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Abstract Landscape ecology focuses on the spatial
patterns and processes of ecological and human
interactions. These patterns and processes are being
altered by both changing resource-management prac-
tices of humans and changing climate conditions
associated, in part, with increases in atmospheric
concentrations of greenhouse gases. Dominant
resource-extraction and land-management activities
involve energy, and the use of fossil energy is one of
the key drivers behind increasing greenhouse gas
emissions as well as land-use changes. Alternative
energy sources (such as wind, solar, nuclear, and
bioenergy) are being explored to reduce greenhouse
gas emission rates. Yet, energy production, including
alternative-energy options, can have a wide range of
effects on land productivity, surface cover, albedo,
and other factors that affect carbon, water, and energy
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fluxes and, in turn, climate. Meanwhile, climate
influences the potential output, relative efficiencies,
and sustainability of alternative energy sources. Thus,
land use, climate change, and energy choices are
linked, and any comprehensive analysis in landscape
ecology that considers one of these factors should be
cognizant of these interactions. This analysis explores
the implications of linkages between land use,
climate hange, and energy and points out ecological
patterns and processes that may be affected by their
interactions.
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Introduction

For centuries, humans have modified terrestrial and
aquatic systems to meet basic energy needs as well as
to satisfy other requirements, leading to major
changes in global land cover, atmospheric concen-
trations of greenhouse gases, and the land’s future
capacity to sequester carbon. Together, land use,
energy use, and climate change represent three major,
intertwined forces of human-induced global change.
Numerous studies have examined influences of these
forces, but our literature review failed to identify any
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analysis that considered their combined effects from
a landscape-ecology perspective. This paper dis-
cusses major research issues within the land use—
climate change—energy nexus that are best addressed
from the point of view of landscape ecology and thus
with a focus on patterns and processes.

Cumulatively, the ways in which people transform
and use the land represent the most significant human
modifications to our planet. The advent of agricul-
tural cultivation allowed people to live in settlements,
and the subsequent establishment of urban centers
and transportation routes instigated major changes in
patterns of land use (Scarre 2009). Human beliefs and
conduct continue to affect the makeup and transfor-
mation of landscapes in an increasingly metropolitan
world (Musacchio 2009). Although Forman (1995)
has suggested that it would be ideal to design land-
use practices from a broad-scale and landscape
perspective, in actuality, modern land-use decisions
are based on local economic, social, cultural, bio-
physical, political, and demographic forces within a
spatial and temporal context (Geist and Lambin 2002;
Lambin et al. 2003; Kline et al. 2009). Human
occupation has direct effects on the land it occupies
and has both direct and indirect down-slope, down-
stream, and downwind ecological effects dispersed
across larger scales. For example, linear features,
such as roads, oil and gas seismic exploration grids,
transmission lines, drainage ditches, causeways, and
dams, can both provide access to new areas and
disrupt ecological functions of adjacent lands (e.g.,
Laurance et al. 2006). Such land-use changes,
including historic deforestation, affect global atmo-
spheric carbon dioxide (CO,) concentrations, aero-
sols, and albedo and thus global climate. And equally
important, management practices influence current
and future carbon-carrying capacity and the flux of
greenhouse gases between land and atmosphere,
thereby qualifying the role of terrestrial ecosystems
in mitigating climate change.

Climate change has been identified as an important
threat to the persistence of our species on Earth and
the most important challenge of our times (IPCC
2007). Earth’s current atmosphere and climate are
products of biotic activity that occurred over eons.
Climate change that occurred 10,000 years ago as the
Holocene period became warmer and wetter than the
Pleistocene may have facilitated the domestication of
plants and animals, ushering in a transition from
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relatively stable populations of nomadic hunters and
gatherers, to a population explosion with impacts
reflected by civilizations that dominate global land-
scapes today (Gupta 2004). While Earth’s climate has
fluctuated over millennia because of many factors,
data support the scientific consensus that the current
rapid global warming is unequivocally attributable to
human activities (IPCC 2007). The recent rate of
change in global annual average temperatures is
unprecedented in the data record and is largely
attributed to emissions of greenhouse gases caused by
human activities. The rate of change in emissions has
increased by 70% between 1970 and 2004, driven
primarily by expanding fossil-fuel combustion (IPCC
2007). By 2008, CO, emissions from fossil fuels
reached 8.7 Pg C per year, representing 88% of
global anthropogenic CO, emissions and reaffirming
fossil fuels as the most important and rapidly growing
source of greenhouse gas on Earth (Le Quéré et al.
2009).

