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Presentation Notes
Life on  a Human-Dominated Earth: The Challenges and Opportunities AheadDr. G. David TilmanDept. of Ecology, Evolution, and Behavior, University of MinnesotaSometime in the last century, the world entered a new era.  It occurred with no fanfare.  It happened gradually in terms of human perception, but was an amazingly rapid event if placed in the perspective of the 4000 years of recorded human history, or the millions of years of life on earth. In an event that not formally given the name by which it is now know until 1997 (Vitousek 1997), the world entered an era of human domination of global ecosystems.  This era poses some of the greatest challenges humanity has faced.  These challenges span areas ranging from environmental management to agriculture, to economics, to law, philosophy and ethics.  Indeed, long-term solutions to problems posed by human domination of global ecosystems will require major advances in science and law and ethics – advances that will distill and synthesize scientific knowledge and cultural preferences down to the wisdom needed to sustain human society on a human-dominated world for centuries to come.What does human domination of global ecosystems mean?  For first time in history of the globe, there are so many people, doing so much, that humans have become the major movers and shapers of global ecosystems.  Humans now exert a greater impact on many critically important global processes than all other natural forces combined. Should we be concerned? What kind of world are we creating?  What will future generations experience?  What can we do about it?  These questions are the focus of this talk. Major insights, reasons for significant hope, and the beginnings of a framework that can synthesize science, economics, policy and are coming from another concept that, like human global domination, was also only articulated in the past few years (Daily 1997).  This is the concept of ecosystem services. Photo credit: John Haarstad, University of Minnesota



Services of value to humans provided by natural and managed ecosystems

What Are Ecosystem Services?

Copyright 1992 Laura Cunningham

Presenter
Presentation Notes
What are ecosystem services?  Ecosystem services are services of value to humanity that are provided by natural or managed ecosystems. These services have been essential to human welfare for 1000’s of years. But, because humans were relatively rare organisms living in the vastness of nature, they were unnoticed and taken for granted. Image Copyright 1992 Laura Cunninghamhttp://cluster4.biosci.utexas.edu/deathvalley/Art/mammoth.htm



Purification of air and water

The Catskill Mountains 
provide New York City
with a service worth 
about $1 billion/yr.

Steve Carpenter, U Wisconsin

Presenter
Presentation Notes
One service that is essential to humans is the purification of air and water.  Early European settlers in North America obtained their drinking water just as did the Native Americans – by collecting it directly from lakes, rivers and streams near their homes.  As cities grew, they drew water from pristine lakes or damned pristine rivers, and built aqueducts to carry the water to the city.  This is ancient technology that has worked since the time of the Roman Empire. Just such aqueducts carried clear, pure water to the fountains – the urban springs – of ancient Rome. Pure clean water was always a free product of nature – an ecosystem service obtained merely for the cost its transport.Photo credit: Steve Carpenter, University of Wisconsin



Generation and Renewal of Soil Fertility

Prairie grasslands and savannas of 
North America generated the fertile
soils that feed 200,000,000 people.

Presenter
Presentation Notes
Another major ecosystem service is the generation and renewal of soil fertility. The rich soils of the North American prairies—which were formed by prairie ecosystems over a period of 10,000 years – now grow crops that feed more than 200 million people. Photo credit: G. David Tilman, University of Minnesota



Humans Have Benefited 
From The Vast Diversity of

Potential Food Plants

Potato Varieties

USDA-ARS

Presenter
Presentation Notes
And what do we grow on soils?  Another service of nature – organisms that we have found in nature that we like to eat and that grow well for us.  Indeed, we have mined and are still mining the biological diversity of nature. In the 10000 years since humans invented agriculture, we have discovered and used their natural genetic diversity to improve crops that how feed 6 billion people. Photo credit: USDA, ARS, IS Photo Unit�Image Number K9152-1; The potato is the vegetable of choice in the United States. On average, Americans devour about 142 pounds of it per year. New potato releases by ARS scientists give us even more choices of potatoes to eat. Photo by Scott Bauer.�



Dining at the La Brea Tar Pits, 9000 BC

When we want food, we go to nature
Fine Dining on Whilshire Boulevard, Los Angeles, 9000 BC

(copyrighted image of mastodon in tar pit could not be included on this CD)

Presenter
Presentation Notes
If you ever are in LA, go to my favorite restaurant. Its on Whilshire Blvd – right by all the museums. People have been dining there for the past 9,000 years – but the menu has changed because the early diners enjoyed the cuisine so much that they drove it extinct.  Indeed, all the animals depicted in my talk lived in North America until about 8 or 9 thousand years ago, when all went extinct, likely because of overhunting. 



Earth’s Biodiversity is also 
the Major Source of 
Human Medicines

More than 60% of the 50 best 
selling medicines are derived from 

nature. So are the two most 
important medicines ever 

discovered, Aspirin and ….

