15.5

Figure 1
Recycling has become an everyday
responsibility for many people.
baseline data initial information
about both abiotic and biotic factors
of an ecosystem that can be used to
monitor changes in the ecosystem
indicators chemicals, organisms,
or other components of an
ecosystem that can be measured or
observed to identify changes in the
quality of conditions in an
ecosystem
indicator species a species sensitive to small changes in environmental conditions; monitoring the
health of their population is used to
indirectly monitor the health of the
environment in which they live
thresholds the tolerance limits,
which, if exceeded, will result in
harmful or fatal reactions within
ecosystems
ecological footprint an estimate of
the amount of biologically productive land and water needed to
supply the resources and assimilate
the wastes produced by a human
population
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Restoration Ecology and
Waste Management
Changes to the quality of life in many countries, including Canada, mean that human
populations have become accustomed to an increasing number of consumer goods and
technological excellence in medical care, water treatment and distribution, fuel production, and public sanitation. People in these countries have also become more aware
of the need to maintain a more sustainable lifestyle (Figure 1). Many use public transportation, conserve water, and practise the “five Rs” of waste reduction (refuse, reduce,
reuse, recover, and recycle). Actions that may help sustain global carrying capacity, however, need to address the widespread and rapid degradation of ecosystems, resource
depletion, and growing levels of pollution that spread across national boundaries. In
1987, the United Nations sponsored the Commission on Environment and Development,
chaired by then Prime Minister of Norway, Gro Harlem Brundtland, which published a
landmark report, Our Common Future, that sounded an international alarm over the
state of the environment and the future well-being of the human population. As expressed
in the report and other international initiatives, ecological and demographic crises have
many causes. Resolutions require scientific and technological expertise to identify the most
effective responses to these crises; also necessary is the cooperation of different levels of
government within and among countries.
What is Earth’s carrying capacity for a healthy and sustainable human population?
Some scientists say that Earth can support up to 40 billion people, while others argue that
human population numbers have already exceeded Earth’s capacity to provide clean
drinking water, food, and resources at present rates of consumption. Determining the carrying capacity for humanity is a challenge for many reasons. It is difficult to apply equations to dynamic, complex ecosystems because they are continually undergoing natural
change and being modified by human action.

Monitoring Carrying Capacity
Biologists have systems in place for monitoring specific components of carrying capacity,
such as soil, water, or air quality. By using existing data, or establishing baseline data for
an ecosystem not previously studied, technicians and scientists can assess changes in
quality from one monitoring period to another. Biologists look for patterns and trends
in ecosystem dynamics, much as demographers look for changes in demographic patterns. Specific indicators found in the field, or samples taken from the field, also help to
identify changes to the quality of ecosystem components that support life (Figure 2). Water
quality can be determined using such empirical indicators as smell and turbidity, as well
as biological and chemical indicators. Biological indicators for water quality include
organisms that may appear, disappear, or become unhealthy as the quality of water
declines. Frogs and invertebrates, for example, are especially sensitive to pollutants in
water and respond very rapidly to changes in quality. Such organisms are referred to as
indicator species.
Monitoring and assessing changes to carrying capacity pose significant challenges for biologists who try to account for the intricate interrelationships among changing environmental components. Currently, several models are used by biologists to assess how humans
are affecting the thresholds, or tolerance limits, of an ecosystem’s carrying capacity. The
ecological footprint, a concept first developed by William Rees and Mathis Wackernagel
in the 1990s, is a model that allows people to visualize the impact of their consumptive activities on Earth, and helps them determine whether they are living in a sustainable manner.
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Figure 2
Biologists spend many hours
gathering and analyzing baseline
data and information about similar
species in other water bodies.
They then use software programs
that create projections based on
the data.