The implications of global climate change for
humanity vary over space and time. Increases or
decreases in temperature and/or precipitation are
place-specific, and average temperatures and rainfall
statistics can mask increases in the frequency,
duration, and intensity of extreme events (such as
droughts and floods), which appear to be on the rise
in many areas and are strongly correlated with
weather-related losses of life and welfare (NOAA
2010). Climate-change effects on ecosystems are
expected to include species shifts (Root et al. 2003;
Briones et al. 2009), increased risk of species
extinction (Sinervo et al. 2010), phenology changes
(MacMynowski and Root 2009), increased damage
from storms and wildfires (Rosenzweig et al. 2008),
and loss of coastal zones (IPCC 2007).

In addition to human-induced land-cover and
climate changes, implications of energy technologies
and uses must be considered as a third major factor in
global change. The use of biomass for heating and
cooking prevails as the primary source of energy for
about half of humanity and a majority of the poor.
Inefficient combustion and unsustainable resource
management contribute to direct emissions, land-use
changes, and deforestation dynamics, particularly
around urban centers in developing nations. But per
capita energy consumption in these nations is low
compared to that of industrialized countries. The
more developed nations of the world [e.g., the 34
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countries that are members of the Organization for
Economic Co-operation and Development (OECD)
and those from the former Soviet Union] were
responsible for more than half of global CO,
emissions from all sources of energy in 2008, and
China represented another 22% of the global total
(IEA 2010). The same IEA report notes that China’s
share represented less than 6% of global emissions in
1973. As the rest of the people in the world strive to
“catch up” with more developed nations, they
account for an increasing share of new emissions.
More than 70% of the growth in global greenhouse
gases in 2004 was attributed to less-developed and
developing nations (Raupach et al. 2007), but the per
capita emissions in industrialized countries remained
10-20 times higher than per capita emission rates for
less-developed countries (Baumert et al. 2005).
Energy sources and uses have become more diverse
with time. With increasing global population and
economic development, there has been arising demand
for energy from nuclear, hydro, wind, solar, ocean
(tides, currents, waves, and thermal), and geothermal
sources in addition to the well-established historic uses
of fossil fuels, fuelwood, charcoal, residues, and dung.
At the same time, new technologies are being devel-
oped for traditional fuels (for example converting coal
or biomass to liquid fuels). Each type of energy use
influences the environment throughout its life cycle via
extraction of requisite raw materials, transport from the
source to the production center to the end user,
production processes and secondary wastes, end use,
and final waste products. The life-cycle pathways also
present different opportunity costs in terms of current
or future benefits that are foregone because of today’s
choices. These supply-chain processes are spatially
distributed in different patterns across the landscape.
Thus, extraction, use, and disposal associated with
each energy source and pathway affect the Earth’s
surface and systems in different ways. The availability
and economic viability of energy choices are influ-
enced by past land-use decisions and prevailing
climate conditions. Likewise, these energy choices
can, in turn, affect future land use and climate.
Human-induced changes in land use, climate, and
energy must be viewed in light of the natural and
ongoing changes on the Earth. Many natural distur-
bances are related to atmospheric cycles, ocean
currents, plate tectonics, volcanoes, asteroids, and
other planetary forces. At the same time, some very

slow, ongoing climate changes can be explained by
Milankovitch cycles (Hays et al. 1976). Global
changes in disturbance regimes and climate are
recorded in the geologic record. Ice-core data are
now seen as a vital reference data set against which
human-induced changes to the Earth can be interpreted
(Ahn and Brook 2008). In a prior analysis of the
interface between climate change and land use (Dale
1997), a key interaction that emerged is that humans
adjust land-use practices to accommodate climate
change and other forces and that these adaptations have
ecological effects.

