions based on one of the climate models

TABLE 1

used in this report (HadCM3) suggest even greater
declines in late summer water levels because this model
projects higher temperatures and lower summer rain-
fall in the region than the models used in previous
studies. However, the absence of long-term trends

in the historic Great Lakes water levels record® and
increases in water in some inland areas of Wisconsin®
suggest that lake water levels may not yet show the
decline expected from long-term climate change.

Changes in Lake Productivity

The growth of algae in the water and on lake bottoms
is called primary production because these planktonic
plants form the base of the food web that nourishes
animals from zooplankton to fish. Primary produc-
tion is controlled by a combination of temperature,
light (or the portion of the ice-free year when light

is available), and nutrients. Excessive nutrients can

Ice Cover Expected to Decrease in the Great Lakes Region

Lake Current Situation

Future Scenarios
By 2030 By 2090

Lakes Superior 77 to 111 days

and Erie (6 basins)? of ice cover

Lake Superior No ice-free

(3 basins)? winters

Lake Erie 2% of winters

(3 basins)? are ice free

Small inland lakes® ~90-100 days
of ice cover

Decrease ice cover
from 33-88 days

Decrease ice cover
from 11-58 days

Increase ice-free winters
from 4-45%

Increase ice-free winters
from 0-4%

4-96% of winters
are ice-free

0-61% of winters
are ice-free

Decrease ice cover by 45-60 days with a doubling
of atmospheric CO,

Source: See note 61.

TABLE 2 Water Levels Likely to Decrease in the Future (as shown here for the Great

Lakes, Crystal Lake, Wisconsin, and groundwater near East Lansing, Michigan)

2 x CO, 2030 2090
(range of 3-4 simulations) (range of 2 simulations) (range of 2 simulations)

Lake or Site

Lake Superior -0.23 mto-0.47 m -0.01 mto-0.22 m +0.1Tmto-0.42m

Lake Huron/Michigan  -0.99 m to -2.48 m +0.05mto-0.72 m +0.35mto-1.38 m

-1.0mto-19m
(2 simulations)

Crystal Lake,
Wisconsin

Groundwater near -0.6to +0.T m

Lansing, Michigan

Source: See note 62. Additional data on lake level declines can be found in the technical appendices:
http//www.ucsusa.org/greatlakes/glchallengerport.html
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TABLE 3 Expected Effects of Warmer and Drier Summer Climate
on Lakes and Subsequent Impacts on Algal Productivity

Climate-Driven Change

Impact on Production

Most Sensitive Lake Type

Increases in both ice-free period
and maximum summer water
temperature

Increase in duration of summer
stratification and loss of fall top-
to-bottom mixing period

Drought-induced decrease
in lake water volume

Increase in production

Decrease in production caused by
decrease in nutrient regeneration rates

Initial increase in production,
followed by progressive decrease

Moderate in area, depth,
and nutrient concentration

Deep and oligotrophic
(nutrient-poor; e.g.,
Lake Ontario)

Small and shallow

as the lake level declines

Drought-induced decrease
in annual input of nutrients
(phosphorus) and dissolved
organic carbon

Decrease in production resulting
from nutrient limitation

Small and oligotrophic

lead to eutrophication, causing increased algal growth,
including noxious algal blooms and degraded water
quality. On the other hand, drops in primary produc-
tion can ultimately reduce fish production in a lake.
Research indicates that the longer ice-free periods
and higher surface water temperatures expected in
the future will spur greater algal growth.®> Other
aspects of climate change, however, may offset these
productivity gains. Cloudy days can lower produc-
tivity by making less light available for algal photosyn-
thesis.* Cloud cover has increased in the Great Lakes
region recently, but future trends in cloudiness are
not clear. Increased primary productivity could also
be limited or even reversed by a decline in availability
of nutrients, primarily nitrogen and phosphorus,
necessary for plant growth. Predicted reductions in
runoff and a general drying of watersheds during
summer are likely to reduce the amounts of phosphorus
and other dissolved materials that streams carry into
lakes.® Finally, prolonged or stronger stratification

River and Stream Ecosystems

he aspects of climate change that will have

the greatest impact on streams are warming

air temperatures and general drying of
watersheds, especially during summer and autumn.
This drying will result from warmer temperatures

can also lead to lower primary production in lakes by
preventing the mixing that brings nutrients from bot-
tom waters and sediments up into surface waters.*

Changes in the species composition of algae
and in seasonal patterns of blooms are also likely
consequences of climate change. Earlier ice-out (thaw
of lake ice) and spring runoff will shift the timing of
the spring algal bloom,” and earlier and longer peri-
ods of summer stratification tend to shift dominance
in the algal community during the growing season
from diatoms to inedible blue-green algae. If climate
change causes inedible nuisance species to dominate
algal productivity, or if the timing of algal production
is out of synch with the food demands of fish, then
all upper levels of the food chain, particularly fish,
will suffer (see box, p.22).

The impacts of climate change on aquatic pro-
ductivity will differ among lakes. Table 3 summarizes
the likely outcomes.

and higher rates of evaporation during a longer ice-
free period. This future scenario is consistent with
past trends toward longer ice-free periods, earlier
spring stream flows, and more frequent midwinter
breakups and ice jams.®® Despite a general drying,
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TABLE 4 Impacts of Climate Change on Stream Ecosystems

Climate-
Driven Change

Likely Impacts on Physical
and Chemical Properties

Likely Impacts on
Ecosystem Properties

Intensifying or
Confounding Factors

Earlier ice-out
and snow melt

Peak flows occur earlier.

Ephemeral streams dry
earlier in the season.

Backwater pools
experience anoxia earlier.

The timing of fish and
insect life cycles could
be disrupted.

Snowmelt occurs earlier
and faster in urban areas
and where coniferous forest
harvest has occurred.

Lower summer

More headwater streams

Habitat decreases in extent.

Impervious surfaces and

water levels dry; more perennial streams Hvdrolodi i impervious soils exacerbate
become intermittent. t ytr:O ogic connections stream drying due to reduction
. . 0 € riparian zone are in infiltration and groundwater
Concentrations of dissolved reduced. Groundwater
- . recharge.
organic carbon decrease, recharge is reduced.
thereby reducing ultraviolet- Speci ith resting lif
B attenuation. pecies with resting e
stages or rapid colonizers
Groundwater recharge dominate communities.
is reduced.
More precipi- Spring floods reach Floodplain habitat for fish Precipitation occurring

tation in winter
and spring and
increased water

greater heights.

Surface runoff increases.

and invertebrates grows.

Hydrologic connections
with wetlands increase.

when soils are frozen results
in higher runoff and increases
flood height.

levels Nutrient and sediment

retention decrease.

Groundwater recharge

potential increases.
Warmer Stream and groundwater The rates of decomposition Impervious surfaces and
temperatures temperatures increase. and respiration increase. both natural and human-

Insects emerge earlier.

Primary and secondary
production per unit of
biomass increases when
nutrients are not limited;
however, total production
could decrease if aquatic
habitat shrinks under
drought conditions.

made retention basins
increase water temperatures.

Woody riparian vegetation
can buffer stream temperatures.

In areas with porous soils
and active groundwater
connections, temperature
extremes are smaller.

More frequent
heavy rainfall

Larger floods occur
more frequently.

Fish and invertebrate
production decreases.

Impervious surfaces increase
runoff and stream flow.

events . . . e .
Erosion and pollutant Fish and insect life histories Channelized streams
inputs from upland and food webs are dis- increase peak flow.
sources increase. rupted by changes in
Runoff increases relative the intensity, duration,
P and frequency of flooding.
to infiltration. quency "9
Elevated Possible changes in leaf

atmospheric CO,

litter quality could impact
aquatic food webs.
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model predictions for the region also suggest that over
the next 100 years precipitation will increase during
winter and spring. This could increase the magnitude
of spring floods, especially if the floods coincide with
snowmelt when soils are still frozen. Stream responses
to these climate-driven changes will vary greatly across
the region (Table 4), mainly because of differences in
the relative contribution of groundwater versus surface
water to their flow patterns.® Direct human distur-
bances such as removing streamside vegetation, paving
or developing land, channelizing streams, depositing
nitrogen and acid from acid rain, diverting water, and
introducing invasive species will undoubtedly alter
the way stream ecosystems respond to climate change.

Impacts of Changes in Hydrology

Heavy rainfall events and flooding are increasing

in the Great Lakes region®® (see Figure 7, p.14), and
projected increases in the frequency of these events
may amplify the range of conditions that make flood-
ing more likely in the future, such as stream channel-
ing and land-use changes that increase the amount of
impervious surfaces. The likelihood of flooding will
also increase with changes in land use. Streams in the
agricultural areas on fine-textured soils and flat topo-
graphy at the eastern end of Lake Erie, for instance,

rise quickly in response to rain and are likely to be
especially vulnerable to intense summer storms.

Floods exert their greatest physical influence by
reshaping river channels, inundating floodplains, and
moving large woody debris and sediments. Flooding
can degrade water quality when untreated human,
commercial, or agricultural wastes overflow from
treatment facilities or when soils are eroded from
agricultural fields treated with pesticides and ferti-
lizers.”” High water flow also diminishes the capacity
of a stream to recycle nutrients and sequester sus-
pended or dissolved organic matter.”! Channelized
urban and agricultural streams have little capacity to
retain water, and the anticipated increases in spring
runoff by the end of the century will result in increased
height of spring floods and lower nutrient and
sediment retention in these streams.

Not all impacts of flooding are negative, of
course. Aquifer recharge is one benefit. Floods also
transport fine sediments downstream, increasing the
quality and quantity of habitat for some fish and

invertebrates. In addition, several important fish
species move upstream into the Great Lakes tribu-
taries to reproduce during spring (sturgeon, walleye,
and white sucker) or fall (steelhead, Chinook salmon,
and brook trout), cued by either increased flow or
day length. Although changes in the frequency and
severity of disturbances such as floods can disrupt
some aquatic communities, many fish and inverte-
brate species coevolved with seasonal flood pulses

to take advantage of the

> FIGURE 19
expanded habitat for

Impacts on Stream Ecosystems

spawning and nursery
sites.”” In the Great Lakes
region, these species in-
clude bass, crappie, sun-
fish, and catfish.”?
Apart from extreme
events, summer rainfall
is expected to decline in
the future, especially in
the southern and western

portions of the region

(se.e Flgu.rt.s 13,.p.18). See page 44
Drier conditions will trans-
late into lower summer
stream flow and less stream habitat.”* Headwater
streams, which often make up more than 75 percent
of the river miles in a watershed, are probably the
most vulnerable of all aquatic ecosystems under
warmer and drier conditions (Figure 19).”> Drought
effects can lead to warmer water temperatures, de-
pleted oxygen, higher concentrations of contaminants
as water volume declines,”® reduced transport of nu-
trients and organic matter,”” and disruption of food
webs.”® Regions with intensive agricultural produc-
tion on fine soils and flat topography, such as those
found at the eastern end of Lake Erie,”” will be most
vulnerable to extreme events and reduced summer
rainfall, since their hydrology is controlled largely

by surface water. In small streams where flow comes
primarily from surface runoff, one study predicts that
50 percent of the streams will stop flowing if annual
runoff decreases by 10 percent.”

One consequence of periodic droughts is that
sulfates and acidity are mobilized during post-drought
rains and can deliver a strong acid pulse to streams
and lakes in the watershed. Because of this phenom-
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enon, climate warming may slow or even halt the
recovery of many acid-stressed aquatic ecosystems.*
Streams most susceptible to acid rain include those
on the Canadian shield of Ontario, along the higher-
gradient reaches of New York, and in northern
Michigan, Minnesota, and Wisconsin.