Presenter
Presentation Notes
Earth’s biodiversity is also the major source of human medicines.  We go to nature to find chemicals whose biological potency has been formulated by millions of years of evolution.  More than 60% of the top selling drugs in the world were derived from organisms that compose the biodiversity of the earth.  ��



and I thought it was wine

Presenter
Presentation Notes
The two most important drugs are ever discovered are likely aspirin and one that I hope you took before coming to this talk – because I have at least another 2 hours to material to present to you. Humanity has thrived precisely because we have been able to capitalize, time and again, on the vast richness of the earth’s biodiversity.  We go to this biodiversity to find new medicines and to find crop varieties that are resistant to a new disease or that grow better in a warmer or cooler region, or on drier or wetter soils. Photo credit: G. David Tilman, University of Minnesota



Other Ecosystem Services Include:

• Detoxification and decomposition of wastes
• Pollination of crops
• Control of many agricultural pests
• Moderation of climate
• Natural production of fish, forage, biomass 

fuels,  and industrial products
• Amelioration of flooding
• Maintenance of genetic resources
• Aesthetic beauty

Presenter
Presentation Notes
There are many other ecosystem services of value to society.  Ecosystems detoxify and decompose wastes. Even when we engineer a system to do this – such as a municipal sewage treatment plant – we actually achieve the decomposition and the detoxification using a large number of species of bacteria and fungi.  Insect pollinate crops for us – could you afford fruit or vegetables if farmers had to carry pollen from one plant to another with a paintbrush? But, poorly managed farms do not leave land nearby for the pollinators to live in – or kill pollinators inadvertently with pesticides. And how should farmers control pests?  Recent work has shown that many agricultural pests are most effectively and inexpensively controlled by predators, parasites and parasitoids that can live in semi-natural buffer strips around the edges of fields. Although this requires that farmers not plow their land from fence to fence,  it can actually save farmers money and can save farmers, farm workers, and their families from exposure to toxins. There are many other ecosystems services  -- each of which has value to society – but few of which have ever been formally recognized by society as having economic value. 



• Have been essential to  human success
• Are provided for free by natural 

ecosystems
• Are becoming less available as human 

population size and consumption 
increase

Ecosystem Services

Copyright 2001 Laura Cunningham

Presenter
Presentation Notes
However, it is increasingly important that the economic value of ecosystem services be determined because ecosystem services are essential to human success, and, though provided “free” by nature, are increasingly less available because of the pressures of humans on global ecosystems.   We never deliberately act so as to destroy ecosystem services.  Rather, it just ends up being an indirect outcome of other things that we do and the ways that we do them – activities such as clearing land for farming, building roads, harvesting timber, overgrazing grasslands, putting up subdivisions.  Many practices that made perfect sense when there were fewer people living on earth no longer make sense. Images Copyright 2001 Laura Cunninghamhttp://cluster4.biosci.utexas.edu/deathvalley/Art/llama.htmhttp://cluster4.biosci.utexas.edu/deathvalley/Art/camel.htm



The two largest global human impacts 
come from our need for 
Food and Energy

USDA-ARS

Presenter
Presentation Notes
This has happened because of the incredible and recent dominance of humans on earth. Without ever planning for our impacts, we have come to dominate the earth – to own and determine the fate of every acre of land on its surface. This has occurred because of the dramatic recent rise in population and in per capita consumption. Why are humans now dominating global ecosystems?  In essence, it comes from two major human needs: food and energy. I won’t talk today about energy use and global climate change because you are likely familiar with it and because   many scientists working on global change believe that there is another issue that looms as large over humanity as climate change – and that is the impacts of global agricultural expansion.  The best estimates are that. In 50 years, the earth will have 3 billion more people, each earning  the projected 50% increase in global human population and increased per capita income during the coming 50 years will lead to at least a doubling in global demand for food by 2050. Photo credit: USDA, ARS, IS Photo Unit�Image Number K1443-2; Ripening wheat on the Palouse hills of Washington. Photo by Doug Wilson. 



Human Global Ecosystem 
Domination

• 45% of terrestrial ecosystem production is 
appropriated by humans

• Half of useable freshwaters is appropriated 
by humans (irrigation, hydroelectric power)

• Doubled rates of nitrogen fixation and of 
phosphorus liberation

• Unprecedented extinctions via habitat 
destruction and invasions by exotic species

• Elevated pesticide levels in humans
• Elevated greenhouse gases (CO2, methane)

Presenter
Presentation Notes
How, exactly, do humans now dominate the ecosystems of the globe (Vitousek 1997)? •45% of terrestrial ecosystem production is appropriated by humans•Half of useable freshwaters is appropriated by humans (irrigation, hydroelectric power)•Human actions have doubled the rates of nitrogen fixation and of phosphorus liberation in the terrestrial habitats of the world.•Humans are causing historically unprecedented extinctions via habitat destruction and invasions by exotic species•Humans have created and released ever increasing levels of pesticides – which are biologically active toxins – and this has led to ever increasing levels of pesticides in humans•And, as is now well known, because of combustion of gasoline, oil, coal, and natural gas, humans have markedly elevated the levels of greenhouse gases, such as CO2, in the atmosphere



Final Period of Rapidly Expanding 
Human Environmental Impacts?

In the next 50 years
• Population is projected to increase from 6 to 

9 or 10 billion – a 50% increase
• Global per capita GDP is projected to 

increase 140%
• Global population and consumption drive 

agricultural demand – which could double if 
demand for meat continues to increase 
globally

Presenter
Presentation Notes
This is just the beginning of human domination of global ecosystems. In 50 years, there will be 3 billion more people, and the entire 9 billion people of world are likely to want to live much more like current citizens of the US than current citizens of China or Indonesia.  This is projected to double demand for food globally. What impacts would doubling food production have on the earth? 