Furthermore, changes in land-use practices can
affect the drivers of climate change. For example,
large-scale clear-cutting of forests can have conse-
quences for local weather patterns as well as green-
house gas concentrations that influence climate (e.g.,
Sivakumar and Stefanski 2007). When vegetation is
cleared and burned, carbon and soot from combustion
are released to the atmosphere, and ecosystem carbon
sequestration is reduced. Both changes contribute to
increased atmospheric greenhouse gas concentrations
in the short term. Furthermore, local transpiration is
reduced, resulting in less cloud cover and higher
surface temperatures. In turn, the reduced cloud
formation decreases precipitation, drying the land
and affecting future usage (Dickinson 1991). Reduced
precipitation plus higher surface temperatures can
increase the extent and intensity of fires and can lead
over time to self-reinforcing cycles of forest loss and
emissions, cycles that are further exacerbated if
climate change instigates increasing frequency and
intensity of drought and periods of abnormally high
temperatures.

This paper explores how the focus of landscape
ecology on patterns and processes can offer insights
into the dynamic processes and interactions among
climate change, energy choices, and land-use activ-
ities. It first explores influences by considering all
possible pairings of climate change, land-use change,
and energy use and then discusses the complications
and benefits of examining all three factors at once
(Fig. 1). The paper concludes by discussing research
needs for landscape ecology related to the interfaces
among land use, climate change, and energy. Deci-
sion makers need integrated approaches to consider
the changes that policies can induce in climate, land
use, and energy use and the resultant implications for
the environment.
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Fig. 1 Relationships
among energy, land use,
and climate change. Arrows
indicate influence of one
factor on another
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Effects of energy on land use

Land-use patterns around the globe can often be
traced back and linked to the availability and
development of energy resources. Early civilizations
flourished around abundant forest resources; and in
more recent times, human settlements have expanded
where there was sufficient wood for fuel and water
for power (Perlin 1989). Settlements also followed
development booms surrounding easily accessible
fossil fuels and industries that emerged to extract,
process, and transport energy supplies to users and
markets. Where cheap, convenient energy is pro-
vided, people settle; towns spring up; and land uses
change for the long term.