More than 4 million residents live in the Greater Toronto Area (GTA), an area of 7061
km2. However, it has been estimated that this population uses an area equivalent to 30%
of Ontario (323 192 km2) to obtain resources and assimilate wastes. We call this Toronto’s
ecological footprint. In general, people who live in Ontario have large ecological footprints, as they are among the highest per capita consumers of energy and producers of
waste on the planet. Calculating ecological footprints for different populations can provide biologists with approximate indicators of whether a population is living within the
carrying capacity of the local environment, or exceeding it.
Monitoring thresholds and assessing the potential recovery of depleted or threatened
resources is also challenging. For example, quantifying the annual yield for the harvest
of a species of marine fish is extraordinarily difficult. Fish are mobile and are affected by
changes in climate, pollution levels, disruption of their spawning habits, and predation.
Thus, estimates of population counts for a single species could prove inaccurate. Scientists
can monitor the rate of depletion and recharging of an aquifer by checking, at regular
intervals, how far below the ground the upper surface of the water is. It is much more
difficult to quantify the volume of an underground aquifer or to determine the quality
of the water deep in the aquifer. Similarly, changes in air quality can be monitored for
specific locations, but determining global patterns requires statistical analyses of large
amounts of data for many locations and projections based on computer-generated
models.
Soil organisms, such as mycorrhizal fungi, that help transport nutrients from soil
water to roots are essential to the healthy growth of many plants. Canadian researchers
have investigated potential changes to these mutualistic organisms as a result of increased
acidification of the soil and water. In 1991, a research study showed that the establishment of mycorrhizal fungi on the root systems of jack pine was not affected directly by
a decrease in soil pH but rather by a change in the ratio of calcium and aluminum ionic
concentrations caused by a lower soil pH.
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ACTIVITY 15.5.1
Comparing, Examining, and
Reducing Ecological Footprints
(p. 748)
Do all humans have equal footprints? In this activity, you will compare ecological footprints for various
countries. You will also examine
closely one major aspect of the footprints of your classroom and home
and subsequently suggest ways to
reduce the size of those footprints.
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Restoring Degraded Ecosystems

bioremediation the use of organisms, usually bacteria, to detoxify
polluted environments such as oil
spill sites or contaminated soils

Figure 3
Pseudomonas bacteria are used to
clean oil spills

In their 1992 joint report, Population Growth, Resource Consumption, and a Sustainable
World, the United States National Academy of Sciences and the Royal Society of London
stated, “Sustainable development can be achieved, but only if irreversible degradation
of the environment can be halted in time.” One method being used to replenish depleted
resources and increase lost biodiversity is restoration ecology. Ecosystems may be
degraded to the point that they can no longer support a natural diversity of living
organisms. Restoration ecology applies ecological principles to repair, renew, or reconstruct degraded ecosystems. A key strategy in restoration ecology is bioremediation—
a process in which bacteria, fungi, and plants are used to clean up polluted sites.
Approximately 1000 species of bacteria, such as those from the genus Pseudomonas
and those designed through recombinant DNA technology, have been found to thrive
in polluted environments (Figure 3). These bacteria break down pollutants with
enzymes and convert toxic chemicals into materials that are more easily digested. As
they digest the materials, the bacteria produce more enzymes, which convert the
digested pollutants into far less harmful wastes. The bacteria continue this clean-up
process until the toxic chemicals are gone and the bacteria die of starvation. This
method is becoming widely used to remove oil spilled in marine ecosystems. Studies
are also being conducted to determine the feasibility of using lichens, bacteria, and
plants to remove metals from ecosystems damaged by mine tailings.

Bioremediation in Action
Chlorinated organic solvents like trichloroethene (TCE), and tetrachloroethene, better
known as perchloroethylene (PCE or PERC), are suspected carcinogens commonly used
in paint thinners, antifreeze, dry-cleaning, and industrial processes that involve grease
removal. These chlorinated hydrocarbons are volatile liquids at room temperature that
seep into the ground and cling to soil when they are spilled. Cleanup of TCE- or
PCE-contaminated sites was very difficult before the discovery in 1997 of certain anaerobic bacteria tentatively named Dehalococcoides ethenogenes Strain 195 that actually
respire chlorinated hydrocarbons like TCE and PCE and convert them into nontoxic
ethane gas. Enzymes within Strain 195 catalyze a series of reactions in which chlorine
atoms are sequentially removed from PCE (Figure 4). These bacteria use PCE the same
way aerobic organisms use oxygen in cellular respiration. A group of Cornell University
microbiologists discovered these bacteria in the sludge from a now abandoned sewage
plant in Ithaca, New York.
trichloroethene