Benefits of the 
Green Revolution

Global food production doubled in 35 years.
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photo credit: USDA-ARS

Presenter
Presentation Notes
We don’t know – but we can get some insights by what happened during the past 35 years, when global food production was doubled in what is called the Green Revolution.  The Green Revolution was critically important in alleviating hunger and in providing people from around the world with the nutrition they need to develop their full potential.  The doubling of global food production in just 35 years was, indeed, one of the major accomplishments of the past century.   However, it was not achieved without some major environmental impacts. Background photo credit: USDA, ARS, IS Photo Unit�Image Number K5051-5; Mahantango Creek watershed near Klingerstown, Pennsylvania. The combination of land use, soil properties, and hydrogeology largely determine vulnerability of surface and groundwater contamination by agricultural activities. Photo by Scott Bauer. 



Costs of the Green Revolution

• 7-fold Increase In N Fertilization
• Doubling The N Economy Of the Earth

(from Tilman, Fargione, Wolf et al Science)

Year

1960 1970 1980 1990 2000N
itr

og
en

 a
nd

 P
ho

sp
ho

ru
s 

Fe
rti

liz
er

(1
06

m
et

ric
 to

ns
; W

or
ld

-U
SS

R
)

0

20

40

60

80

G
lo

ba
l I

rri
ga

tio
n 

(1
09

he
ct

ar
es

)

0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.28
0.30

H 2O
N

P

Presenter
Presentation Notes
First, doubling global food production required a massive increase in global fertilization (Tilman et al. 2001).  We now apply 7 times for nitrogen fertilizer and 3 times more phosphorus fertilizer than at the start of the Green Revolution.  Much more of agricultural land is now irrigated, greatly increasing impacts of the earth’s rivers and wetlands both from water loss and from the resulting inputs of agricultural pollutants.   In addition, much land has been taken out of natural ecosystems and converted to agricultural land used either for grazing livestock or growing crops. Background photo credit: USDA, ARS, IS Photo Unit�Image Number K7520-7; Hooded sprayers operated by field technician Victor Valladares direct herbicide just to areas between rows of grain sorghum. Photo by Jack Dykinga.



Costs of the Green Revolution

(from Tilman, Fargione, Wolf et al Science)

Year
1960 1970 1980 1990 2000

G
lo

ba
l P

as
tu

re
 L

an
d 

(1
09

he
ct

ar
es

)

3.00
3.05
3.10
3.15
3.20
3.25
3.30
3.35
3.40
3.45

G
lo

ba
l C

ro
p 

La
nd

 (1
09

he
ct

ar
es

)

1.32
1.34
1.36
1.38
1.40
1.42
1.44
1.46
1.48
1.50
1.52
1.54

Crop Land
Pasture Land

• Destruction Of Natural Habitats For Agriculture
• Contributing To a major Extinction Event

Presenter
Presentation Notes
First, doubling global food production required a massive increase in global fertilization (Tilman et al. 2001).  We now apply 7 times for nitrogen fertilizer and 3 times more phosphorus fertilizer than at the start of the Green Revolution.  Much more of agricultural land is now irrigated, greatly increasing impacts of the earth’s rivers and wetlands both from water loss and from the resulting inputs of agricultural pollutants.   In addition, much land has been taken out of natural ecosystems and converted to agricultural land used either for grazing livestock or growing crops. Background photo credit: USDA, ARS, IS Photo Unit�Image Number K4904-20; Over 100 center-pivot sprinklers controlled by a central computer irrigate wheat, alfalfa, potatoes, and melons along the Columbia River near Hermiston, Oregon. Photo by Doug Wilson.



If We Stay on the Course Set in the Past 35 years:

Environmental Variable Increase by 2050

Global N Fertilizer 210%

Global P Fertilizer 140%

Global Pesticide Production 170%

Global Agricultural Land 20%
(Area of USA)

(from Tilman, Fargione, Wolf et al Science 2001)

(27% of usable land still in nature)

Presenter
Presentation Notes
What might happen if we stay on the course set during the Green Revolution?  We estimate that global nitrogen fertilization would increase to 3.1 times its current level, and phosphorus fertilization to 2.4 times its current level by 2050.  The smallest increase projected is more land in agriculture, only 20% more.   How much is this?  It is about two billion acres -- which is a land area larger than the full 50 states of the US.   This is the amount of existing natural ecosystem that would have to be destroyed to help us double food production if we do so using the technologies of the Green Revolution (Tilman et al. 2001).



Conversion to agriculture 
decreases ecosystem diversity, 
decreases ecosystem services, 
and increases extinctions.

photo credit: USDA Forest Service

Presenter
Presentation Notes
This is land that would be cleared of natural ecosystems and converted into agricultural monocultures.  This would mostly occur in Latin America and sub-Saharan Africa, because that is where there is still available land and where population and demand for food are growing rapidly.  What would be the impacts of this loss of natural ecosystems? A massive loss of the earth’s biodiversity.  We don’t know how many species would be driven extinct, but the estimates range from 0.5 million to 3 million of the earths 10 million species.  Indeed, by some estimates, about 1/2 million species are thought to already be on their way to extinction because of past actions.   There are two pieces of good news.  First, most of these extinctions would not be immediate, but rather most species would just slowly fade away.  Second, destruction of a small portion of a given type of ecosystem should cause few, if any extinctions.  By the time that about half of a given type of ecosystem has been destroyed, from about 5% to about 15% of its native species are likely to have been set on a course to extinction. However, the extinction costs of further habitat destruction are expected to rise rapidly as progressive more habitat is destroyed.  Thus, given the time delays before extinctions occur, and the acceleaating nature of the destruction-extinction relationship, society’s past experiences do not prepare us for the extinctions that this projected habitat destruction may cause. So, we would lose species of trees, of amphibians, of mammals, of birds and of insects.  And long before we lost a species, we would lose much of its genetic variation -- the kind of variation used to make viable strains of wheat or corn, or for discovery of new medicines. And, long before we drove species extinct, we would be converting high diversity natural ecosystems into low diversity managed ecosystems, such as prairie and savanna into monocultures of row crops such as corn and soybeans. Photo credit: USDA Forest Service. Photo by K.D. Swan .