Impacts of Higher Water Temperature
Across the watershed, stream temperatures will close-
ly mirror increasing air temperatures, although the
warming may be modified by shade from riparian

forests and other vegetation and by water storage

in wetlands.®' Locally, cool groundwater seeps will
provide some buffering for streams against warming
air temperatures. Warmer water will affect stream
organisms from plankton to insects and fish (fish are
discussed below). In response to warmer waters, some
insect species increase growth rates, emerge earlier,
are smaller at maturity, alter their sex ratios, or reduce
fecundity.® Plankton productivity tends to increase
with warmer temperatures and longer growing
seasons,® but reductions in water volume, coupled

TABLE 5 Impacts of Climate Change on Wetland Ecosystems

Climate-
Driven Change

Likely Impacts on
Physical Properties

Likely Impacts on Ecosystems

Intensifying or
Confounding Variables

Earlier ice-out
and snow melt

Wet periods are shorter,
especially in ephemeral

Fast-developing insect and amphibian
species are favored, as are species with

Snowmelt occurs
earlier and faster in

wetlands. resting stages. urban areas and where
- . . . coniferous forest
The timing of amphlblan and insect life harvest has occurred.
cycles could be disrupted.
Lower summer Isolation and Habitat and migration corridors are Agricultural and

water levels fragmentation within reduced, as are hydrologic connections to urban development
wetland complexes riparian zones and groundwater recharge. exacerbate frag-
increase. . mentation effects.
Emergent vegetation and shrubs
Fens store less carbon. dominate plant communities.
Reductions in dissolved ~ Amphibian and fish reproduction
organic carbon result fails more often in dry years.
in less attenuation of . . .
ultraviolet-B radiation. Or.g.a.nlsms with poor dispersal
abilities become extinct.
Warmer Evaporative losses The rates of decomposition Impervious surfaces
temperatures increase. and respiration increase. increase water

Fens and bogs
store less carbon.

Insects emerge earlier.

Primary and secondary production
per unit of biomass increase when
nutrients are not limited.

Species at the southern extent
of the range become extinct.

temperature.

More competition from
invasive species may
accelerate extinctions.

More frequent
heavy rainfall
events

Wetlands
increase in extent.

Habitat area increases.

Ground-nesting birds may
be lost during floods.

Wetland losses from
development reduce
flood storage capacity.

Elevated
atmospheric CO,

Possible changes in leaf litter quality

could impact aquatic food webs.
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with possibly intermittent flow in smaller streams,
should lead to reductions in overall aquatic production.
The effects of increasing water temperature would
be compounded by forest harvest (especially of coni-
fers), which opens up the canopy and promotes ear-
lier snowmelt.** Northern Michigan, Minnesota, Wis-
consin, and western Ontario will be most vulnerable
to this phenomenon. Urban areas also experience
carlier and faster snowmelt than do rural areas.
Warmer temperatures should enhance decom-
position and nutrient cycling in streams, allowing
microbes to break down human and agricultural
wastes into nutrients that fuel greater primary produc-
tivity. However, other impacts of climate change, such
as prolonged low flows combined with higher temp-
eratures, may lead to oxygen depletion, which will
slow decomposition and waste-processing functions.®

Impacts on Biodiversity and Food Webs

A warmer climate will combine with land-use change
and the introduction of invasive species to pose great
threats to aquatic biodiversity in the coming century.
Native plant and animal species will differ widely in
their responses to changing stream temperature and
hydrology. Some will respond by adapting to warmer
temperatures, or expanding their ranges northward,
or seeking refuge in areas where temperatures and
flow patterns remain suitable. Others will decline to
extinction.®® Insects and plants that have resistant or
mobile life history stages (larvae, cysts, seeds) will

Wetland Ecosystems

ecause of low topography or the presence of

impervious soils, the Great Lakes region his-

torically harbored extensive expanses of wet-
lands, particularly in the prairie regions of Minnesota
and Illinois, the boreal regions of northern Minnesota
and Ontario, and the low-lying fringes of Lake Michi-
gan (Figure 20) and Lake Erie, including the Great
Black Swamp in western Ohio. For more than a cen-
tury, however, these wetlands have been extensively
modified or drained for urban development and
agricultural production, resulting in 40 to 90 percent
losses in wetland area in the Great Lakes states and
Ontario.” These losses are especially apparent in the
southern portion of the region.

survive better than other organisms during reduced
water flows.*” Fish species presumed to be at higher
risk of extinction are those that have small geographic
ranges, require steady water flows or slack water
habitats, reproduce at an older age, or require specific
foods. Of 146 fish species in Wisconsin, 43 percent
have two or more of the

FIGURE 20
above traits, indicating

Impacts on Wetland Ecosystems

potential sensitivity to
global warming. Darters
and sea lampreys are
among the species that
are especially sensitive.®

Another potential
impact on stream food
webs and the biodiversity

they support comes

directly from increasing

atmospheric CO, levels.
Some studies indicate €€ Page 44
that plant leaves grown
under elevated CO, have lower food value.®® If these
changes in leaf chemistry turn out to be significant,
they could slow microbial decomposition of plant
material that falls into streams—a major source of
energy and nutrients in many aquatic ecosystems—
and also reduce growth and survival in some stream
insects that feed on the leaves.*” Any such impacts
would be magnified up the food chain.

Wetlands near the Great Lakes occur as three
distinct types: fringing coastal marshes that are direct-
ly impacted by lake levels and wave action, riverine
wetlands that are partially influenced by both lake
and river, and protected lagoons or barrier beach
systems that are hydrologically connected to the lake
only via groundwater.”" Where they have not disap-
peared, coastal marshes in the southern part of the
basin, particularly on Lake Erie and southern Lake
Ontario, have been extensively diked to protect them
from water level fluctuations. Coastal wetlands such
as those in Saginaw Bay and large estuaries such as
Green Bay are hot spots of primary productivity be-
cause nutrients and sediments from throughout the
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Climate and Bird Diversity
on Michigan’s Upper Peninsula

ne of the most popular bird-watching destinations in the Midwest is Michigan’s Upper

Peninsula, a densely forested neck of land that stretches 384 miles east from the northern

Wisconsin border into the heart of the Great Lakes. Although parts of the peninsula lie
farther north than Montreal, the climate is moderated by Lakes Superior, Michigan, and Huron,
which create a continuous 1,700-mile shoreline around the Upper Peninsula. This shoreline and the
peninsula’s 16,500 square miles of largely unfragmented forest contain a rich diversity of terrestrial
and aquatic habitats that provide refuge for more than 300 bird species. About 25 to 30 percent are
year-round residents; the rest are migratory species that arrive in the Upper Peninsula each spring
to breed or each fall to winter. A warming climate will drive complex changes in habitat, quality,
and timing of food resources, and other factors that

FIGURE 21A
Songbird Declines Expected are likely to diminish bird diversity on the Upper

Peninsula in the future. Hardest hit will be the

migratory and wintering species.

Habitat changes, particularly the expected north-
ward shift of boreal forest species such as spruce and
fir, will have profound impacts on bird communities.

Spruce, fir, and hemlock are vital to a number of

species such as crossbills, siskins, grosbeaks, and

breeding warblers (Figure 21a). The nature of a

See page 45 peninsula will also make it more difficult for plant
for full-size color image of this figure . . X

communities to respond quickly to changes since
the land is isolated from sources of new colonists. Human land-use changes such as second-home

development and logging will interact with climate to exacerbate habitat loss or degradation.

A number of resident bird species might, however, benefit from warming, including mockingbirds,
chickadees, woodpeckers, titmice, and northern cardinals. For example, northern cardinals, chicka-
dees, and titmice might be able to start breeding earlier and raise more broods within a season

than they do now.?? More important, reduced winter-related mortality might increase populations
of these year-round residents. It may also enable some cold-intolerant species such as the Carolina

wren and sharp-shinned hawks to expand their range northward.?

The prospects are less rosy for songbirds that migrate to the Upper Peninsula from the tropical
forests of Central and South America to breed. Food may be scarce along the route if trees leaf out
and insects hatch earlier than normal in response to warming. More vital in the Upper Peninsula may
be any change in the spring emergence of aquatic insects along the shoreline and in the wetlands,

since this flush of insects serves as the primary food supply for arriving migrants.

Another concern arises from the fact that different parts of North America are warming and will

probably continue to warm at different rates. Spring temperatures immediately to the south of the
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Great Lakes region are warming less than spring temperatures observed in the region itself. If these

areas to the south continue to be cooler relative to areas further north, migratory birds may face

a dilemma: They need to arrive earlier on their northern breeding grounds, but may be unable

to migrate because food resources such as caterpillars are not yet adequate to allow them to fatten

up for the flight from their more southern staging areas. Already some warblers such as the yellow-

FIGURE 218B
Climate Change Impacts
on Waterfowl

See page 45

for full-size color image of this figure

rumped warbler seem to be arriving earlier on their
breeding grounds, as expected if they are respond-
ing to earlier springs, whereas other species such
as the chipping sparrow are arriving later, perhaps
in response to colder springs immediately to the

south of the region.**

If some year-round resident birds do thrive and
expand in a warming climate, their success may
further reduce the food available to populations of
migratory songbirds breeding in the region, espe-
cially if the “pulse” of midsummer insects is also
reduced. Forest bird diversity in the Great Lakes is

highest in northern areas such as the Upper Penin-

sula largely because of the increased diversity of migratory species. Warming therefore may reduce

forest bird diversity if fewer resources are available to migratory songbirds. One study projects that

the Great Lakes region could lose more than half its tropical migrants, although new bird species

colonizing from outside the region could cut the net loss in bird diversity to 29 percent. Waterfowl

are also expected to decline. Studies based on earlier and milder warming forecasts than those used

in this report project 19 to 39 percent declines in duck numbers by the 2030s in response to lost

breeding and migratory habitats as well as declines in the aquatic plants on which ducks feed.*

Loss of bird diversity will have economic as well as ecological consequences. Wildlife watching—

principally bird watching—is a $3.5 billion (US) a year industry in northern Michigan, Minnesota,

and Wisconsin. In addition, hunting—including waterfowl hunting—is a $3.8 billion (US) industry

in these three states (Figure 21b). Besides these potential economic losses, a decline in birds will

mean a loss in ecological services such as seed dispersal and insect control.

watershed are deposited there, and these systems
support rich plant, bird, and fish communities.”
Inland wetlands are even more diverse and range
from entirely rain-driven systems such as bogs to
riparian wetlands fed by contributions from both
surface and ground water. Bogs and fens cover
extensive areas in the northern Great Lakes region
and contain a wide variety of acid-loving plants,
including the widely known pitcher plant.

Impacts of Changes in Hydrology

All wetland types are sensitive to alterations in
hydrology that are likely to accompany climate
change (summarized in Table 5, p.28).”” A warmer
and drier climate will threaten both inland and
coastal wetlands, although higher precipitation
during winter and spring and intense storm events
may at times offset the generally decreased water
levels.”® The largest impact should be on rainfall-
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dependent wetlands, since systems that are largely
recharged by ground water are more resistant to
climate-driven changes.” Projected declines in sum-
mer rainfall in the southern and western portions of
the region (Figure 12, p.18) will also cause drying of
prairie potholes and similar depressional wetlands.
Some impacts will be positive. Although dropping
water levels will cause wetlands to shrink, new vegeta-
tion may colonize formerly open-water habitats on some
exposed shorelines, creating new types of habitat.'”
In wetlands fringing the Great Lakes, shoreline
damage and erosion are likely
to decrease as water levels

drop. " Climate change will exacerbate

The impacts of climate
change will often exacerbate
continuing direct human dis-
turbances such as dredging and

filling, water diversion, and
pollution.'”” As demands for
public drinking water supplies and irrigation water
increase, for example, groundwater pumping may pose
the greatest threat to ephemeral wetlands. Also, the
spread of invasive species such as phragmites, purple
loosestrife, and Eurasian water milfoil poses an added
threat to many wetland communities, especially when
habitat or ecological processes are disrupted.'®

Ecosystem Functioning

Wetlands serve as the main interface for moving
nutrients, pollutants, and sediments from land to
water. Decreased runoff from the land, particularly in
summer, will decrease the deposition of material from
uplands into wetlands. The material that does enter
wetlands will be retained longer, however, before high-
water pulses flush it downstream into lakes and rivers.
Although decomposition rates will increase with
warmer temperatures, fluctuating water levels combined
with warmer temperatures are likely to reduce the
capacity of wetlands to assimilate nutrients and
human and agricultural wastes.