cis-1,2-dichloroethene

vinyl chloride

ethene

Figure 4
The sequential degradation of PCE
to ethene by Strain 195

Strain 195 is not the first microorganism discovered to remove chlorine from organic
compounds. Other microbes, however, usually do not remove all the unwanted atoms.
Instead, they produce intermediate reaction products that can be as bad or worse than
TCE. Removing one chlorine atom from PCE yields TCE, an equally toxic substance.
Stripping two chlorine atoms produces cis-dichloroethene, also a suspected carcinogen.
Eliminating the third yields vinyl chloride, a known carcinogen.
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Only removal of all four of the chlorine atoms from PCE leaves a truly innocuous
byproduct, ethene. The chlorine atoms that are produced in the process react with
hydrogen gas produced by fermenting organic matter in the soil, forming hydrochloric
acid, which reacts with metal ions in the ground to form harmless salts.
At some sites, chlorinated solvents are naturally (intrinsically) biodegraded by subsurface
microorganisms. This process is referred to as intrinsic biodegradation or intrinsic bioremediation. If engineering steps are required to promote or enhance chlorinated solvent
biodegradation by the subsurface microorganisms, then the process is referred to as
enhanced or accelerated bioremediation. This strategy involves determining when
intrinsic or enhanced bioremediation of chlorinated solvents should be used and designing
and engineering an appropriate system that can significantly reduce capital, operations,
and maintenance costs compared to other remediation technologies.
Chlorinated solvent bioremediation is an environmentally friendly, commonsense
approach to site remediation because it destroys chemicals in place rather than transferring
them to other locations (e.g., landfills) or to other states (e.g., gases in the atmosphere).
Bioremediation is an innovative, cost-effective technology that is ideally suited to longterm treatment of these chemicals. Chlorinated solvent bioremediation (intrinsic or
enhanced) can be used either on its own, or in concert with conventional remediation
technologies, to destroy solvents present in soil and groundwater.

Waste: The Legacy of Consumption
The source of water and air pollutants is the disposal of waste. Household, commercial,
and industrial byproducts have proliferated during the era of consumer goods, adding stress
to the atmosphere, aquatic environments, and land. In Ontario, before 1920, most garbage
was organic refuse, which could be disposed of by burning or by biodegradation
in pits, backyards, and small dumpsites. Some people routinely disposed of garbage in
water bodies, such as lakes and rivers. Since 1920, the proportion of organic refuse has
decreased, and the proportions of paper, glass, metal, and plastics have increased exponentially. It has been estimated that 9.8 kg of garbage is generated and thrown away
each week by a typical individual in present-day North America. Massive quantities of
garbage are now routinely disposed of in enormous landfill sites and burned in incinerators—both of which lead to the production of toxic chemicals and the potential for
air, ground, and water pollution. Our growing mountains of garbage are a legacy of the
high rates of consumption by North American society.

biodegradation the natural recycling of wastes through the breakdown of organic matter by a variety
of organisms, but especially bacteria
and other microbes

DID YOU

KNOW

?

Evolution Assists Restoration
Biologists
Some plants have and are evolving
the ability to grow on highly acidic
mine tailings, which are the large
deposits of silt-like material left
over from the refining of metalbearing ores. These tailings
presently cover large areas of land
and are too toxic to support most
plant life. In addition, such tailings
are a potential threat to the natural
environment since erosion or a dam
break could result in contamination
of surface water (Figure 5). By
encouraging the growth of plants
that have evolved some resistance
to such toxic chemicals, partial
remediation of the sites can occur.
If the tailings surface is covered by
a thick growth of vegetation, the
risk of serious erosion is greatly
reduced.
Figure 5
A spill of more than 100 000 tonnes
of mine tailings severely polluted
this northern Ontario stream.
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(a)