Native Prairie Receiving No Added Nitrogen

A Control Plot in a 207-Plot Nitrogen Addition Experiment

Presenter
Presentation Notes
What are the environmental effects of the great increases in fertilization?  Phosphorus is the major nutrient limiting the growth of organisms in most freshwater ecosystems, such as lakes and streams.  The tripling of global phosphorus fertilization has resulted in massive increases in phosphorus inputs to freshwater ecosystems.  These phosphorus inputs are the major cause of water pollution.  They favor a few weedy, noxious species of algae and other aquatic weeds, and these weedy plants cause harm that works its way up the aquatic food chain (Carpenter et al. 1999).  Game fish are often lost, recreational use of lakes and rivers is harmed, as in the quality of drinking water. The same sort of harm befalls terrestrial ecosystems and marine ecosystems because of nitrogen pollution stemming from agricultural nitrogen fertilization (Vitousek et al. 1997).  This slide shows a pristine prairie ecosystem in Minnesota.Photo credit: G. David Tilman, University of Minnesota



Chronic Nitrogen Addition Plot

High Nitrogen Addition: Dominated by a European Weed, Quack Grass

Increased Nitrogen Causes 
Loss of Biodiversity

Nitrogen Addition (g)
0 5 10 15 20 25

Sp
ec

ie
s 

Lo
st

 (p
er

ce
nt

)
(fr

om
 1

98
2 

to
 1

99
9)

0

20

40

60

80

100

Chronic addition of only 1 g/m2 of N, 
comparable to atmospheric deposition, 
caused local loss of 30% of prairie species.

Presenter
Presentation Notes
Through a variety of processes, some of the nitrogen in fertilizer is deposition from the atmosphere on terrestrial grasslands and forests, or goes through groundwater to rivers and thence the oceans. This often favors the growth of weedy species, and causes extinction of formerly abundant species.  This slide shows the results of a nitrogen addition experiment in which nitrogen has been added to native vegetation at various rates for the past 20 years.  The high diversity plant community shown in the previous slide has been replaced by a few non-native exotic weedy species,  such as quack grass.  Higher rates of nitrogen addition have caused higher rates of loss of native plant species.The same pattern occurs in nearshore marine ecosystems.  Nitrogen from agriculture is the cause of the ‘dead zone’ is being created in the Gulf of Mexico.  This is the zone where all the fish have died because of water pollution (Downing et al. 2000).Why does nitrogen pollution cause a loss of diversity? Nitrogen addition has effects on a natural ecosystem much like dollars have on an economy.   Nitrogen is the factor that limits and structures the economy of most terrestrial ecosystems and of many  marine ecosystems.   What happened when we increased N fertilization 7-fold?  Humans suddenly became a larger source of N than all natural processes combined.   We doubled the nitrogen economy of the terrestrial ecosystems of the world. What impacts is that having? Imagine this.  Imagine that the Federal reserve printed up $100 bills totaling the GNP of the US economy, and to flew across the nation, dumping this money from the air.  What would happen?   Well, you could earn a living by going to work– or by raking up $100 bills from your back yard.  Many people, in many lines of work, would find it more lucrative to rake their yard than to work.  The economy would be shattered.  Our economy, with thousands of different professions, would lose many of these professions. They would go extinct – replaced by money-rakers. This is, in essence, what global nitrogen pollution is beginning to do to the remaining ecosystems of the world.   A species in a natural ecosystem is like a profession in our economy. Each species earns its living in its own unique way.  Many of these ways of life are lost as nitrogen pollution leads them to no longer be profitable. Photo credit: G. David Tilman, University of Minnesota



What Determines the Flow of 
Ecosystem Services?

Does Biodiversity Matter?
• Does biodiversity influence ecosystem 

stability, productivity, nutrient dynamics, 
disease dynamics, or susceptibility to 
invasion by exotic species?

• Could the loss of biodiversity impact the 
supply of ecosystem services of value to 
society?

Presenter
Presentation Notes
So, one of the major themes of human domination of global ecosystems is that it is resulting in the loss of biodiversity. What are the impacts of such losses of diversity?   Does diversity loss matter? Should society and policy makers care about biodiversity?



Cedar Creek Biodiversity ExperimentThe Cedar Creek Biodiversity Experiments

172 Large Plots Random Species Choice
Species Pool of 18 Grassland Plants

Presenter
Presentation Notes
It’s new question for scientists to explore.  It was first raised in a serious way in 1990. Experimental and conceptual treatments of this questions did not begin appearing until 1994 (Tilman and Downing 1994, Naeem et al. 1994, 1995; Tilman et al. 1997, 2001). We have been pursuing this for the past 8 years in a series of experiments on a 9 square mile research site donated to the University of Minnesota in the 1940’s and 1950’s. We have several large experiments in place in which we control the number of species present, and see how that impacts theses ecosystems. Photo credit: G. David Tilman, University of Minnesota



Diverse Systems Use 
Limiting Resources More Efficiently

Number of Different Species
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We have found that higher diversity prairie grasslands produce purer water with lower nitrate nitrogen content, but that the loss of diversity leads to progressively greater nitrogen leakage from these ecosystems into the groundwater (Tilman et al. 1996, 2001, 2002).Photo credit: G. David Tilman, University of Minnesota