Fluctuations in water levels and soil moisture also
influence the release of nutrients and heavy metals.'**
Lower water levels expose more organic wetland soils
to oxygen, which may reduce exports of mercury (mer-
cury binds with oxygen and is immobilized), but also
may reduce the breakdown of nitrate by denitrifying

human disturbances such as
dredging and filling, water

diversion, and pollution.

bacteria in wetland soils. Increased oxygen concentra-
tions in exposed soils, especially when accompanied
by acid precipitation, may release other metals such
as cadmium, copper, lead, and zinc,”' and wetlands
downstream of industrial effluents could face in-
creased risk of heavy metal contamination during
periods of low water.

Carbon stored in wetland soils may also be lost to
the atmosphere in a warmer climate. Northern peat-
lands such as those found in Minnesota and Ontario
form when cold temperatures and waterlogged soils
limit the rate of decomposition
of carbon-rich plant organic
matter.'”” Warmer tempera-
tures are likely to increase the
rate of organic matter decom-
position and accelerate carbon
release to the atmosphere in
the form of CO,. Carbon
release from wetlands in the
form of methane, which is 25 times more potent
than CO, as a greenhouse gas, will be enhanced by
warmer temperatures and higher water levels.'*

Reduced stream flow in summer will also decrease
the amount of dissolved organic carbon washed from
land into surface waters. Less dissolved organic car-
bon results in clearer water, which allows higher doses
of ultraviolet-B radiation to penetrate further through
the water column.'” Organisms such as frogs living
in shallow waters will be at greatest risk because UVB
penetration is generally restricted to the top two to
eight inches of the surface water.'”® In deeper waters,
organisms can find refuge from the harmful
radiation.'”

Impacts on Biodiversity

Wetland plant and animal communities are contin-
ually adapting to changing water levels, although
extreme events such as drought or flooding can result
in persistent disturbance to community structure and
functions such as decomposition rates and produc-
tivity.""? Climate warming is likely to cause some
wetland species to shift their ranges to accommodate
their heat tolerances. Because of differences in breed-
ing habits, age to maturity, or dispersal rates, some
species are more vulnerable than others to disturbance
and change.""" Earlier spring or summer drying of
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species and a general decline in the extent of boreal
forests in the region.””! Northern conifers such as
white pine and hemlock are likely to be restricted to
isolated populations or lost completely from southern
Illinois, Indiana, and Ohio."*? Tree and prairie grass
species in the western part of the region are likely
to move eastward, especially if warmer temperatures
result in more frequent drying out of soils or even
droughts in their current range.'*

Prior to widespread fire-suppression efforts dur-
ing the twentieth century, fire was an important agent
shaping the composition and distribution of forests

in the region.'**

Fires swept through the northern
forests every 10 to 50 years, maintaining nearly 75
percent of the land area as young, recently burned
forest stands. Surface fires that consumed dead leaves
and twigs lying on the ground were common in
hardwood forests growing on moist soils, whereas
severe canopy-consuming fire often
destroyed red and jack pine forest on
dry, sandy soil."® Fire history studies
have shown that over the past 750
years, fire was more frequent during
periods of warm temperatures and

low precipitation,*® which suggests

forest fire frequency is likely to in-
crease as the climate turns warmer and
summers become drier. In fact, as a result of the
projected higher temperatures and lower summer
precipitation, models suggest decreased soil moisture
during summer and autumn,* which would not only
increase the fire risk but also limit forest growth in
drier areas for more weeks per summer. In wetter
areas, forest growth is rarely water limited. The
response to changing soil moisture will also interact
with changes in fire frequency, since forests in drier
areas are more fire-prone.

Forest growth could potentially get a boost from
the rise in atmospheric CO, that is helping to drive
climate change. CO, acts as a plant fertilizer, and
native trees grown experimentally in elevated CO,
have shown increased growth. Trembling aspen, an
ecologically and economically important tree in the
region, could increase its growth 16 to 32 percent as
CO, levels rise. Aspen forests on fertile soil will experi-
ence greater growth enhancement than those on

Forest growth could
potentially get a
boost from the rise

in atmospheric CO.,.

nutrient-poor soil.’” Elevated CO, could also accel-
erate the pace of forest succession, speeding up the
rate at which “pioneer species” such as aspen (which
colonize sites following disturbances such as timber
harvesting or fire) give way to species such as maple
that establish in the shade of the pioneering trees.
Maple trees grown under elevated CO, become more
tolerant of shade and increase their growth rate. Faster
forest development could shorten the harvest rotation
for aspen managed for fiber production in the northern
parts of the region.

Another factor that could boost forest growth and
productivity is the availability of nitrogen, a key plant
nutrient. Human activities, including the fossil fuel
burning that is helping to drive climate change, have
almost doubled the amount of nitrogen entering forests
via rain, snow, and dry airborne particles. Much of
the excess nitrogen falling on forests is deposited as
nitrate, which is rapidly taken up by
soil microorganisms and eventually
made available to fertilize plant
growth.'?® In this way, forests func-
tion as “living filters,” preventing
nitrate from leaching into ground-
water, streams, and lakes where it
becomes a pollutant. This filtering
capacity may be exceeded in the long
term, but in the short term, extra nitrogen from the
atmosphere could enhance the ability of forest trees
to grow faster in response to rising atmospheric CO,.

Ozone, however, may counter the growth-enhanc-
ing potential of both CO, and nitrogen. Ground-level
concentrations of ozone are increasing, especially
downwind of major urban areas in the region. Elev-
ated ozone concentrations can damage tree leaves,
damping growth and rendering trees more vulnerable
to insect pests and diseases. Susceptibility to ozone
damage varies among tree species and also among
different individuals within a species.” Experiments
that exposed young aspen, paper birch, and sugar
maple to both CO, and ozone indicate that relatively
small increases in ozone can eliminate the growth-
enhancing effects of elevated CO.,.

No one can yet predict exactly how changes in
temperature, moisture, fire, CO,, nitrogen, and ozone
will interact over the coming decades to alter the

* For additional climate modeling results and other technical information, see www.ucsusa.org/greatlakes.
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growth and distribution of forests. The uncertainty
stems in part from the centuries-long lifespan of forest
trees. Even multiyear experiments subjecting saplings
to enhanced levels of CO, cannot determine, for
example, whether the faster growth means trees will
actually grow larger or will simply reach the same size
faster than trees growing at current CO, levels. And
no studies have attempted to look at all the interact-
ing human and environmental factors that will shape
the fate of future forests in the Great Lakes region.

Impacts on Forest Insects

Insects have the potential to shift both the magnitude
and direction of plant responses to climate change.
Through their roles as herbivores, pollinators, and
decomposers, insects influence primary production,
community composition, nutrient cycling, and suc-
cessional processes in the forests. The fate of any par-
ticular insect species in a changed climate is difficult
to predict, yet some general trends can be foreseen.

The northern limit of some devastating forest
pests such as the gypsy moth is currently determined
by cold winter temperatures, and these insects will
almost certainly become more widely established
throughout the region in a warmer climate (Figure
27).0 Insect ranges may also shift as their host trees
migrate in response to climate. For example, the range
of the eastern tiger swallowtail is likely to expand
northward, coincident with expansion of the range of its
preferred host, the tulip tree. Simultaneously, the range
of the Canadian tiger swallowtail will retract northward,
as its preferred host, aspen, disappears from the southern
Great Lakes region (Figure 28).

Climatic changes that alter the synchrony between
key insects, desirable and undesirable, and their host
plants could markedly affect forest ecosystems. Several
of the most damaging pests in the region such as the
forest tent caterpillar, gypsy moth, and spruce bud-
worm are spring-feeding insects whose emergence is
closely synchronized with the bud-break of their hosts.
Although both insect emergence and bud-break are
controlled by temperature, it is unclear whether
climate warming will alter both processes at the same
rate. Asynchrony by as little as a week could markedly
alter insect fitness and the potential for outbreaks.
The activity of insect predators and parasitoids that
prey on insect pests is also controlled by temperature,

and how warmer climates will alter their effectiveness
as natural enemies is virtually unknown. Pollination
services are another critical insect-plant interaction
that could be disrupted if climate change decouples
the timing of flowering and pollinator activity.

In addition to climate changes, both elevated

atmospheric CO, and
FIGURE 27

elevated ozone are like- Forest Pests in a Changing Climate

ly to affect insects via
changes in host quality.
The leaves of plants
grown under enriched
CO, typically are re-
duced in food value, that
is, lower in protein and

higher in unpalatable

compounds such as tan-

nins.'"" Leaf-chewing ¢, page 47

insects fed this material  for full-size color image of this figure

generally eat more to

FIGURE 28

Range Shifts of the
Canadian Tiger Swallowtail

compensate for low pro-
tein levels. They also

experience slower devel-
opment and reduced
growth efficiency.'*?
Whether this phenom-
enon will result in greater
defoliation of forests is
unknown because, al-
though individual insects

may eat more, overall

insect population densi-
See page 48

i igh line. Elev-
ties might decline. Elev for full-size color image of this figure

ated ozone concentra-
tions in the lower atmosphere can also change plant
chemistry. In trembling aspen, ozone exposure com-
promises production of the major chemical defense
compounds, leading to improved performance by
forest tent caterpillars.'®

Despite numerous uncertainties, it is clear that
coming changes will not affect all plants, insects, and
their natural enemies uniformly. The fitness of some
will improve, while that of others will deteriorate. Shifts
in insect population and community dynamics will
feed back to affect how forests of the region function
as responders to, and modulators of, climate change.
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FIGURE 29

Virginia Possum'’s
Range Expanding North

Impacts on Wildlife
One important ecological implication of forest change

is the possible degradation of migratory corridors for
animals. A wide gap of largely agricultural lands exists
between the extensive tropical forests of Central and
South America and forests in the northern Great Lakes
where many migratory songbirds such as scarlet
tanagers, warblers, thrushes, fly-
catchers, and vireos breed. This gap
is actually wider than the portion
of the Gulf of Mexico that many of
these tropical migrants must cross.
The networks of wooded streams,
woodlots, and even urban forests
that dot the agricultural portions of
this gap are critical stopover and
refueling sites for the migrants.'
Climate-driven shifts in the timing

of tree leaf-out, seed production,
and insect emergence, however, may throw these
wooded remnants out of sync with the birds’ arrival.'*
Currently, for instance, migrating songbirds
gather in oak trees in large numbers during spring
migration to consume caterpillars that attack the oaks
during leaf-out, a situation mutually beneficial to the
trees and the birds.'*® But leaf-out of trees and hatch-
ing of caterpillar eggs is closely tied to temperature
and is expected to occur
earlier as the climate
warms.'¥ Because many

birds migrate in response
to day length rather
than temperature, some
songbirds may arrive
from the tropics well
after the spring flush

of insects that accom-
panies leaf-out."® The

same phenomenon may

See page 48

for full-size color image of this figure

apply to the flush of
spring insects coming
out of wetlands that are
vital to many migratory songbirds. Unlike migrants,
however, some year-round resident birds may benefit
from warming, a phenomenon that could further
stress migratory birds (see box, p.30).

Popular gamebirds such as ruffed grouse, which

Fragmentation and

the disruption caused
by climate change will
increase the opportu-
nities for exotic species
to invade forests, further

stressing native species.

are most abundant in aspen forests, might be espe-
cially likely to shift their ranges to the north. Indeed,
the failure of efforts to reintroduce ruffed grouse to
parts of their historical range in Illinois might be
partly a result of changing forest conditions caused
by climate change as well as human land use.