The collection, recycling, and disposal of garbage has become a vast economic enterprise operated by municipalities and private industry. Most municipalities have very large
tracts of land devoted to disposal, where the garbage is stored, as shown in Figure 6(a).
Until the 1960s, garbage was routinely dumped into swamps and marshes, which were
regarded as wastelands rather than as biologically productive areas. It was thought that once
a former wetland was filled with wastes, it could be covered with soil and used as a building
site. Many municipalities now collect waste separated by households and businesses into
organic, recyclable, and solid trash, as shown in Figure 6(b), and restrict the deposit of hazardous wastes into landfill sites. Concern remains about the disposal of products in breakable containers with minor amounts of toxic substances, such as nail polish. Landfill sites
receive hundreds of thousands of discarded bottles containing trace amounts of hazardous materials resulting in significant accumulation. Researchers have found hazardous
organic chemicals—apparently from residues of common household cleaners and from
plastic containers such as shampoo bottles—leaching into groundwater from landfill
sites that have never received industrial wastes. Many municipalities dispose of sewage sludge
from treatment plants in landfill sites, a practice thought to enhance biodegradation.
Because of concerns about the spread of germs and the leaching of toxic pollution out of
garbage dumpsites into adjacent water bodies, more care is being taken to reduce leachate
problems with new landfills. As our waste stream has become increasingly toxic, we have
responded by constructing better landfill liners to reduce contact between garbage and the
natural environment. Many concerned citizens, environmentalists, and scientists strongly
advocate a different approach—dramatically reducing the volume of garbage we generate and eliminating hazardous materials entirely from the waste stream.

(b)
Figure 6
Increasing human populations and
demands for consumer goods have
increased the need for more large
engineered landfills (a) and for well
managed recycling operations (b)
than in the past to handle the huge
increases in paper, plastic, and
household hazardous wastes.

736 Chapter 15

Case Study Is Biodegradation Good
for Garbage?

How much biodegradation occurs in landfill sites? Researchers from the University of
Arizona began the Garbage Project to find out. Teams of archaeologists, microbiologists, engineers, and biochemists have excavated more than a dozen landfill sites in the
United States. They have applied sampling and archaeological excavation techniques to
record the age and content of garbage removed from gradually older levels in landfill sites.
Samples are carefully stored and removed for biochemical and other analyses. The conditions below the surface of landfills—where there is no sunlight or oxygen, and there
are high temperatures (40°C and higher)—ought to be ideal for colonies of anaerobic
bacteria to degrade wastes. The Garbage Project has found, however, that relatively little
biodegradation occurs; wastes are intact and clearly recognizable in layers of garbage
deposited four to six decades ago.
Since as much as 35% to 45% of garbage deposited since the 1960s is paper, a microbiologist working with the Garbage Project researchers analyzed 28 samples of garbage
from the excavation of 1 biologically active landfill site and 12 samples from a less active
site. She searched specifically for evidence of anaerobic bacteria that degrade cellulose,
which could be expected to degrade paper wastes. Although the microbiologist found high
concentrations of many kinds of bacteria, the distribution of cellulase enzymes was thin,
and there were no cellulose-degrading bacteria in any samples from either site.
Only one of the Garbage Project’s excavations struck totally biodegraded materials,
found at the lowest levels of the landfill site, where garbage had been deposited seven
to eight decades before. The difference between this site and the others was that it had
full contact with water. Formerly a wetland, it was located adjacent to a tidal river and
had its supply of moisture to the lower levels renewed regularly. Without moisture,
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this research found, the biological activity of landfill sites occurred at extremely slow
rates, if it occurred at all.
Environmental groups counter that the entire exercise of attempting to research and
better manage or design landfills is misguided. They point out that the five major components in the waste stream should never reach a landfill. Organic material (1) such as
household food scraps should be composted; all paper and wood fibre (2) and scrap metals
(3) should be recycled and, because glass (4) is both physically and chemically inert, it can
simply be crushed and either recycled or safely discarded. Plastics (5) are resistant to decay
and can be difficult to recycle but, since they represent a nonrenewable resource, technological advances must be encouraged to make better and sustainable use of these materials.

Case Study Questions
Understanding Concepts
1. Describe the process of biodegradation in a typical landfill site.
2. What effects might biodegradation in deposited garbage have on the environment

surrounding a landfill site?
3. How might changes to the proportion of organic wastes being deposited into a land-

fill site affect biodegradation?
Making Connections
4. The Garbage Project recommended that, rather than encouraging biodegradation, the

goal for waste disposal should be for dry and relatively inert long-term underground
storage. Prepare arguments for or against biodegradation in a landfill site.
5. How reasonable is it for humans to continue to dispose of millions of tonnes of

garbage each day in landfills and incinerators around the world? Research the
advantages and disadvantages of this approach.