Land-use practices today continue to be affected
by the energy life cycle, depending on the location of
use or extraction and the travel distance to the next
step in the supply chain or end use. Energy life cycles
include materials exploration, extraction, production,
refinement, distribution, and use. Energy develop-
ment can impact land use in many ways, ranging
from mountaintop removals and surface mining to the
re-routing of rivers and flooding for hydroelectric
dams. Infrastructure needed for energy production
and distribution, such as railways, wells, roads,
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pipelines, refineries, and power grids, have directly
influenced subsequent and neighboring land uses.
Pressures on the land for energy exploration and
extraction continue, as exemplified by demands of oil
and gas interests in the western Amazon, one of the
last remaining forest frontiers. For example, in
Ecuador, patterns of deforestation closely reflect road
networks associated with oil exploration and devel-
opment (Vifia et al. 2004). And half (48.6%) of the
Peruvian Amazon was recently offered for oil and gas
concessions, bringing the total area affected by past
and current fossil-fuel concessions to 84% of the
region. New concessions will add to the past distur-
bances provoked by more than 100,000 km of
seismic lines and 679 exploratory and production
wells (Finer and Orta-Martinez 2010). In total, about
180 oil and gas development concessions in the
western Amazon cover nearly 700,000 km? of critical
remaining habitat for amphibians, birds, and mam-
mals, according to studies by Finer et al. (2010).
Key characteristics of impacts of energy on land
use are the extent, duration, intensity, and reversibil-
ity of change. Energy-related activities often act on
land cover, which can constrain potential land-use
options. Energy infrastructure such as refineries,
storage tanks, roads, and dams, typically replaces,
inundates, or fragments vegetation across landscapes
for long periods (more than 50 years). In contrast, oil
and gas wells and wind turbines can have a smaller or
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less enduring footprint. Nonetheless, in those eco-
systems where petroleum or natural-gas extraction
occurs, oil spills or brine scars are frequent long-term
disturbances that denude vegetation unless active
restoration is conducted (Jager et al. 2005). In
addition, barge and access channels dredged through
wetlands for exploration and extraction, along with
subsidence occurring after oil and gas extraction
takes place can permanently affect topography and
land cover with irreversible loss of ecosystems and
wide-ranging legacy effects such as loss of protective
capacity from storm surges that continue long after
production operations cease (Morton et al. 2006).
The availability of inexpensive fossil fuels has
been a major driver of global land-use change. The
low price of fuel has enabled such diverse activities
as urban sprawl, industrial forestry, large-scale steel
production, and agricultural expansion (e.g., Wind
and Wallender 1997). For example, energy-intensive
dam construction has facilitated aluminum produc-
tion, which has promoted more building construction
and widespread use of materials with high imbedded
energy and emissions (Fearnside 2002). Additionally,
cheap fuels (and energy-intensive refrigeration and
transport) have led to a transformation of the scale
and location of food, feed, and fiber production,
changing land-use patterns around the world by
replacing local supply chains with global trade
networks. Similarly, provisioning of cheap electricity
for air conditioning has facilitated shifts of settle-
ments to the sun belts of developed nations.
Exploration and extraction of fossil fuels can have
large effects on the land. Coal must be mined,
extracted, crushed, transported, and then burned,
which results in the need for ash and waste-heat
disposal, all of which affects large areas of land. Coal
extraction can leave a large and persistent footprint
on land and water with long-term repercussions for
future uses. The United States has the world’s largest
recorded coal reserves, followed by the Russian
Federation, China, Australia and India (World Energy
Council 2010). The method by which coal is moved
determines its impacts on the land and water. For
example, deep mining has little effect on the land
surface as compared to strip mining or mountaintop
removal that removes vegetation and soil. Large
forest blocks in the southern Appalachians of the
United States have been converted to edge habitat
through indirect effects of mountaintop-removal coal

mining (Wickham et al. 2007). Moreover, coal-fired
power plants use extensive land areas for storage of
coal-ash slurries (NRC 2002).

Oil shale, extra heavy oil, and natural bitumen
deposits such as tar sands are other forms of fossil
fuel whose extraction has large effects on the land.
For example, tar sands are accessed via large strip
mines or open-pit techniques and processed to extract
oil-rich bitumen, which is then refined into oil (BLM
2008). About 3.5 trillion barrels of oil are estimated
to be in the form of discovered tar sands and extra
heavy oil, and the largest deposits are located in
western Canada and Venezuela, with some in the
Middle East (Parks 2009). Currently, about 40% of
Canada’s oil production is derived from tar sands,
and output is expanding rapidly. The extensive strip
mines, pits, and waste lagoons associated with tar
sands entail large areas of land disturbance with long-
term and irreversible consequential impacts on wild-
life and on air and water quality as well as
greenhouse gas emissions (Parks 2009).

Electricity production necessitates the establish-
ment of power-line corridors, and roads are a part of
any power development, extraction, or transmission.
These linear features often have effects on the
landscape that exceed their extent. The cutting of
vegetation and topographic reworking in these cor-
ridors affects species composition and land cover
(Luken et al. 1992; Rescia et al. 2006). While these
linear land-cover features are compatible with some
land uses, such as industrial or urban areas, they are
not for other uses, such as agriculture or forest lands
that tend to support numerous ecosystem services.
Power-line corridors and roads may occupy only a
relatively small area but cause fragmentation of
vegetation patterns and can have large and cumula-
tive effects on species that inhabit that vegetation
type [e.g., forest-interior bird species (Rich et al.
1994)].