Climate warming may also benefit some resident
mammals such as white-tailed
deer, which are already experi-
encing record high populations
in the region and are severely
altering forest growth with their
browsing. Reduced winter mor-
tality during milder winters might
exacerbate this damage to forests.
Moose, which are already near
their southern geographic limit
in the region, could be negatively
impacted both by warming and
by the increasing density of deer.'® Deer carry three
parasites—brainworm, liver fluke, and winter tick—
that severely stress moose.

Reduced winter mortality of omnivorous mam-
mals such as raccoons, possums, and skunks could
increase their overall abundance, potentially increas-
ing predation on ground-nesting songbirds and
other vulnerable prey (Figure 29).

The benefits of warming for some resident mam-
mals and birds could be countered by potential changes
in the dynamics of wildlife diseases or increased win-
ter survival of pathogens and insect vectors. Such
effects would be most pronounced in northern species
that have not been exposed to or evolved defenses
against diseases from warmer latitudes.

Climate change will also interact with forest
fragmentation, particularly in heavily agricultural
areas, to create greater stress on many breeding birds
and some reptiles and amphibians. The impact will
be most severe on relatively immobile species, restrict-
ing their ability to move northward to colonize newly
suitable patches or escape newly inhospitable climates.
On the other hand, some predators that already thrive
in fragmented habitats will benefit from warming.
Rat snakes, for example, are more active in warmer
temperatures in fragmented habitats where they are
exposed directly to sunlight on the forest edge."’
Some of these predators will also move north,
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increasing the stresses on nesting birds. Snakes are
dominant nest predators south of the Corn Belt, but
are actually an endangered species in Canada where
they depend heavily upon edge habitats.

Agricultural Landscapes

he six Great Lakes states contain 100 million

acres of farmland and send more than $40

billion (US) in products to market. Agricul-
tural production from 14 million acres of farmland
in Ontario is valued at $10 billion (Cdn). In general,
livestock is more important in the northern areas
(Minnesota, Wisconsin, western Ontario) while row
crops dominate the southern areas. All of the Great
Lakes states rank in the top 20 for the value of dairy
products and crops sold nationally (Figure 30). The
region also ranks high in production of horticultural
crops and fresh market products, from vegetables
to fruit.”!

Crop production in the region is primarily rainfed,
and weather is the most important uncontrolled factor
influencing crop production. Production can be
harmed by heat stress, pests, ozone, extreme weather
events such as rains that delay planting or harvest,
and below-normal precipitation, especially during
critical stages of plant growth (see Figure 15, p.19).'%
Historical influences of weather on yields are difficult
to separate from the influences of technological and
cultural improvements, which have dramatically in-
creased yields over the past century' but have also
led to a transformation and in some cases impoverish-
ment of the Great Lakes regional landscape.

Climate Impacts on Crops

Most predictions from large-scale simulations suggest
that while climate change is likely to shift crop produc-
tion patterns, the region’s agricultural capacity is un-
likely to be seriously disrupted over the next century.!
Indeed, yield increases of 15 to 20 percent for many
crops have been projected based on earlier climate
models projecting less warming, although these studies
concluded that tropical or warm-season crops such

as corn may increase less than soybeans and wheat.
Another recent analysis suggests that soybean biomass
could increase by 40 percent and soybean yield by

Fragmentation and the disruption caused by climate
change will also increase the opportunities for non-
native species to invade forests, putting further pres-
sures on native species.

24 percent." Such predictions remain highly uncer-
tain, however, because the strength and even direction
of crop responses can shift with different climate
change scenarios.”® Unless temperatures actually
warm beyond crop growth thresholds, factors other
than climate change will

FIGURE 30
have as great or greater

Mixed Impacts for Agriculture

influence on trends in
agriculture. These factors
include regional popu-
lation growth, access to
resources including emerg-
ing technology, and mar-
ket fluctuations.'”
Producers may take

no comfortin predictions

for “ave.rage” responses of See page 49
crop yields to various
climate change factors.
Averages mask site-to-site and increasing year-to-year
variability in yield, which at the farm level translates
to higher risk. One study of impacts of climate vari-
ability on farm-level risk of crop failure in Illinois and
Wisconsin found, not surprisingly, that risk exposure
was greater for smaller farms and varied regionally
and among crops."*® Such impacts on variability and
risk are likely to reinforce the trend toward increas-
ing farm size and industrialization of agriculture

in the region.

Models run at smaller scales consistently show
that the effects of changing climate will vary across
the Great Lakes region. Optimal weather conditions
will shift northward and eastward, typically bringing
the greatest benefits to Michigan, Minnesota, Wiscon-
sin, and eastern Ontario." Shifts in the distribution
of agriculture may be constrained in northern areas

by thin and acidic soils'®

9 (see Figure 2, p.8). If more
intensive production moves upward from the south-

ern edge of the Great Lakes region onto shallower,
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Climate Change and Agricultural Pests

coarser textured soils
in the northern areas,

chemicals and nutrients
used to increase soil fer-
tility may increasingly
run off into aquatic
systems. Agriculture is
currently a chief source
for chemical contamina-

tion of ground and sur-

See page 49

for full-size color image of this figure

face waters, but there
has been little investiga-
tion of how redistribu-
tion of agriculture in

a changing climate may interact with this problem.

One recent study projected increases in produc-
tion thanks to a longer growing season and warmer
temperatures,'®' but that study relied on a model that
predicts precipitation trends that are much more favor-
able for crop production than this report assumes.
Yield trends are likely to fall short of those predictions if
summer rainfall decreases, as suggested by the climate
scenarios used in this report (see Figures 12 and 13,
p-18). These scenarios project wetter periods occur-
ring during times that could delay harvest or planting,
and dry spells during times when crops demand water.
As models improve and include factors such as extreme
weather events or the influence of pests, they are likely
to produce less favorable outcomes for agriculture
than have been predicted
to date.

The complexity of
agricultural responses to
climate change is high-
lighted by an integrated
assessment that focused

on five upper Midwest
states: Illinois, Indiana,
Michigan, Ohio, and Wisconsin.'* Trends in south-
ern areas of Ontario would be expected to resemble
those projected for Michigan. The assessment predict-
ed mean increases in corn yield of 5 percent, but the
range of both increases in some northern areas (+0.1
to +45 percent) and decreases in southern areas (0 to
—40 percent) was large. The largest corn-yield decreases
were projected for western Illinois.'*® In addition,
the assessment predicted that CO, fertilization and

After factoring in extreme weather
events or the influence of pests, the
picture for agriculture is less favorable

than previous predictions suggested.

earlier planting dates could increase soybean yield

up to 120 percent above current levels in the central
and northern portions of the region. In the southern
areas, comparatively small yield increases (0.1 to

20 percent) or small decreases (0.1 to —25 percent)
were predicted. Wheat yields may also increase
approximately 20 percent as a result of CO, fertili-
zation; however, increases resulting from earlier plant-
ing dates might be limited because they overlap the
growing season of a previous crop.

CO, fertilization may also influence crop yield
in indirect ways. Initial results from a large-scale ex-
periment that began in Champaign, Illinois, in 2001
showed, as expected, that elevated CO, enhanced
soybean yields. The results also indicated that elev-
ated CO, increased the water use efficiency of the
soybean plants, a response that has the potential to
reduce crop water requirements and reduce the flux
of water into the atmosphere.

Ozone concentrations can counter positive trends
in crop yields just as in forest productivity. In addi-
tion to urban sources of ozone in the region, agricul-
tural application of fertilizers can cause local peaks in
ozone levels, and warmer temperatures can also increase
ozone formation. Already, regional ozone concentra-
tions frequently reach levels that damage crops,'*
and ozone exposure is credited with causing, alone
or in combination with other pollutants, about 90
percent of the air pollution-based crop losses.'®> Ozone
damage is expected to
cause localized areas of
losses in soybean yields
of 11 to 20 percent in
the Mississippi and Ohio
valleys.'% Similar losses
are projected for horti-
cultural crops, which
are at least as sensitive
to ozone damage as soybeans.

Impacts on Agricultural Pests

Warming temperatures may influence pest and
disease incidence in several ways. First, warmer and
shorter winters will allow more southerly pests such
as corn earworms and fall armyworms to expand
their range northward. Indeed, such a shift already
appears to be happening with bean leaf beetles, which
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Extreme Events, Public Health, and the
Human Environment

xtreme events such as heavy downpours, floods, heat waves, droughts, tornadoes, and
snowstorms are expected to play a growing role in a warmer world. This will put increasing
burdens on emergency management, public works, and health care services and exact a
growing financial toll from governments, businesses, and homeowners. lllinois has experienced
a stark preview of this future scenario during the past 15 years with a severe drought in 1988,
Mississippi River flooding in 1993, a 1995 heat wave, a severe rainstorm in Chicago in 1996, a
1996 heat wave, a 1999 windstorm in Bloomington, another Mississippi River flood in 2002,
and numerous tornadoes and severe storms.
The disruptions and losses society faces were dramatically ~ FIGURE 32A

. ) Temperature Extremes
demonstrated during the record-breaking 24-hour  in the Great Lakes Region

rainstorm that occurred on July 17-18, 1996, in south
Chicago. Chicago and 21 suburbs experienced flash
flooding that broke regional records and killed six people, i :
damaged 35,000 homes, and caused evacuation of more |
than 4,300 people. Losses and recovery costs reached
$645 million (US), making that single storm Illinois’

second most costly weather disaster on record after the

1993 Mississippi River flood. In adjacent rural areas, flood  See page 50

damage to crops cost farmers $67 million (US).'® U ) 5160 R (e o L9 U

Other changes that will impact human health and environmental quality are expected to include

the following:

An increase in extreme heat and heat waves

The number of hot days is projected to increase in the Great Lakes region through 2100 (Figure
32a), with many years experiencing 40 or more days exceeding 90°F (32°C) by the last few decades
of the century. Of greater concern for human health is the projected increase in days reaching 104°F
(40°C) or more. In the upper Great Lakes, the impacts are likely to be greatest in urban areas, espe-
cially in cities such as such as Toronto or Minneapolis/St. Paul where extremely high temperatures
have historically been rare. A recent health impacts study for the Toronto-Niagara region found that
the current number of days with maximum temperatures above 86°F (30°C) could double by the
2030s and surpass 50 days by the 2080s. The annual heat-related death rate of 19 per year in
Toronto alone could increase 10- to 40-fold, depending on the climate scenarios used.'®® On the
other hand, cold-related health risks are likely to decline over time if the frequency of extreme

cold weather periods during winters decreases.

A potential boost to air pollution
Higher temperatures may enhance the formation of ozone and also increase demand for electricity

for summer air-conditioning, thereby boosting emissions of air pollutants that can exacerbate
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respiratory disease. Studies using older climate models indicate that weather conditions conducive
to high ozone are likely to occur more often by the end of the century.'® Indeed, the number of hot
days conducive to high ozone might increase by 5 to 100 times present levels for Detroit. Newer

climate models predict even higher temperatures and thus greater exacerbation of air pollution.

Water quality changes
Climate-related risks to the region’s water supply include potential increases in nitrate pollution,
nuisance algal blooms, pesticide residues and other toxins stored in lake and river sediments, and the

spread of parasitic and pathogenic microorganisms.
FIGURE 32B

Concerns About Insectborne
Infectious Diseases such as cryptosporidiosis or giardiasis may become

For example, some waterborne infectious diseases

more frequent or widespread if extreme rainstorms
occur more often.'”® One of the best known examples
of a cryptosporidium outbreak occurred in Milwaukee in
1993 after an extended period of rainfall and runoff
overwhelmed the city’s drinking water purification
system and caused 403,000 cases of intestinal illness

and 54 deaths.””" Milwaukee’s drinking water

originates in Lake Michigan.