GO
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Limiting Wastes
One of the greatest efforts necessary to ensure sustainability is limiting toxic pollutants and waste production. Controlling, monitoring, determining sources of, and
assessing the dangers posed by, trans-boundary pollution remain ongoing focuses for
scientific research.
There are two basic ways to deal with global pollution. The first way is to prevent,
reduce, or eliminate the production of pollutants by use of such cleaner, nonpolluting
technologies as wind power, solar photovoltaic systems, and microturbines. The second
is to continue cleaning up the pollutants after they have been produced. Ecologists and
economists agree that prevention is far more effective and far less expensive. Governments
could encourage prevention, for instance, by granting incentives such as tax write-offs
and by implementing specific pollution regulations and laws. Alternative automobiles
could be more widely marketed to reduce the amount of emissions from combustion of
fossil fuels (Figure 7, page 738). Whether they are electric, fuel-cell powered, or a hybrid,
these cars create little pollution directly. However, they are not pollution free—the electricity generated to charge car batteries or produce hydrogen fuel from the electrolysis
of water must be supplied by some original energy source. If that energy source is wind
or solar power, the process may have little net environmental impact. If the electricity
comes from nuclear reactors, large electric dams, or generating stations that burn fossil
fuels the environmental impact will continue to be substantial. Davis, California, has
NEL
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Figure 7
Personal vehicles of the future may
use hydrogen fuel cells to generate
electricity. Although these cars emit
no pollutants directly, they do not
eliminate the need for an original
energy supply for the production of
the hydrogen fuel.
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The Aluminum Can Crunch
Each year North Americans use
more than 100 billion aluminum pop
cans—enough to go around Earth
120 times! Large quantities of electric power are needed to make these
aluminum cans. Some of this power
is produced from huge hydroelectric
dams that flood large portions of
tropical rain forest and other habitats. The recycling of aluminum cans
produces 95% less air pollution, 97%
less water pollution, and uses 95%
less energy than is needed to refine
new aluminum metal.
eco-cities urban centres that are
planned to minimize their impact on
the local and regional environments
and to foster sustainable lifestyles
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taken measurable steps toward curbing the amount of pollution from
transportation. The city has closed some streets to automobiles, allowing
only bicycles or in-line skates, and has built a network of bicycle paths
to enhance accessibility to cyclists. As a result, bicycles now account for
40% of all transportation within the city.
A useful model can illustrate the kinds of shifts in thinking that can
move societies toward greater sustainability for future generations. Most
societies with high purchasing power live in what economists refer to as
a high-throughput economy, illustrated in Figure 8(a), meaning that
they try to sustain economic growth by increasing the movement of
resources into the economy. These resources are output as wastes and
pollution that do not support sustainability. For greater future sustainability, high-throughput economies must be transformed into matterrecycling economies in which economic growth can continue with the recycling of resources,
without depleting resources or emitting too much pollution. This is only a partial solution
to excessive resource consumption. In addition, recycling processes may produce their
own pollutants. A better solution to reducing consumption and limiting toxic effects is to
transform high-throughput economies into low-throughput economies, as shown in
Figure 8(b). This is accomplished by reusing and recycling most nonrenewable resources,
using potentially renewable resources at a pace that will allow natural regeneration, making
efficient use of energy resources, reducing unnecessary consumption, emphasizing pollution prevention, and reducing waste production.
Some Ontario cities, such as Mississauga, have implemented policies to divert garbage.
Area households can dispose of three bags of garbage per week without charge; any
additional bags must have a special tag that is purchased from the city. Frequency of
collection of materials for recycling has also been increased and city officials hope that,
within 20 years, garbage will be reduced by 70%. There remain concerns that some residents will simply use larger bags or dump garbage to avoid paying. Many Ontario
municipalities now collect organic garbage for composting, along with recyclable materials and trash. To ensure a sustainable future, however, residents and businesses need to
reduce their individual waste production.
The development of eco-cities could contribute to the transformation of consumer
societies into low-throughput societies. Ecologists and urban planners agree that populations should be concentrated in cities, and rural areas should be left for preservation
of resources and biodiversity. But future urban communities need to reduce consumption, wastes, and pollution to provide consistent life support systems for their populations. Eco-cities could use solar and other alternate power sources to make more efficient
use of energy and matter resources, reduce waste and pollution, and encourage biodiversity. Organic farms and gardens, and surrounding woods, could support human
needs as well as provide habitats for diverse indigenous species. In model eco-cities,
people would routinely walk, cycle, or use public transit. Are eco-cities just a dream?
Davis, California, and Curitiba, Brazil, are already well on their way, making great progress
toward enhanced sustainability.
While ecologists have been conducting research and presenting concerns about changes
in environmental conditions, they have also been contributing better ways to monitor
carrying capacity, restore degraded ecosystems, and manage wastes. Ecologists have also
been encouraging people to change their attitudes and activities to support improved sustainability as individuals, business and industry managers, and employees. Science is
also working to enhance food production while maintaining the sustainability of life
support systems on which people and nonhuman populations rely.
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SUMMARY