Diverse Systems Are 
More Productive

Our Research Shows:
• Ecosystem biodiversity 

enhances productivity, 
nutrient use efficiency

• Greater diversity leads 
to greater ecosystem 
stability and 
predictability

• Greater diversity leads 
to less disease

• The quality and quantity 
of ecosystem services  
depends on the 
diversity and 
composition of 
managed and natural 
ecosystems
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We have also found that decreased diversity leads to lower productivity, to lower stability, and to increased incidence of plant diseases.  So, our research suggests that, as humans simplify the world, we may be changing ecosystems from more productive, stable and sustainable systems to ones that are not.  There is an economy of nature parallel to the economy of human society.  A stable, efficient and productive human economy requires a diversity of businesses and of professions.  The professions of nature are species – indeed, that why so many different species are able to coexist in nature.  Each one we drive extinct eliminates a profession and way of living from nature -- a way of life that could have benefits to society and to the ecosystem services that society receives from nature. Although there is much to learn about diversity, we have already learned some important lessons.Humans are major users of diversity. We use cultural and intellectual diversity to solve our problems.  I assert that one of the reasons for world economic leadership by the US is that, in general,  we have an educational system that lets all people develop their talents and an economic system that lets them contribute their best skills to society. Thus, in general, the US puts much of its intellectual diversity to work, increasing our productivity and the stability of our economy.  Our society faces problems.  Although we aren’t perfect at this, we are one of the more open nations in the world in letting the best solutions to these problems  win.  In essence, we use our great intellectual and cultural diversity to our advantage.  Perhaps we can do the same with biodiversity.But, to do so, we must sustain this biodiversity. Photo credit: G. David Tilman, University of Minnesota



How Can We Optimize 
Ecosystem Services on a 
Human-Dominated Earth?

By using – not fighting – ecological  processes 
and principles

With cradle-to-grave analysis of the full costs 
and benefits of all agricultural, forestry, and 
manufactured products and processes

By basing policy, ethics and actions on 
processes  and products that maximize the 
long-term net return to all of society

Presenter
Presentation Notes
How Can We Optimize Ecosystem Services on a Human-Dominated Earth?How much effort should society invest in preserving biodiversity and ecosystem services?  Clearly, there are many ways to answer these questions, but, I assert, there is a minimum effort that society must make.  At the very least, we should follow the course that makes the greatest economic sense  -- the course that maximizes the long-term net benefits from both goods (such as food) and ecosystem services (such as clean water) that society receives from land management.  This is a  new perspective, one that is being championed by Stanford biologist Dr. Gretchen Daily (Daily 1997, Daily and Ellison 2002). How, then, can we optimize ecosystem services on a human-dominated earth?  There are, as yet, no clear answers, but the best course, I suggest, if to use– not fight– ecological  processes and principlescradle-to-grave analysis of the full costs and benefits of all agricultural, forestry, and manufactured products and processesBy basing policy, ethics and actions on processes  and products that maximize the long-term net return to all of society, we should at least be able to maintain those ecosystems that are the most cost productive way to vital produce ecosystem services.



Forests, Farms and 
Ecosystem Services

•Farmers and foresters are the major land 
managers of the earth
•Current incentives are to produce crops at 
lowest price,  ignoring costs to ecosystem 
services
We could maximize total return to society 
by paying land managers for the value of 
both the goods and ecosystem services 
they provide. 

USDA-ARS

Presenter
Presentation Notes
A good place to start is to focus on farmers and foresters, who are the major land managers of the earth. We already invest heavily in farming through government subsidy programs.  Indeed, in both the US and in the European Union, farmers receive half of their income from government payments.  I see no inherent problem in offering payments, because farming and forestry are vital to society. The problem is the current incentives pay farmers to produce crops at the lowest possible price,  and ignore the costs that the resulting practices on valuable ecosystem services. We receive a major benefit – cheap food – but at a major cost – environmental degradation. There is a wiser course.  We could maximize total return to society by paying land managers for the value of both the goods and ecosystem services they provide.  We could convert current subsidies – at no net cost to taxpayers – into payments that compensated farmers for growing crops in ways that also produced cleaner water by applying the right amounts of fertilizer at the right times, that minimized release of harmful pesticides as by using natural enemies to control pests when possible,  that maintained and restored soil fertility, and that recycled animal wastes wisely. Background photo credit: USDA, ARS, IS Photo Unit�Image Number K4911-19; Agricultural engineer Kenneth Sudduth examines a sample of grain collected from this combine's grain flow sensor. Photo by Bruce Fritz.



New York City and Catskill Water Production

New York City invested $2 billion to
preserve the watersheds of the 
Catskills and their ecosystem 
services.  

This is saving $1 Billion per year.