Potential changes in vectorborne

infectious disease risks
See page 50

The occurrence of many infectious diseases is strong|
for full-size color image of this figure Y gy

seasonal, suggesting that climate plays a role in influ-
encing transmission.’”2 St. Louis encephalitis outbreaks in the Great Lakes region, for example, have
been associated with extended periods of temperatures above 85°F (29°C) and little rainfall.'”* Some
vectorborne diseases such as Lyme disease or, more recently, West Nile encephalitis have expanded
widely across the region. While this spread is attributed largely to land use changes, future changes
in rainfall or temperatures could encourage greater reproduction or survival of the disease vectors,

which are ticks and mosquitoes, respectively (Figure 32b).'72

not only feed on soybeans but also serve as vectors for The decline in the food value of plant leaves

a virus that causes disease in soybeans. Second, warming ~ under increasing CO, will also interact in complex
will increase the rate of insect development and the ways with a warming climate to affect both plants
number of generations that can be completed each and insects. For example, one study found that
year, contributing to a build-up of pest populations. warming accelerated insect development to such an
Extended growing seasons are likely to allow the extent that the larvae could not feed long enough to
northward expansion of some pests with multiple compensate for the poorer quality of the foliage.'”
generations per year, such as a race of European corn

borer now limited to southern Wisconsin and further =~ Impacts on Livestock

south (Figure 31, p.62). Increased pests may also drive Climate change will affect livestock production
farmers to use more pesticides or related chemicals, indirectly through influences on forage quantity and
placing an additional burden on water quality. quality, and directly through influences on animal
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physiology or facility requirements. Direct impacts
include warmer summer temperatures that suppress
appetite and decrease weight gain in animals. For
example, a 9°F (5°C) increase in temperature is project-
ed to reduce animal productivity by 10 percent for
beef and dairy operations in the southern parts of the
United States,'” although other studies predict only
1 percent losses.””® Higher temperatures are likely to
reduce stocking rates on pastures'”” and can reduce
milk quality by reducing forage quality and stressing
animals. Any extreme weather events such as heat
waves, droughts, and blizzards have severe effects

on livestock health, although intensively managed
livestock operations are better able to buffer the
effects of extreme events.

FIGURE 33
Climate Change Impacts
on the Timber Industry

Negative impacts on
forage and grassland
productivity and forage

quality can result from
summer drought stress or
extreme winter weather.
One study predicts that
warmer fall temperatures
will reduce fall hardening

of forage crops, rendering

them less hardy during

the winter.!”® Addition-

ally, there will be less pro- ~ S€€ page 49

tection by snow cover.

Economic Consequences of Climate
and Ecological Changes in Terrestrial Systems

Forests and Wildlife

ommercial forestry is a substantial industry

in northern parts of the region, and signifi-

cant forest products industries exist in On-
tario and all Great Lakes states except Illinois (Figure
33).* Climate warming will drive changes in forest
extent and in the types of trees found in various parts
of the region. During the transition, however, while
trees ill-suited to new climate conditions persist and
better-suited species are taking hold, forest produc-
tivity and forest industries may suffer.

Changes in the types of trees in the forest may
also be jarring to many residents sense of place. Shifts
from boreal fir to hardwood forests in the northern
Great Lakes region could occur in the lifetime of
current residents, fundamentally changing the char-
acter of these locations. While a “sense of place” is
felt strongly by many people, it is hard to assign it
a dollar value equivalent to dollar values for changes
in harvestable timber.

Changes in forest composition and extent will
also affect wildlife and the recreational industry that

has grown up around harvesting or watching wildlife.

Approximately 13 million adults in the Great Lakes
states participate in bird watching or other wildlife
viewing, and another 3.3 million hunt.” Declines in
bird species would have direct economic consequences

in terms of hunting or bird watching as well as in-
direct consequences through loss of the birds’ services
in controlling insects and other pests. The loss of
goose hunting from southern Illinois, where more
than a million geese once wintered, has seriously
affected the economy of one of the poorest regions
of that state.

Agriculture

Whether climate change will be economically
advantageous or harmful for Great Lakes farmers
remains uncertain. Hotter, drier summer conditions
with more frequent droughts, as predicted in this
report, could disrupt production, although increased
CO, fertilization could boost yields of some crops.
The fate of agricultural production will also depend
upon how climate change affects the variability and
predictability of weather patterns. Extreme events
such as severe storms, late spring or early fall frosts,
and drought all depress productivity.

Apart from extreme events, crop farmers can
adapt to moderate changes in temperature or preci-
pitation if such changes can be predicted. Knowing
that conditions will be warmer and drier, or warmer
and wetter, will allow farmers to plant crop varieties
better suited to such conditions. If there is greater
uncertainty, however, farmers will not be able to
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Impacts on Summer Recreation

choose the right varieties for conditions that actually
occur, leading to a much greater risk of loss. Thus the
impacts of climate change on annual crops in the
Great Lakes region appear to depend more on predic-
tability and variability of weather patterns than the
change in overall aver-
ages.'” Greater climate

variability is more prob-
lematic for perennial
crops such as fruit trees
and vineyards where
adjustments cannot be
made as frequently and
long-term investments

are at risk.
Climate changes

See page 50

for full-size color image of this figure

may also affect prod-
uction costs. If drier
summer conditions and
increased drought prevail, investments in irrigation
may become necessary. Such a shift would impose
costs directly on farmers and increase tensions over
water allocations. Without irrigation, however, agri-
cultural productivity can drop sharply during drought.
For example, a 1988 drought reduced US corn
production by 45 percent.!?

Increased soil erosion and runoff of agricultural
wastes are likely if the frequency of flooding increases.'®
Greater erosion would increase off-site costs of sedi-
ments, which are already estimated at $98 million
(US) for the lake states of Michigan, Minnesota,

and Wisconsin and $216 million (US) for the Corn
Belt states of Illinois, Indiana, lowa, Missouri, and
Ohio.'®!

Whatever the overall outcome, certain groups
may gain at the expense of others. For example, if
climate change tends to increase production, resulting
price declines may help consumers but hurt produ-
cers. Regional producers will do better if climate
change lowers productivity elsewhere, resulting in
lower supply and higher prices, but does little to
change their own productivity. In an era of expanding
global trade, however, prices to farmers and costs to
consumers in the Great Lakes region may be influ-
enced more by how drought or rain is playing out
in crop fields half a world away than by harvests
at home.

Recreation and Tourism

Travel and tourism brought in $65 billion (US) in
revenue in the Great Lakes states in 1999'° and $20
billion (Cdn) in Ontario in 2000." The most certain
impacts of climate change will be on winter sports
activities. Warm winter temperatures and little snow
mean red ink for ski areas, or at least increased costs
for snowmaking. Communities and businesses depen-
dent on revenues from cross-country or downhill
skiing, snowmobiling, or especially ice fishing, could
be hard hit. Some of these communities and busi-
nesses, however, will make up the loss by expanding
warm weather tourism and recreation (Figure 34).
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CHAPTER

Five

Meeting the Challenges

of Climate Change

his report has highlighted a variety of

challenges the Great Lakes region will face

as climate change magnifies the pressures

imposed by a growing human population
on the region’s environment and natural resources.
Many of the impacts explored here are not inevitable.
The negative consequences of change can in some
cases be minimized or avoided. This chapter examines
actions that people and policymakers can take now
to reduce the vulnerability of ecosystems and vital
ecological services and to safeguard the economy and
well-being of the human population of the region.

Three overlapping approaches are needed to meet

the challenges posed by a changing climate. The first
is to reduce the region’s contribution to the global
problem of heat-trapping greenhouse gas emissions.
Some warming is already inevitable because historical
emissions of CO,will continue to have a warming
effect for decades; nevertheless, many of the most
extreme outcomes for the region can be avoided if
the pace and eventual severity of climate change are
damped. Many scientists agree that ultimately world-
wide emissions of heat-trapping gases need to be re-
duced significantly in order to avoid dangerous changes
in the climate system. The sooner these reductions
are begun, the lower the cost of making necessary

changes and dealing with potentially disruptive
economic and social impacts.

Second, minimizing human pressures on the global
and local environment now will lessen the severity of
future impacts and reduce the vulnerability of eco-
systems to further stresses from climate. Finally, anti-
cipating and planning for the impacts of change through
both short-term adjustments and long-term adapta-
tions will help to reduce future damage. The cost of
these adjustments and adaptations serve as an addi-
tional incentive to slow climate change by reducing
the emissions of heat-trapping gases as soon as
possible.

Although there is uncertainty in predictions
of specific climate change impacts on the region, we
have much greater confidence in the general predic-
tions for change (see box, p.68). Even where uncer-
tainty remains, taking actions now to reduce emis-
sions and minimize threats to ecosystems is the
prudent and responsible course. Waiting to begin
reducing emissions or to plan for managing the
effects of climate change only increases the eventual
expense and urgency and the possibility of irreversible
losses. Furthermore, many actions that can be taken
now provide immediate collateral benefits such as
cost savings, cleaner air and water, or improved
quality of life in our communities.
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Reducing Emissions by Sector

educing emissions of greenhouse gases, and opment, economic growth, jobs, and opportunities.
thus the rate and eventual severity of climate None of the Great Lakes states currently has
change, could forestall many of the worst mandatory greenhouse gas registries (although Wis-
outcomes. Some emission reduction measures can consin is developing one), but Ontario and all the
be implemented with no net cost. Others involve net  states except Michigan have inventories of their green-
costs but will also stimulate new technological devel- house gas emissions for 1990 (Table 8, p.70). Overall

How Confident Can We Be About Climate Change
Impacts on Great Lakes Ecosystems?

The climate change assumptions that underlie the assignment of confidence levels" include:

® an increase in air temperature of 5 to 12°F (3 to 7°C) in winter and 5 to 20°F (3 to 11°C) in
summer (high confidence).

® a concurrent increase in surface water temperatures and reductions in ice cover on all lakes (high
confidence).

® precipitation increases in winter and spring, but declines in summer and autumn, producing most
notably a general drying in the southwest part of the region. In response, levels of surface water,
ground water, and soil moisture are expected to drop in summer (medium confidence).

® a continued increase in extreme rain events lasting from 24 hours to 7 days that could cause

increased flooding (medium confidence).

The projected impacts are viewed against the backdrop of continued increases in population,
urbanization, and landscape fragmentation across the region. For example, urbanization will increase
the area of pavement and other impervious surfaces in watersheds, which in combination with

increased likelihood of extreme downpours will result in more flooding.