Similarly in the case of natural gas and petroleum
products, pipelines as well as roads must be con-
structed to transport the fuels from source to desti-
nation. In the United States, there are more than
4 million km of pipelines (AOPL 2009; PHMSA
2009). Pipelines are considered to be a more reliable,
economical, and environmentally favorable way to
transport liquid fuels than rail or trucks (AOPL
2010); however, pipelines have the potential to
fragment habitats because of their linear nature, and
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significant spills and explosions still occur. During
construction, pipelines affect land use; however,
some pipelines are subsequently buried and thereby
may become more compatible with multiple land
uses and pose less of a threat to the ecological
composition surrounding them. Some fossil-based
fuels that can be moved by pipeline need to be refined
before they can be transported around the world, and
the refineries become part of the energy-production
footprint.

Bioenergy crops can provide renewable-energy
resources, but they require suitable land and man-
agement practices (Dale et al. 2010, 2011). Long-
term and extensive effects occur when a land type is
replaced by bioenergy crops, such as occurs if pasture
land is replaced by energy-crop production (Fargione
et al. 2008). Despite extensive speculation based on
modeling (e.g., Keeney and Hertel 2009), empirical
evidence suggests that biofuel markets have negligi-
ble influence on global deforestation trends because
forest conversion is driven primarily by political and
socioeconomic factors and proceeds in advance of the
need for new productive land (Geist and Lambin
2002; Lambin et al. 2003; Kline and Dale 2008).
Furthermore, there are several ways that bioenergy
policies can reduce the extent and intensity of land-
use change and its associated greenhouse gas emis-
sions (Kline et al. 2009). Energy-crop markets create
incentives to manage land for higher productivity,
which results in more CO, sequestration compared to
unmanaged and previously disturbed land. Bioenergy
crops can also reduce or avoid the common practice
of burning less developed lands (e.g., slash and burn),
a low-cost maintenance option that contributes to
greenhouse gas emissions (USAID 2009). From 330
to 430 million ha of land burn every year, mostly in
sub-Saharan Africa and along tropical agricultural
frontiers (Giglio et al. 2010). Appropriately managing
bioenergy opportunities requires clear objectives,
such as establishing bioenergy systems based on an
understanding of current land-use practices; active
participation of government, growers, and industry;
as well as incentives appropriate for the local
situation (Keam and McCormick 2008).

Land-use impacts from wind energy development
include site preparation, on-site construction of
turbines, and associated development of access roads
and transmission lines that can cause wildlife habitat
fragmentation or displacement. Wind energy is
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intermittent and must be backed up by other gener-
ating systems through the use of electricity grids that
transport wind energy to consumers. Their overall
effect on land and the environment, once installed,
include visual landscape impacts that may affect
neighboring land uses and values, generator noise,
collision hazard to birds and bats posed by the
rotating blades, and other disturbances associated
with road and turbine maintenance. However, the
land footprint of wind energy in terms of extent,
intensity, and duration is minimal compared to most
other energy sources.

Hydroelectric power is another form of renewable
energy that can have a large impact on land use. The
dam and resulting reservoir changes the distribution
and function of both aquatic and terrestrial species,
and the construction of dams instigates new settle-
ment by the inhabitants of the flooded area. An
example of the impacts of a dam is exemplified by the
Three Gorges Dam in China. Although the Chinese
dam should have a net benefit of preventing 50 mil-
lion more tons of coal being burned annually, it is
estimated that land-use effects will extend greatly
beyond the impoundment area; that impact began
with the relocation of an estimated 6 million people
(most of whom lived off the land or river) (Gleick
2009).