Figure 8
A model of resource conversion into
wastes and pollutants for (a) highthroughput, or unsustainable,
economies and (b) low-throughput,
or more sustainable, economies

Restoration Ecology and
Waste Management

•

Owing to consumption patterns and the dynamic nature of ecosystems, it is challenging for scientists to quantify the carrying capacity of the global or local environment for human populations.

•

Societies that use large amounts of consumer goods produce large quantities of
waste materials that must be disposed of, reused, or recycled.

•

To maintain sustainability, scientists are endeavouring to restore degraded
ecosystems and improve methods of waste disposal and management.

•

More sustainable approaches will require a dramatic reduction in resource consumption patterns rather than simply relying on technologies to dispose of large
volumes of potentially toxic waste materials.

•

Low throughput strategies provide a more sustainable approach to resource
management.

•

Some progress is being made in designing ecologically friendly urban centres that
could reduce human impact on the environment.
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Section 15.5 Questions
Understanding Concepts
1. Explain some of the challenges biologists face in deter-

mining and predicting the carrying capacity for the
expanding human population of a large city.
2. In your own words, describe bioremediation.
3. What advantages does the use of D. ethenoagenes Strain

195 have as a method of destroying perchloroethylene and
related chlorinated organic solvents?
4. On average, each Canadian generates and throws away

about 4.9 kg of household garbage each week. An equal
amount is typically added to the municipal waste stream
from other sources. Of the total 9.8 kg per person per week,
approximately 12% is plastic that will never biodegrade.
(a) Estimate how large a landfill site is needed to accommodate the wastes of a community of 150 000 residents for 20 years.
(b) Estimate the quantity of garbage that will never biodegrade in this landfill site.
(c) What additional factors would have to be taken into
account for an actual landfill site in a real community?
5. Compare and contrast high-throughput, matter-recycling,

and low-throughput economies. Present your comparison
in a Venn diagram or other graphic organizer.
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Making Connections
6. Methane digesters are a suggested technological solution

to waste disposal. Methane digesters convert garbage into
compost and methane gas, which can be used as a power
source. Research the benefits and drawbacks of methane
digesters, and write a brief position paper on whether you
support methane digesters rather than new landfill sites for
Ontario communities.
7. In the 1990s, the city of Toronto seriously considered a plan

to dispose of 20 million to 30 million tonnes of waste in an
abandoned open-pit mine in northeastern Ontario. The plan
called for the shipping of the garbage some 500 km by rail
to a landfill site in the 200-m deep pit. Conduct Internet
and or library research to learn the details of the proposal
and comment on the suitability of such a plan as a wastemanagement strategy for the city.
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8. As high product consumers, Canadians produce the most

garbage per person of any society in the world. In 1996,
almost 9 million tonnes of municipal solid wastes were
generated in Ontario alone, 80% of which was deposited in
landfills. How does this influence the ecological footprint of
Canada’s 30 million people relative to the populations of
less industrialized countries?
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