Confidence Levels’

Potential Impacts High Confidence Medium Confidence Lower Confidence
on Great Lakes
Ecosystems
Across Significant alterations Decrease in ecosystem
All Systems in the climate that we services due to greater
feel as temperature and variability in all climate
precipitation changes and ecological drivers
Longer growing seasons Earlier flowering,

breeding, and
emergence of biota
that use temperature

Altered productivity and
distribution of a variety of

organisms
9 rather than day length
as a cue
68 CONFRONTING CLIMATE CHANGE IN THE GREAT LAKES REGION

Union of Concerned Scientists * The Ecological Society of America



Potential Impacts

Aquatic
Ecosystems

Terrestrial
Ecosystems

Human Impacts

High Confidence

Increased water
temperatures in the Great
Lakes, inland lakes, streams,
and wetlands

Decreases in ice-cover
duration and extent

Shifts to earlier ice-out dates
and spring melt

Altered timing of hydrologic
flows; increased variability
in timing, frequency, and
duration of disturbances

Altered distributions of
current fish species and
other aquatic organisms;
increased invasions by
nonnative species

Altered plant distribution,
including northern
movement of forest species

Range shifts in insects,
including expansions of
forest and agricultural pest
species (e.g., gypsy moths
and bean leaf beetles)

Impacts on crop and
livestock sectors (+ or —)

will be moderated by
technological advances and
trends in market sectors

Shorter, warmer winters

will result in losses in winter
recreation such as skiing, ice
fishing, and snowmobiling;
possibly longer season for
warm-weather recreation

Medium Confidence

Decreased water levels
in all aquatic habitats,
especially in summer

Increased flooding
from climate
interactions with
urbanization and land
management practices

Decreased safe
breeding sites for
amphibians, migratory
shorebirds, and
waterfowl

Altered timing and
extent of migration for
waterfowl

Short-term increases
in forest growth from
CO; fertilization and
nitrogen deposition;
long-term growth
responses are unclear

Lowered food
availability to migrant
birds, especially

those that time their
migration by daylength
rather than weather

Crop yields in the region
vary from positive in
northern to negative in
southern areas because
of temperature and
precipitation changes

Increased health

risks from respiratory
disease, heat-related
morbidity or mortality,
extreme weather events,
and infectious disease

Decreased health risks
from cold-related
morbidity or mortality

Lower Confidence

Increased
ultraviolet
radiation damage
to organisms in
shallow-water
habitats

Increased
vulnerability of
crop yields to
weather extremes
as production
shifts northward,
away from prime
production areas

* “Confidence” refers to the level of scientific certainty and is based on expert understanding and
judgment of current information supporting the likely ecological impacts of the climate-related
changes described above. Confidence is not related to the degree of ecosystem vulnerability or the
relative economic or social importance of a potential impact. A “lower” confidence level does not
imply that the change is unlikely or that the impact will be small.
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FIGURE 35

Minnesota Wind Farm

TABLE 8 Total Greenhouse Gas Emissions by State/Province and Sector (1990)

Total GHG (in Million Metric Tons of Carbon Equivalent—MMTCE) for 1990 State/Province®@

SECTOR IL IN MN NY OH PA wi ONT
Energy - Residential 6.9 2.6 2.1 8.5 5.6 6.2 2.6 4.9
Energy - Commercial 3.4 1.4 1.4 6.5 2.8 3.0 1.3 2.5
Energy - Industrial 14.7 15.2 2.3 4.5 15.7 16.8 3.3 11.4
Energy - Transport 15.8 11.2 7.2 22.5 15.2 15.4 6.6 13.1
Energy - Utility 15.7 25.6 7.9 19.1 31.4 24.2 8.9 7.1
Energy - Exported Electricity * * * * * * * *
Energy - Other -2.31 1.0 0.5 1.2 6.3 * 0.8 *
Total Energy 56.6 57.0 21.3 62.3 76.9 68.3 23.4 39
Waste 6.9 1.7 1.2 11.6 11.3 3.6 0.9 2
Agriculture 23 1.8 2.5 0.9 1.7 33 2.5 3.3
Industry 0.3 1.0 * 0.9 0.6 0.7 0.1 4.1
Land Use 0.02 -0.4 -2.4 * -1.6 0.1 0.2 0.3
TOTAL 66.1 61.3 225 75.7 88.9 76.0 27.1 48.7
PER CAPITA © 5.8 11.0 5.1 4.2 8.2 6.4 5.5 4.8

Sources: See note 182.

Notes: An asterisk (*) indicates that GHG emissions from this sector were zero, insignificant, or not reported.

(a) US and Canadian GHG inventory methodologies not necessarily comparable; no emissions information available for MI

(b) Residential and agricultural energy use combined in Canadian GHG inventory

(c) GHG emissions in MMTCE per million population. Average per capita emissions in 1995 in the US was 6.6 and in Canada was 6.0.

Canadian population data from 1991.

emissions have increased in every state and province
since 1990, but these inventories—while not always
perfectly accurate—offer a starting point to identify
opportunities for reducing the output of heat-trapping
gases. In fact, Canada in 2002 ratified the Kyoto
Protocol and made a commitment to reduce country-
wide emissions by about 6 percent below 1990 levels
by 2008-2012.

Far and away the

major sources of emis-
sions throughout the
region are the utilities
and transportation sec-
tors, followed by energy
use in the industrial sec-
tor, emissions from land-
fills and waste incinera-
tors, and other locally
important sources such

See page 51

as commercial, agricul-
tural, or residential sec-

for full-size color image of this figure
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tors. There are opportunities for emission reductions
in all these sectors. Moreover, changes in forestry
practices and agricultural soil management offer the
potential for reducing emissions and sequestering
carbon, a process that can be thought of as “negative
emissions.”

Energy

Opportunities for emission reductions in the energy

sector include:

* Increasing energy efficiency and conservation in
industry and by consumers, using both technolog-
ical and behavioral changes

* Increasing the amount of energy produced from
renewable power sources such as wind, solar, and
organic wastes

* Switching from carbon-intensive energy sources
such as coal to natural gas and biofuels

¢ Achieving more efficient fossil fuel generation
of electricity
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Several Great Lakes states and Ontario currently
employ some of these strategies and can serve as models
for others. In Indiana, for example, the Industrial
Energy Efficiency Fund provides zero-interest loans
to increase the energy efficiency of manufacturing
processes.'® Minnesota and Wisconsin have estab-
lished targets and timetables for increasing electricity
production from renewable energy and, together with
Illinois and New York, are also financing investments
in renewable energy and efficiency for homes and
businesses.'®

Most Great Lakes states have commercially viable
wind energy resources. Minnesota is already the third
largest wind power producer in the nation (Figure
35), and new wind projects are being built in Illinois,
Michigan, New York,'® and in Ontario." Illinois
has the technical potential to produce 83 percent of
its electricity needs (based on 2000 usage) from its
wind resources and 35 percent from its bioenergy
resources.'®’

A recent study shows Ontario can practically
and economically reduce energy waste and generate
enough green energy for the province to phase out
all five of its coal-fired power plants.' The approach
would involve demand-side management programs
that increase energy efficiency, shift subsidies away
from fossil fuel-derived energy toward support of
renewable energy, and reform elec-
tricity prices to reflect their real
cost to human health and the en-
vironment.

Developing these alternative
energy resources promises a num-
ber of benefits. A study by the En-

vironmental Law and Policy Cen- businesses.

ter examined the impacts of 22
percent use of renewable energy in the US states of the
region by 2020. It found that CO, emissions could
be cut in half, while increasing electricity costs by
only 1.5 percent in 2010 and 3.4 percent in 2020.
Additional benefits would include reducing air emis-
sions of sulfur dioxide and nitrogen oxides, creating
200,000 new jobs, and generating $5.5 billion (US)

in additional income.'®’

Minnesota and Wisconsin
finance investments in
renewable energy and
efficiency for homes and

Transportation

Opportunities for emission reductions in the trans-

portation sector include

* Increasing the efficiency of conventional vehicles

* Introducing hybrid and fuel cell cars

* Developing low-carbon fuels such as ethanol

* Reducing the number of miles driven, in part
through anti-sprawl planning and better public
transportation

Fuel economy (CAFE)

FIGURE 36
lllinois Fuel Cell Bus

standards are set at the
national level. While
the United States has

had mandatory stan-

¥
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-
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s

dards in place since the A l
oil crises of 1975, Can- j
ada currently has only a

voluntary fuel efficien- .

cy initiative and levels
See page 51

for full-size color image of this figure

mimic those in the
United States. Raising
the CAFE standard over the next 20 years to 55 miles
per gallon for new cars and light-trucks would take
advantage of the tremendous potential for techno-
logical innovation and could save US drivers billions
of dollars at the fuel pump, while reducing millions
of tons of heat-trapping gases, smog-forming pollut-
ants, and other toxic emissions.
Although the federal Energy Policy
Act of 1992 required state govern-
ment fleets to purchase alterna-
tive fuel vehicles, few state govern-
ments actually fulfill this require-
ment. An exception is Minne-
sota, which has developed state
vehicle fleet efficiency standards.
Indiana encourages the building of alternative fueling
sites through its Alternative Fuel Vehicle Infrastructure
Program (Figure 306).

Even at local scales, travel-reduction strategies
including ride-share, telecommuting, bicycle and
pedestrian programs, transit promotion, and parking
management can produce multiple benefits such as
emission reductions, healthier air, and higher quality
of life.” Large cities with heavy commuter traffic
such as Chicago, Detroit, and Toronto are particu-
larly amenable to such improvements.
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Toronto: A Leader Among Cities
in Reducing Greenhouse Gas Emissions

hile nations, states, and provinces continue to debate the economic wisdom of reducing

greenhouse gas emissions, key cities across North America have taken the lead in showing

that cutting carbon emissions can not only save energy but also generate revenue. One
of the first local governments in the world to commit to voluntary cuts in greenhouse gas emissions, and
one of the most successful, is Toronto. In 1990, Canada’s largest city committed to a goal of reducing its
emissions 20 percent below 1988-1990 levels by 2005. By 1998, Toronto had already exceeded its
2005 goal more than three times over, achieving emission reductions of 67 percent below 1990
levels. That represents a drop from 2.3 million tons of carbon dioxide released into the atmosphere
to 765,000 tons released, one of the largest reductions achieved anywhere in Canada.

Toronto used a wide range of measures to achieve its emission goals: improving the energy efficiency of
city buildings and streetlights (Figure 37a), improving energy efficiency and switching to alternative
fuels for its vehicle fleet, procuring and developing “green” power sources, and capturing landfill

FIGURE 37A gases for use in power production (Figure 37b). The
City Hall, Toronto latter strategy, in fact, produced the greatest reduc-

tion in emissions and also generates $2.5 million

(Cdn) in yearly income for the city. Although energy
efficiency measures resulted in much smaller emis-
sion reductions, they save the city $10 million

(Cdn) in energy costs each year.

To help pay for the program and educate the public
about its goals, the city in 1991 contributed $23

million (Cdn) in revenues from the sale of city prop-

See page 51 erty to set up the Toronto Atmospheric Fund (TAF).
for full-size color image of this figure

While many cities around the world have committed

FIGURE 37B to greenhouse gas reductions, Toronto remains the
Toronto Shows Climate Solutions .
Leadership only one that has created an independent agency to

fund such projects. TAF-sponsored projects to date
have financed emission reductions of more than
225,000 tons, saved the city $2.7 million (Cdn) a
year in energy and maintenance costs, and jump-
started organizations such as Green$aver, Greenest
City, the Toronto Renewable Energy Cooperative, and

the Black Creek Regional Transportation Manage-

ment Association. Among its other initiatives, TAF

also holds an annual Smog Summit and funds studies
See page 51

: . o on transportation and smart growth issues. TAF
for full-size color image of this figure
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believes that Toronto has the potential to achieve another 31 percent emission reductions between

1998 and 2010.™"

More than 500 communities worldwide, including 100 in the United States, have joined Toronto

as participants in the Cities for Climate Protection Campaign of the International Council for Local

Environmental Initiatives. Together these local communities, which collectively account for 8

percent of global greenhouse gas emissions, are not only cutting their emissions and pioneering

cost-effective strategies for reducing their impact on the global climate, but also setting examples

for nations to follow.

Waste Management

Opportunities for emission reduction in the waste

management sector include

* Waste avoidance

 Waste recovery and recycling, including use of
waste for biomass energy

* Capture of methane emissions

Again, several Great Lakes states and Ontario have

programs that could be emulated throughout the

region. Indiana, for example, has a Recycling Market

Development Program that aims to boost recycling

rates and the purchase of recycled products. In methane

recapture, Ontario’s City of Welland Landfill Gas

Recovery Program currently collects and destroys

more than 100,000 tons of methane per year—the

equivalent of taking 560,000 cars off the road."”