Solar energy could avoid dramatic land-use
change in certain situations. Passive solar designs
provide space heating and have been associated with
human settlement for millennia. Modern solar panels,
when placed on roofs, reduce infrastructure needed
for the transportation of the power generated while
requiring no new land. However materials used to
produce panels and associated batteries can have
significant effects on land from both initial fabrica-
tion and ultimate disposal. Large-scale commercial
solar farms are the current trend toward developing
solar power in the United States, and the estimated
solar-electric land-use requirement for the United
States is significant: 181 m? per capita (Denholm and
Margolis 2008). Like wind, solar-electric energy
output is variable and needs to be integrated with
other back-up or storage systems.

Effects of land use on energy

The characteristics of a landscape (e.g., soil fertility,
topography, hydrology, geology, prevailing weather
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conditions, and current and past use) determine
whether energy resources are available and whether
an extractive or renewable infrastructure can be
established. For example, to establish a successful
system of wind energy turbines, it is necessary to
have both (1) strong, steady wind flows and (2) either
energy storage capability or the ability of the
electricity grid to accommodate energy pulses (Johns-
son 1985; Ackermann and Séder 2000).

As another example, watershed characteristics
determine power possibilities. Refineries and large
thermal power plants are typically located on large
rivers or estuaries, where water is readily available
for processing, cooling, and shipping, leading to
potential land-use and zoning conflicts. Land avail-
ability for reservoirs, as well as hydraulic head
(height of reservoir) and precipitation, affects the
degree to which hydroelectricity can be developed as
an efficient and sustainable form of energy. Further-
more, the landscape and land-use practices upslope of
the reservoir determine sediment and erosion rates
that affect the maintenance and storage capacity of
the system. Hence, land use affects the location of
hydroelectric energy projects, their operating costs
and longevity, and thus the value of a project as an
energy source.

Biofuels also rely upon the availability of suitable
land. Competition with land used for food crops and
development can affect the economic viability of
planting crops for bioenergy. Prior land uses, soil
characteristics, and cultivation techniques influence
yields and also contribute to the economic viability of
biofuels. Because of their bulk, the range of distri-
bution of conventional bioenergy feedstocks (such as
wood, grain, and chipped or baled biomass) are
limited by transportation costs (Graham et al. 1997).

Land-use practices also affect the demand for
energy. Industrial and urban lands have greater
demand for energy than do residential, agricultural,
or forested lands and thus require nearby energy
sources or the means to transport energy. The largest
consumption of liquid fuels is for transportation.
While per capita fuel consumption is greater on farm
lands, farmland’s population density is relatively low.
Thus some sources of energy are not economically
viable for use in rural areas. Furthermore, rural
settlement often lacks the energy infrastructure found
in urban areas, creating demand for different types of
energy resources. As a result, rural residents may use

biomass or propane heat in sites that are not served by
natural gas pipelines or windmills for electricity in
homes that are not connected to the grid.

Societies’ land-use practices and priorities affect
many stages of energy development. Hence, the
availability of energy resources depends on compet-
ing land uses and values. The world’s remaining
fossil-fuel reserves are increasingly found in remote
areas (and consequently areas with few human-
caused disturbances, such as the North Slope of
Alaska, Siberia, the western Amazon, deep under
water, or under mountaintops in Appalachia), where
exploitation can conflict with other designated uses
for biodiversity conservation, watershed protection,
or sustainable management of productive forests and
fisheries.

Effects of land use on climate change

Land use affects climate change in various ways.
Burning of fossil fuels and other energy products
dominates certain land uses, such as urban areas that
account for about 80% of the world’s carbon
emissions (Grimm et al. 2008; Wu 2008). Conver-
sions of natural ecosystems to other uses can have
strong effect on greenhouse gas emissions and
albedo, and thus climate change. (Albedo effects
are discussed in a subsequent section as an example
of the interface among energy, land use, and climate.)
Weather and climate can be altered dramatically by
slight changes in atmospheric conditions (Pielke et al.
1998), such as those associated with particular land-
use practices and patterns. Various computational
experiments have used general circulation models to
show that features of landscapes can affect global
climate (Charney et al. 1977; Shukla and Mintz 1982;
Rowntree and Balton 1983; Lawrence and Chase
2010).