Steve Carpenter, U Wisconsin

Presenter
Presentation Notes
Consider the ecosystem service of water purification.  As New York City grew, it built aqueducts to bring water from distant but pristine ecosystems, including the Rivers and lakes of the Catskill mountains. In 1905 when New York began collecting water from the Catskills, 95% of the land in the Catskill Mountains was in native old growth forest (Daily and Ellison 2002).  This intact ecosystem provided excellent water. Indeed, for many decades New York was rated as having the best drinking water in the US. However about a decade ago the EPA told New York that it would have to install a major water treatment facility (Daily and Ellison 2002) unless NY could prove that it was able to better protect the Catskill watershed. The water treatment plant was estimated to cost about $6 to 8 billion and about $0.5 billion per year to operate. Including debt service and depreciation, it was going to cost NY a billion dollars a year to re-obtain what it had been receiving, for free, for many more than a century. What happened?  Why had NY lost this ecosystem service? The undisturbed forested ecosystems and watersheds of the Catskills had been providing New York with water of unusually good quality. However, as that area developed, as forests were cut for timber, as forests were replaced with grazed pastures and fertilized lawns, as residential septic systems released their nutrient rich effluents into the ground water and thence into streams, rivers and lakes, the water quality was increasingly threatened.  Intact undisturbed terrestrial and wetland ecosystems purify water – a service long enjoyed by humanity but only given an economic value when it became necessary to engineer a replacement for nature.  Development 80 miles from NY was about to cost it $1 billion a year.But NY did not take the path of engineering and paying for a substitute for an ecosystem service.  Instead, under the leadership of Robert F. Kennedy Jr., it spent about $2 billion, in total, to install sewage treatment plants in the Catskills and to buy land use and development rights to protect the Catskill watersheds – and avoid having to spend $1 billion per year forever.  It was much cheaper to preserve functioning ecosystems than to engineer a replacement for nature. Photo credit: Steve Carpenter, University of Wisconsin



Optimizing Ecosystem Services

Colors depict sources of CO2 emissions: 
white, light of cities;
red, forest & agricultural fires;
yellow, gas flares.

Source: Gene Feldman, NASA; W.T. Sullivan, 
III, University of Washington; Defense 
Meteorological Satellite Program of USAF

Forested ecosystems
remove and store
some of the carbon
dioxide released
by fossil fuel use
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Another ecosystem service comes from the ability of oceans and forests to remove and storing CO2 that humans release via combustion. Might society be able to make use of this as part of a broader strategy to stop the increase in atmospheric greenhouse gases? Colors depict sources of CO2 emissions: white, light of cities;red, forest & agricultural fires;yellow, gas flares.Image source: Gene Feldman, NASA; W.T. Sullivan, III, University of Washington; Defense Meteorological Satellite Program of USAF



How much more Carbon could be 
stored in diverse forests?

John Aber, U. New Hampshire

Grasslands with 16 species store 2.7 
times more Carbon than mono-cultures.
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One widely discussed possibility is to pay, via carbon credits, for long-term storage of carbon in forests. These “credits” could be purchased on the economic markets to compensate for release of carbon dioxide from combustion of fossil fuel. Our work suggests that, if this path is pursued, that it may be more successful if biodiversity were used to maximize carbon storage. In our grassland experiments, we found that 2.7 times for carbon was removed from the atmosphere and stored in plants in our high diversity plots than in monocultures. Might the same thing occur for forests?  Might planting mixtures of many different species of forest trees, rather than monoculture forests that contained just one tree species, significantly increase the removal  and storage of atmospheric CO2?  If so, this would be another case in which biodiversity increased a valuable ecosystem service. Photo credit: John Aber, University of New Hampshire



Three grasses – Corn, Wheat and Rice –
provide 60% of human caloric needs.

photo credit: USDA-ARS
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We now know value and try to reserve the genetic diversity of our crops, such as corn. Photo credit: USDA, ARS, IS Photo Unit�Image Number K7743-13; To increase the genetic diversity of U.S. corn, the Germplasm Enhancement for Maize (GEM) project seeks to combine exotic germplasm, such as this unusually colored and shaped maize from Latin America, with domestic corn lines. Photo by Keith Weller.



Irish
Potato 
Famine Low Crop 

Diversity:

Ireland
Depended
On One
Strain of 
One Crop

Illustrated London News
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Agriculture is already a major user of biodiversity.  We learned the hard way about the need for biodiversity when Ireland suffered from the potato famine. More than a million people starved to death, and another million left Ireland because of the famine.  The stark lesson from Ireland was never to entrust the stability of society to a single crop – and especially a single genotype of a single crop.  Potatoes were introduced to Ireland from South America. They grew wonderfully in the cool damp climate and on its rocky soils, greatly increasing the number of people that agriculture could support in Ireland.  Ireland’s population boomed.  However, potatoes were not only a wonderful food for the Irish, they also proved to be a wonderful food for a crop pathogen.  The lack of genetic diversity for pathogen resistance in the potato variety grown in Ireland, and the lack of a diversity of crops grown at the same time as potatoes doomed Ireland and its people.  Our experiments in Minnesota grasslands showed that greater plant diversity led to greater stability of ecosystem production and to lower incidence of plant diseases. The Irish Potato Famine is a stark demonstration of the importance of diversity to agricultural productivity and thence to the stability of society. Image Credit: Illustrated London News; Searching for Potatoes in a Stubble Field, December 22, 1849 .



Genetic Diversity 
in Seed Banks and
Nature is Used to
Fight New Diseases

North Central Regional
Plant Introduction Station
Ames, Iowa
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Society is making significant investments in preserving much of the remaining genetic diversity of crops via seed banks. However, there is still much unpreserved genetic variation in the natural habitats of crops and their wild relatives. Unfortunately, much of this diversity is being lost because of rapid lost land development around the world. Once lost, there is no way to replace genetic variation that had the potential to solve future agricultural problems.  Photo credit: USDA, ARS, IS Photo Unit�Image Number K7789-4; Technician Lisa Burke packages Brassica seeds for distribution at the North Central Regional Plant Introduction Station in Ames, Iowa.  Photo by Scott Bauer.