Forestry and Agriculture

Opportunities for emission avoidance and carbon

capture in forestry and agricultural land use include

e Forest protection

* Reforestation or afforestation

* Sustainable soil management to increase carbon
sequestration

Forestry opportunities may be particularly relevant in

the northern parts of the region, although other areas

could also benefit. For example, Minnesota’s ReLeaf

Program promotes and funds the planting and main-

tenance of trees as a means to store carbon and save

energy.'” Several other forest carbon sequestration

projects are under way in Indiana, Ohio, and Ontario.

In Wisconsin, several projects on land owned or

managed by The Nature Conservancy are funded

by utilities needing to offset CO, emissions. Main-

taining and increasing urban tree cover is becoming

more important both for storing carbon and for
reducing the urban “heat island” effect that inten-
sifies summer heat.

In the agricultural sector, numerous studies have
shown that certain best practices in soil management
such as no till, low input, and use of cover crops can
enhance short-term soil carbon sequestration. In addi-
tion, the Environmental Protection Agency supports
several programs that can reduce methane emissions
from livestock and livestock wastes, such as the
AgSTAR Program and the Ruminant Livestock
Efficiency Program.'”*

Integrated Emission Strategies

Several states in the region have comprehensive
climate change action plans. All will require strong
support for implementation, however, and none
specifies reduction targets by certain dates. Similarly,
at least 14 American municipalities in the region have
committed themselves to local emission reductions
through the International Cities for Climate Protec-
tion Campaign.'” In Ontario, more than 20 munici-
palities participate in the Partners for Climate Protec-
tion program of the Federation of Canadian Muni-
cipalities'® (see box, opposite).

Another possible strategy for reducing emissions
cost-effectively is through carbon credits and trading.
The US leader in developing voluntary carbon-trading
strategies is the Chicago Climate Exchange.”” In
Canada, the federal government’s Tradable Permits
Working Group has set up a prototype trading sys-
tem in Ontario, which could be adapted in the future

18 In anticipation of

to include heat-trapping gases.
this, utilities have begun to purchase emission-reduc-

tion credits from elsewhere to offset their own CO,
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Minimizing Sprawl

emissions. Thus, timely
research and develop-

ment activities could
position the Great
Lakes region as a leader
in the emerging carbon-
trading market. Princi-
ples guiding effective

emissions trading have

yet to be developed in

See page 52

for full-size color image of this figure

both the United States
and Canada. In gen-
eral, effective emissions
trading systems share several traits: At minimum they
are fair by rewarding leaders rather than laggards;
they are cost-effective; and they lead to actual emis-

sion reductions through absolute, progressively
lowered caps on emissions.

Scientific evidence demonstrates that the most
desirable approaches to reducing emissions not only
achieve real climate benefits, but also avoid exacerbat-
ing other environmental problems. Policymakers have
to agree on principles that define best practices such
as the following: First, the results of emissions reduc-
tion efforts are easily verified and ensure that carbon
is stored permanently. Second, emission reduction
approaches go beyond standard practices and existing
regulations.'”” Third, projects must minimize and
account for leakage, or the potential that the project
may simply displace emissions elsewhere. Finally,
forest-based projects for climate should enhance,
and not detract from, biodiversity protection.*”

Minimizing Human Pressures on the Environment

educing or minimizing human pressures on

the environment often results in long-term

economic benefits that outweigh the initial
cost. These benefits include flood protection, human
health benefits from water and air purification, im-
proved agricultural and forestry productivity, water
supply security, safeguarding of habitat for native
plants and animals, aesthetic benefits, and recreation-
al opportunities. The following are key strategies for
reducing human stresses.

Air Quality Improvements

Air pollutants, such as ozone, damage the natural
environment as well as human health and crops. Strat-
egies to reduce heat-trapping gas emissions, whether
from coal-fired power plants or commuter traffic,
have the ancillary benefit of reducing air pollution.*”'
In Ontario alone, air pollution claims the lives of an
estimated 1,900 people a year and costs the medical
system about $1.1 billion (Cdn) annually, according
to an analysis by the Ontario Medical Association.*”
Recognizing this problem, the city of Mississauga in
southern Ontario’s industrial and commuter belt es-
tablished in 1998 the Mississauga Air Quality Advisory
Committee, which implemented a comprehensive air
quality improvement plan. The results have included

significant utility savings, reductions in energy use
and pollution, an expanded transit service and bike
path network, greater tree cover, and reduced air
pollution.?®

Water Quality Protection

and Demand/Supply Management
Protecting ground and surface water supplies, as well
as the ecological quality of aquatic habitats and the
species that live in them, offers benefits for human
health and well-being in the water-rich Great Lakes
region. Water management and conservation efforts
also increase the reliability of supplies for economic
sectors and industries dependent on steady availabil-
ity of high-quality water. Key water quality improve-
ments that need to be more widely implemented in-
clude efforts to upgrade sewer and septic systems and
to contain nonpoint pollution from roads, farmland,
and other dispersed sources.?** Many smaller Great
Lakes communities still have sewer outflow systems
that release untreated sewage and industrial waste
directly into surface water bodies during storm events
that overwhelm the capacity of local water treatment
facilities. If the frequency of heavy rain events increases
in the future, that will increase the urgency of tech-
nological upgrades to these systems to prevent water-
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and foodborne diseases and also to protect people
from illnesses contracted during recreational activities
such as swimming, boating, and fishing.

Water supply concerns in the region can be ad-
dressed by developing more effective water-conserva-
tion strategies for use during summer months and in
water-intensive agricultural and industrial operations.
A more controversial issue concerning future water
supplies involves schemes to divert water to users out-
side the basin. Such diversions would have significant
ecological and social implications for the entire Great
Lakes basin and potentially create legal, policy, and

procedural conflicts within the region.*”

Urban and Land Use Planning

Urban and rural land use planning can reduce sprawl,
which in turn reduces greenhouse gas emissions from
commuter traffic. Reducing sprawl has added benefits

of preventing habitat destruction and fragmentation,
reducing or at least containing the area of impervious
surfaces that contribute to flooding, reducing munic-
ipal spending on services, and decreasing the loss

of valuable farmland (Figure 38). In Grand Rapids,
Michigan, which is quickly becoming the poster-child
of the nation’s growing antisprawl movement, a civic
campaign led to comprehensive land-use policy re-
forms, including preservation of connected open lands
and natural areas, establishment of com-pact business
centers served by mass transit, and establishment of
boundaries on extending water and sewer services.*"

Habitat Protection and Restoration
Rehabilitation of wooded riparian buffer strips, res-
toration of floodplain forests, wetland preservation
and restoration, and reduction of the extent of im-
pervious surfaces are strategies that help to main-

TABLE9 Examples of Adaptive Measures for Mitigating Impacts

of Climate Change on Fisheries

Adaptation Specific Option Limitations

Strategy

Choose/Change:

Location Encourage fishers to move fishing Most stocks of desirable fish species are
grounds as locations of preferred fish heavily exploited already
habitat change

Use Exploit previously unused or underused Local aquatic ecosystems will become
resources generally overexploited as the focus of

fishers extends to all levels of the food web
Reduce Losses:
Prevent effect Not possible

Modify effect

Artificially accelerate natural rates of

Careless actions will exacerbate problems

range extension for warm-water species

Reduce impacts from other agents
of stress; particularly relevant for
fisheries located in areas of high human

population density

Resistance to limit destructive environmental
impacts of industry and other human
activities

Remove potential barriers to migration

and range extension

Accept Losses:

Such actions provide only short-
term mitigation, if the precipitating
environmental changes are permanent

Share loss Compensation/insurance programs
for fishers
Bear loss Do nothing to save species or stocks
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FIGURE 39

Ecological Limits to Adaptation
in Agriculture

tain and restore valuable habitat, improve recreation-
al experiences, and provide vital human services such
as water purification and flood control. Given the
already large threat to Great Lakes biodiversity from
invasive species, it is also vital to continue to implement
strong protection against invasive aquatic and terres-
trial organisms. One example is the Great Lakes-

wide effort to contain the spread and expansion

of nonnative Eurasian water milfoil, an imported
waterweed that forms thick, smothering mats in lakes
and streams, depleting oxygen and crowding out
native plants.?”” Invasive species such as water milfoil
are likely to exacerbate problems created by a warm-
ing climate, especially in shallow lakes and wetlands.

Managing the Impacts of Climate Change

ven if our societies, regional and global, are

successful in relieving human pressures on

ecosystems and minimizing climate change by
reducing emissions, climate changes already in progress
will continue for decades or more. Because of this,
society must begin planning and preparing to manage
future impacts that cannot be avoided. A robust strat-
egy in the face of uncertainty, or even unpredictabil-
ity, is one that will be flexible enough to fare well
under a wide range of
possible outcomes. The
sections below describe

some “no regrets’ ac-
tions that may be taken
to manage the impacts
of climate change on
the Great Lakes econo-
my, peoples, and en-
vironment.

Fisheries

See page 52

for full-size color image of this figure

The histories of abor-
iginal, commercial, and
sport fisheries provide
many examples of the adaptability of fishers. When
traditionally exploited stocks fail, effort is quickly
redirected and fishing methods are adjusted to other
stocks and species. Likewise, as regional waters warm,
fisheries may be able to adapt to a new mix of fish
species. This does not mean, however, that individual
fishers or specific fishing communities will necessarily
avoid serious negative effects, in part because habits
and cultural preferences are typically slow to change
(Table 9, p.75).

Effective adaptation will likely involve reallocation
of harvest from adversely affected populations, such

as lake trout in southern inland lakes, to populations

that are positively affected, such as walleye in northern

waters and smallmouth bass throughout the basin.

However, the fish community may face a prolonged

period of restructuring while productivity and water

temperatures are in transition. This transitional stage
may create great uncertainty in determining sustainable
harvests of any fish species. Also, both fishermen and
consumers have preferences for particular species that
may be difficult to change and may prolong exploita-
tion of populations that should be protected. Overall,
robust fisheries management should be guided by
some basic principles, including:

* Maintaining exploitation rates at levels that include
a safety margin based on historical uncertainties
in fish stocks

* Reducing the negative impacts of other human
stressors such as acidification and habitat destruction

* Initiating concerted efforts to reduce overinvest-
ment in a fishery that can exploit certain species
at unsustainable rates

* Ensuring that no practice applied for a short time
could produce extreme outcomes

Aquatic Ecosystems, Resources, and Wildlife
To help sustain aquatic resources and ecosystems,
efforts should focus on protecting riparian zones

of rivers, existing wetlands and headwater streams,
groundwater systems, and lakes. Protecting and
revegetating riparian zones, for example, can yield a
large return on investment in terms of reducing dam-
ages and economic losses from flooding and improv-
ing water quality. Native species chosen for such proj-
ects should be evaluated in terms of their suitability
for a warmer climate and their ability to withstand
frequent floods and droughts. To boost the chances
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for wetland survival, efforts can be initiated to increase change. Finally, an indirect impact of climate change
water retention in wetlands and to restore or maintain often ignored involves the influence that changes on
connections between wetlands and lakes or rivers. the farm will have on local farming communities.
Increasing water conservation and reducing human ~ These impacts have the potential to change the
demands for water are vital goals character of rural landscapes
that can be achieved through Climate change will affect across the Great Lakes region.

changes in human behavior in e e .
8 individual farms as well as

households, farms, and indus- Forestry
tries. Water management policies local fa rming communities, The following approaches may
can also be reviewed to insure help forestry operations in the

potentially changing the

that they are adequate and flex- northern portion of the Great

ible enough to meet the long- character of rural Iandscapes Lakes region adjust to a warmer

term challenges of a changing and potentially drier climate:

208 across the region.

and potentially drier climate. * Shifting species and genetic

Finally, an effective strategy varieties of trees as well as
for sustaining habitats and wildlife populations will forestry practices to increase water use efficiency
benefit from active planning and implementation of trees
of development regulations designed to minimize * Improving soil management, spacing, and tree
landscape fragmentation. Preserving or restoring rotation length to enhance the success of forests
migration corridors across the landscape will allow under new or variable climate patterns
species to move to more suitable climates and will * Moving toward greater production of saw timber
also help to sustain populations of native plants and less pulp production, which will help sequester
and animals that are large and genetically diverse carbon in long-lived products
enough to cope with future disturbances. ¢ Creating biologically diverse rather than single-
species tree plantations to enhance and hasten species’
Agriculture dispersal to more suitable new ranges
Many factors other than climate will heavily influ- * Investing more in prevention, management, and
ence the ease with which agriculture in the region containment of large
o . FIGURE 40
adapts to future changes, and also the direction that forest fires, especially Managing the Lake and Stream
adapration takes (Figure 39). Typically, assessments during dry periods, Impacts of Climate Change
of agriculture’s capacity to adapt to climate change while developing im-
produce relatively favorable predictions because they proved fire manage-
assume that farmers, accustomed to having to make ment strategies for rela-

adjustments every season, have the ability to shift tively small fires

lanting times, crop varieties, fertilizer inputs, irriga-
P 5 P P & Many of the best prac-
tion methods, and other factors to optimize produc- . . .
e . tices common in sustain-
tion.”” Such assessments also point out that changes
_ oL . able forestry today could
in technology, availability of resources, subsidies, and

help ensure the resilience

management policies as well as climate will affect

of biologically diverse

both trends in crop yields and shifts in national and See page 52

.. forests and habitat pro- . . -
global markets. Usually missing from these assessments, . At p for full-size color image of this figure
. tection for birds and

however, are the costs of adaptation and change that _— . ,
o e other wildlife under future climate stresses. Parti-
individual farmers must bear, and the differing im- . . . .
cularly important are adaptive strategies that retain
pacts on small versus large farms. On the farm, man- U .
. . . . management flexibility in the face of uncertainty,
agement choices in a changing climate will be gov- e .
A . : together with improved land use planning and pest
erned not only by farmers” technological options o A .
I, . management.”'’ As in the agricultural sector, how-

and resources, but also by their ability and desire to
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ever, many market-related and industry-wide changes
occurring nationally and globally will affect the econ-
omic viability, technological changes, and produc-

tivity of forestry in the Great Lakes region.”""

Infrastructure Protection

and Built Environments

People have traditionally responded to climate vari-
ability and weather extremes by shielding themselves
through both structural measures such as bulkheads
along shorelines, levees in floodplains, or dredging of
lakes (Figure 40, p.77), and nonstructural measures
including insurance coverage, warning systems, emer-
gency management plans, and land use planning.
These same tools can help society adapt to climate
change, although many current applications fail to
include the necessary long-term perspective or even
an awareness of climate change. For example, when
levees and other structures are being upgraded or
replaced, it may be inadequate to engineer replace-
ments based solely on historical frequencies of ex-
treme events or water-level fluctuations. Comple-
mentary strategies may be needed because of current
trends in the insurance industry, including ever more
expensive coverage and withdrawal from high-risk areas.
For example, progressive relocation of homes and
businesses out of the most hazardous areas and other
improvements in zoning, planning, and building codes

Meeting the Challenges

lobal warming is under way and already

causing changes to our environment. Much

uncertainty remains about specific ecologi-
cal and economic changes that a warmer climate with
drier summers will bring to the Great Lakes region,
but it is certain that the impacts will magnify in im-
portance in the future. This knowledge provides no
excuse for inaction or fatalism, however, because inno-
vative, affordable, and prudent solutions are available

can avoid creating greater vulnerability and liability
in the future.

Human Health

Coordinated health management plans that specifi-
cally take into account changing patterns of disease
threats in a warmer climate will be vital in managing
future health risks, as suggested in a recent report on
adaptation options for the Toronto-Niagara region.'®®
As the frequency or intensity of extreme heat events
increases, earlier forecasting, better public education
efforts, and assistance directed at elderly, low-income,
and other high-risk populations will be needed. Earlier
warnings during periods of increased ground-level air
pollution could also help the elderly and people with
preexisting respiratory conditions reduce their expo-
sure. Public education can help people reduce their
risk of exposure to many vectorborne diseases in the
region, including Lyme disease, Eastern equine en-
cephalitis, and West Nile encephalitis, by modifying
outdoor activity, clothing, or housing.

Obviously, limiting construction of houses in
flood plains and improving housing construction
standards could reduce risk of flood damage, injuries,
and deaths. In general, infrastructure improvements
that maintain or improve sanitation, sewage treat-
ment, waste disposal, stormwater drainage, and

water supply will all help reduce health risks.

to help reduce the severity of climate change globally,
increase the health and resilience of ecological and
economic systems vital to the region, and begin plan-
ning and preparing now to adapt to those future
changes that cannot be avoided. By acting now, we
can protect the rich natural heritage, vibrant econo-
my, and well-being of people and communities in
North America’s heartland.
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Susanne Moser is staff scientist for climate change at the
Union of Concerned Scientists. Her current work focuses on
providing sound scientific information to support policy-
making on climate change. Her research interests include
climate change impacts on coastal areas, environmental haz-
ards, the human dimensions of global change, and the inter-
action between science and policy. Dr. Moser received her
Ph.D. in Geography from Clark University, Worcester, Mass.,
and completed a two-year post-doctoral research fellowship at
Harvard’s Kennedy School of Government before joining
UCS. Over the last 10 years, she has participated in reviews of
EPA’s Global Change Programs, the US Global Change
Research Program and its successor, the Climate Change
Science Program, as well as of various chapters of IPCC and
US National Assessment reports. In this report she contri-
buted to sections dealing with climate change impacts on
urban areas, human health, and solutions strategies.

Stephen Polasky holds the Fesler-Lampert Chair in
Ecological/Environmental Economics at the University of
Minnesota. He is a faculty member of the Department of
Applied Economics and of the Department of Ecology, Evo-
lution and Behavior, and is also co-director of Graduate
Studies for the Conservation Biology Program. He received
his Ph.D. in economics from the University of Michigan in
1986. He is currently serving as a member of the Environ-
mental Economics Advisory Committee of US EPA’s Science
Advisory Board, as a member on a National Research Council
Committee on Assessing and Valuing Services of Aquatic and
Related Terrestrial Ecosystems, and as Co-Chair for Core
Project 3: Developing the Science of Conservation and Sus-
tainable Use of Biodiversity for DIVERSITAS. His research
interests include biodiversity conservation and endangered
species policy, integrating ecological and economic analysis,
game theory applications to natural resource use, common
property resources, and environmental regulation. He recently
edited a book entitled 7he Economics of Biodiversity Conserva-
tion. In this report he contributed to sections on the econo-
mic impacts of climate change and climate change solutions.

Scott Robinson is a professor in the Department of Ani-
mal Biology at the University of Illinois. His research interests
include the effects of forest fragmentation on migratory birds,
especially during the breeding season. Most of his recent work
has been in the Midwestern United States, but he has also
worked extensively in the Neotropics and in North American
grasslands and scrublands. His students also work on effects
of global climate change on the timing of migration and on
the effects of hydrology on birds of floodplain forests. Dr.
Robinson has also been involved in developing management

plans for grassland and forest reserves. Dr. Robinson received
his Ph.D. from Princeton University. As of May 2003, he
will be moving to the Florida Museum of Natural History
(University of Florida), where he will be the Katherine
Ordway Chair of Ecosystem Conservation. In this report,
he contributed to sections on the effects of global climate
change on wildlife.

Brian Shuter is a research scientist with the Ontario Minis-
try of Natural Resources and adjunct professor in the Depart-
ment of Zoology, University of Toronto. His research has
focused on the population dynamics of freshwater fish, and
particularly on the role of weather in generating short-term
variation in abundance and the role of climate in shaping
boundaries of species’ distributions. He has worked on popula-
tions of smallmouth bass, walleye, and lake trout in the
Great Lakes and in the smaller lakes of Algonquin Park. He
has authored over 50 papers in the peer reviewed scientific
literature, and is a member of the Board of Technical Experts
of the Great Lakes Fisheries Commission. Dr. Shuter worked
on the limnology and fisheries sections of this report.

Michelle Wander is an associate professor in the University
of Illinois’ Department of Natural Resources and Environ-
mental Sciences, where she teaches about soil ecology, com-
position, and processes and advises both graduate and under-
graduate students. She has served as the Chair of the North
Central Region Committee on Soil Organic Matter and
Biochemistry, on USDA-NRI Review Panels for Soil Biology
and Biochemistry and Managed Ecosystems, and has partici-
pated as an expert on teams evaluating long-term agricul-
tural studies. She is an Associate Editor for the Soil Science
Society of America (SSSA) Journal and now serves on the
committee for the Special Publication Soi/ Carbon Manage-
ment Guide as well as the Ad Hoc Committee on Global
Enhancement of Soil Organic Matter. Dr. Wander received
her Ph.D. in 1992 in Agronomy/Soil Science from the Ohio
State University. In this report, she contributed sections
on agricultural response to climate change and potential
mitigation and adaptation strategies.

Mark Wilson is currently Director of the Global Health
Program and Associate Professor of Epidemiology at the
University of Michigan, where his research and teaching cover
the broad area of ecology and epidemiology of infectious
diseases. After earning his doctoral degree from Harvard Uni-
versity in 1985, he worked at the Pasteur Institute in Dakar
Senegal (1986-90), was on the faculty at the Yale University
School of Medicine (1991-96), and then joined the University

of Michigan. Dr. Wilson’s research addresses the environ-
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mental determinants of zoonotic and arthropod-borne
diseases, the evolution of vector-host-parasite systems, and
the analysis of transmission dynamics. He is an author of
more than 100 journal articles, book chapters, and research
reports, and has served on numerous governmental advisory
groups concerned with environmental change and infectious
disease epidemiology. He recently served as a member of
the NRC panel on Climate, Ecosystems, Infectious Diseases
and Human Health and the IOM panel on Emerging Micro-
bial Threats in the 21st Century. He contributed to the
health impacts sections and solutions in this report.

Donald Wuebbles is Head of the Department of Atmo-
spheric Sciences at the University of Illinois and Professor
in that department, as well as in the Department of Electrical
and Computer Engineering. His research has emphasized
the development and use of mathematical models of the
atmosphere to study the chemical and physical processes that
determine its structure. He is the author of over 300 scientific
articles and directs a number of research projects to improve
our understanding of the impacts that human-made and
natural trace gases may be having on the Earth’s climate,
atmospheric chemistry, and ozone. He developed the con-
cept of Ozone Depletion Potentials—used in most policy-
making to protect the ozone layer (e.g., the Montreal
Protocol and its amendments)—and is co-author of an
analogous concept, Global Warming Potentials, currently

Steering Committee

used to describe greenhouse gases and their potential
effects on climate. Dr. Wuebbles has led the development
of several new research centers at the University of Illinois,
including a center on the regional impacts of climate change
on the Midwest. He is a lead author on a number of inter-
national assessments related to stratospheric ozone and
climate change. Dr. Wuebbles led the analysis of regional
effects of climate change for this report.

Donald Zak is a professor in the School of Natural Re-
sources and Environment at the University of Michigan.
His research focuses on the function of soil microbial com-
munities in the biogeochemical cycling of carbon and nitro-
gen in terrestrial ecosystems. He and several colleagues
have established large-scale, field experiments to investigate
the influences of rising atmospheric CO, and O, on forests
in the upper Great Lakes. They also have initiated long-
term experiments to study the influence of atmospheric
nitrogen deposition on forest in the region. Dr. Zak serves
on the editorial boards of Ecology, Ecological Monographs,
and Soil Science Society of America. He received his Ph.D.
degree from Michigan State University, conducted post-
doctoral research at the University of Minnesota, and has
been a Professor at the University of Michigan since 1988.
Dr. Zak contributed to sections on forest and forestry
impacts as well as impacts on other terrestrial ecosystems
in this report.
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