Northern Corn Blight

C. Martinson, Iowa State U.

Gary Munkvold, Iowa State U.
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Sustaining agricultural diversity should help us sustain human food production.  But, for how long?  Where will society go to find new crops and new genetic variants of these crops when the diversity of natural habitats has been lost?  Can agriculture continue to sustain humanity for the next 10,000 years as it has for the last 10,000 years since humans invented agriculture?  In the 1970’s we lost about half of the US corn crop to corn blight. Luckily we had two different corn breeding programs – one of which happened to include genes that luckily led to resistance to corn blight. What happens when a pathogen comes along for which we can find no genetic resistance in corn or wheat or rice? Photo credit: Gary Munkvold, Iowa State University



The Three Most Abundant Plants
On Earth – Corn, Wheat, Rice –

Hosts for New Pathogens?
photo credits: USDA-ARS
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Indeed, how much less susceptible is our modern society to the problems that Ireland faced? We get about 60% of our food from three grass species – corn, wheat and rice. Is this sufficient diversity to buffer society against the emergence of a major new crop disease?Photo credits: USDA, ARS, IS Photo UnitFrom left to right:�Image Number K1443-2; Ripening wheat on the Palouse hills of Washington. Photo by Doug Wilson. Image Number K4912-11; Corn harvest in Columbia, Missouri. Photo by Bruce Fritz.Image Number K7577-1; U.S. long grain rice. Photo by Keith Weller.



Crop Strength Through Diversity
Rice Diversity Fights Disease and Eliminates Fungicide

photo credits: NASA
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Some recent work has demonstrated another way to use diversity to increase agricultural productivity. A small-scale trial program in China has grown and grown because of its amazing success. As reported recently in the journal Science, Chinese scientists have discovered that they could eliminate the need to apply a toxic and expensive fungicide to rice by planting alternating rows of two different varieties of rice.  One of the varieties was resistant to a major rice fungal disease. Its presence so greatly decreased disease incidence that fungicide use could be eliminated,  This increased the profit earned by farmers and spared them and their families from exposure to the pesticide. We have developed relatively efficient markets that assign value to land and to its different uses, and to some of the products of land – such as corn or soybeans or timber or cotton – but have no market that determines the value of ecosystem services – and no means for markets to maximize the  total return to society then, is where the two new concepts we have discussed come together. We now live in a human dominated world, and human domination has a major unintended consequence – it is vastly decreasing the supply of vital ecosystem services.Reference: Wolfe, Martin S. Nature 406, 681 - 682 (2000); Photo credits: NASA; http://www.gsfc.nasa.gov/topstory/2002/1204paddies.htmlDecember 19, 2002 - (date of web publication)SHIFTS IN RICE FARMING PRACTICES IN CHINA REDUCE GREENHOUSE GAS METHANE; Rice Paddies in China. These images show Chinese farmers transplanting rice in paddy fields in Yunnan Province, China, July 1999. Credit: Changsheng Li 



Doug Argue (Weisman Art Museum)

Livestock
Production

Disease
Manure

Efficiency
Grain Use
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The production of livestock also poses major problems for agriculture.  The worldwide trend in livestock production is high-density confinement production.  More and more animals are being grown indoors at high density. This has lowered the price of meat, but with some hidden costs.  First, animal manure, if not properly used, is becoming an increasingly major source of water and air pollution. Image Copyright: Untitled, by Doug Argue, 1994. Gerald Cafesgian, owner. On display at the Weisman Art Museum.



Cattle, evolved for living on 
low-protein grasses, must be 
given antibiotics when fed 
high-protein grains.

*Antibiotic resistant novel pathogens
*Manure and water pollution problems
*50% of grains fed to livestock

Meat Production Methods
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photo credit: USDA-ARS
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Second, diseases spread rapidly under confinement conditions.  This destabilizes production and had led to increasing use of antibiotics. Indeed, by most estimates, more than half of all the antibiotics produced in the world are given to agricultural livestock. Furthermore, as the people of the world become richer, they buy more meat. It takes 3 to 10 pounds of grain to produce a pound of meat.  This means that even more land has to be farmed, with all the environmental costs of that farming. Background photo credit: USDA, ARS, IS Photo Unit�Image Number K1223-19; Colorado study shows the best compromise between beef production and mix of grassland species. Photo by Doug Wilson.



Antibiotic Resistance &
Pesticide Resistance:

Loss of valuable
medicines and 
agri-chemicals

(based on Palumbi 2001)

Overuse and Rapid Evolution of Resistance:

It is time to incorporate
the insights of ecology and 
evolution into medicine, 
agriculture, forestry and 
environmental management.

Penicillin  1946

Methicillin  1961

Vancomycin  1986

Zyvox  1999
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One of the unexpected costs of high antibiotic use in agriculture and in medicine is the sudden appearance of antibiotic resistant pathogens. Their appearance greatly compromises the abilities of antibiotics to fight infections in the future.   In summary, we face great challenges now that we have entered an era in which human actions are dominating the world ecosystems.  We have hints of ways to address these problems – opportunities to apply our increasing scientific knowledge to use.  It seems clear, for instance, that we have to greatly increase our use of biodiversity. We must start better determining the full costs and benefits of our actions. 



Ethics and Policies for A Human-Dominated World
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Why do we face these challenges?  Because of the amazing successes of humanity. Human global population boomed during the 1900’s.  We entered uncharted waters.  The concepts of ethics and responsibility that stood humanity in good stead when we tamed nature with ox and axe are failing to adequately deal with the challenges we now face.  Our ethics, customs and laws were generated in a different era – an era before human global domination.  When someone cleared the first acre of land in the Fertile Crescent to plant wheat 10000 years ago, or did this to prairie in Texas or Iowa or Minnesota 150 years ago, there were few ethical dilemmas.  The individuals, by doing this, did not significantly harm the future welfare of other people or species, and gained the opportunity to support their families. The world is different now.  There are now 6 billion – heading toward 9 or 10 billion.  Humans now own all the lands of the earth – deciding their fates.    In a finite world, we have to determine the costs of actions as well as their benefits. 



Global Ecosystem Domination: 
Challenges and Solutions

Challenge
To  improve the long-term welfare of all of 
society by assuring a sustainable and 
equitable flow of vital goods and  ecosystem 
services for current and future generations.

Solutions
• Measure the full costs and benefits of alternative 

practices;
• Determine which practices maximize the net benefits 

to society; 
• Incorporate this knowledge – and the search for ever 

better practices – into  policy and ethics.
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Perhaps the greatest challenge we face is this: To improve the long-term welfare of all of society by assuring a sustainable and equitable flow of vital goods and  ecosystem services for current and future generations.The solutions to this challenge are not yet clear, but it is clear that we will find solution only once we measure the full costs and benefits of alternative practices, determine which practices maximize the net benefits to society, and then incorporate this knowledge – and the search for ever better practices – into  policy and ethics.



There are solutions, and we will find better and

better solutions, once we focus on the problems

even the giant ground sloth
could have moved fast enough 
to solve these problems.

Once moving in
the right
direction

Copyright 1991 Laura Cunningham
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These truly are the best of times to be a human on earth.  The majority of the 6 billion people on earth enjoy a standard of living that has never before existed.  We, in the US, live lives that are more glorious than the most powerful world rulers could have even imagined 300 or 500 years ago.  We can vacation in places that they could never have reached, eat foods year around that were, at best, a delicacy for a few weeks of the year, have entertainment that was unimaginable.  We live longer and healthier lives – being free of the diseases that crippled, maimed, and shortened the lives of even the most wealthy and powerful.  But, there is a cost, one that humanity has never before had to face.  Our excesses may harm future generations.  How do we find intergeneration equity? How do we achieve equity among the various peoples of the world? What ethics will lead us toward a sustainable future for all future generations of humans?  I can not offer any easy answers. But I do fervently believe that we can find the answers and that society can embrace them, once we dedicate our efforts to their pursuit. How will we balance the benefits of one against the costs to others?  This is the realm where science  politics, economics and ethics overlap.   There are long-standing, culture-wide ethical principles that developed thousands of years ago and still guide our lives.   They have lasted so long because they work – because they embody the wisdom of the ancients.   Indeed, the great Yale ecologist G. Evelyn Hutchinson, was known for asking his new Ph. D. students if they knew Latin, or Greek or Hebrew, because how could they ever learn the wisdom of the ancients, he said,  if they did not know how to read their writings?This reminds me of the religious commandment “ thou shall not kill.”   It is a universal of all the world’s religions.  What is its basis?   I received an insight into this and its universality when I heard the tail end of a Public Radio interview with the Dali Lama.   When the Chinese invaded Burma, the Dali Lama fled.  The NPR interviewer asked the Dali Lama if he armed himself when he fled the Chinese Army.  He said yes, he had carried a rifle.  The interviewer then asked the Dali Lama if he would have used the rifle if the Chinese soldiers had caught up with him.  No, he said, that would have been stupid.Stupid, asked the interviewer – I thought you would have said it was immoral. Stupid – immoral – what’s the difference – the Dali Lama said.  If you kill someone, their friends and relatives will come back and kill you and your family.  You lose.  It’s a stupid thing to do. ‘Thou shall not kill’ is ancient wisdom.  The long-term consequences of killing is that the murder loses more than is gained. We need this kind of wisdom, now, to help us find a sustainable way to live on an earth that we now share with 6 billion others people.  We need to weigh our gains and losses, and remember that extinctions are losses that are with all of humanity forever, but the gains are likely transitory and are receive by but a few people.Image Copyright 1991 Laura Cunninghamhttp://cluster4.biosci.utexas.edu/deathvalley/Art/sloths.htm



Dr. G. David Tilman
Dr. Tilman is the Distinguished McKnight University Professor in the Department of 
Ecology, Evolution, and Behavior, at the University of Minnesota, and the director 
of the Cedar Creek Natural History Area. His research interests include the 
ecological effects of human domination of the earth, population ecology and theory 
of community dynamics and biodiversity, the role of resource competition, 
biodiversity and ecosystem functioning, and the effects of habitat destruction. 

Dr. Tilman is intrigued by the causes of broad, general patterns in ecological 
systems, especially patterns in the biological diversity, structure and dynamics of 
plant (and sometimes insect) communities. He also focuses on a related issue -
the effects of biodiversity on the stability and functioning of ecosystems, which is 
scientifically intriguing and of great importance to society. Finally, he is interested 
in the impacts of human domination of global ecosystems, especially in the 
impacts of nitrogen deposition, habitat destruction/fragmentation, and invasive 
exotic species. He studies mechanisms of resource competition among terrestrial 
plants, especially in the grasslands of Minnesota’s Cedar Creek Natural History 
Area. These collaborative projects take place at Cedar Creek and are supported 
by the NSF Long-Term Ecological Research Program or The Andrew Mellon 
Foundation.
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