Land-use decisions can exacerbate social and
economic effects of climate change. While practices
like slash and burn agriculture cause an immediate
release of carbon to the atmosphere, forest manage-
ment and harvesting can result in increased net
sequestration rates via higher productivity and long
term storage of carbon in wood products such as
furniture or houses. On a global basis, deforestation
and land-use-change contributions to atmospheric
CO, were highest during past centuries (Woodwell
and Houghton 1977; Le Quéré et al. 2009). From
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1997 to 2006, deforestation and forest degradation
accounted for approximately 12% (1.2 Pg C/year) of
the annual increase in concentration of atmospheric
carbon dioxide, and burning of peatland accounted
for another 3% (Van der Werf et al. 2009). Many
land-use practices require intense use of nitrogen-
based fertilizer that releases nitrous oxide (N,O), a
potent greenhouse gas, and thus also contribute to
greenhouse gas emissions (NRC 2010). The increases
in global atmospheric concentrations of methane and
nitrous oxide have been attributed largely to the
growth of agriculture and deforestation over the past
250 years (di Norcia 2008).

Land productivity is critical in estimating the
effective increase of atmospheric CO, and how the
land’s ability to absorb carbon is directly affected by
human management decisions as well as by climate
and weather variations (IPCC 2007; Le Quéré et al.
2009). Even in seemingly pristine and remote forests,
current soil and biotic distributions (and therefore
carbon stocks and potential future sequestration and
storage capacities) are, in large part, a product of
human land-management strategies that, in the case
of the Amazon, date back to pre-Columbian times
(Heckenberger et al. 2003). Generally, more-produc-
tive areas have greater potential for CO, sequestra-
tion and release. Peatlands are a special case and
land-use changes that disturb peatlands can signifi-
cantly contribute to greenhouse gas emissions (Page
et al. 2011).

Quantifying land-use effects on global climate is
uncertain and contentious. Uncertainty in greenhouse
gas emissions from agriculture, forestry, and other
land-use activities is 50-100% (NRC 2010). This
large uncertainty means that a large portion of the
required information is poorly known or unknowable.
For example, the estimated annual flux of CO,
released through forest clearing may be off by a
factor of two (NRC 2010). Major sources of uncer-
tainty in the models that estimate the current
contribution of land-use change to changes in atmo-
spheric CO, are estimates of above- and below-
ground biomass, rates and type of land-use change,
disturbance regimes, and the fate of carbon following
land-use change (Dale and King 1996; Le Quéré et al.
2009). Poor information on rates, intensities, and
locations of land-use change and disturbances are the
largest and most important source of uncertainty in
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the simulation of carbon emissions from historical
land use (Dale and King 1996; NRC 2010). These
uncertainties must be addressed to have confidence in
estimates of how much land change contributes to
atmospheric concentrations of CO,. Furthermore, the
range of CO, releases caused by land-use change that
is commonly used in current modeling was
“assigned” rather than calculated and remains the
most uncertain of the components of the global
carbon budget (Canadell et al. 2007). Although
current uncertainty regarding the land-use-change
flux estimates remains high (from 0.4 to 1.9 Pg
Clyear), it is much reduced from the uncertainty
estimates of the 1970s of 2-22 Pg C/year (Woodwell
and Houghton 1977). The reduction in uncertainty
resulted from great improvements in the information
base from which the estimate was obtained and from
more-sophisticated computer models (Dale et al.
1991); yet, still more improvements are needed,
especially in the underlying data (Grainger 2009).
Furthermore, data-aggregation averaging and general
circulation models leave out fine-scale spatial varia-
tions in land use and climate, which are vital in
determining the effect that land use has on global
climate (Pielke and Avissar 1990; Johnson and
Sharma 2009). Despite many uncertainties, three
trends can be observed: total climate-forcing emis-
sions from land-use change are declining; the land-
use change share of global emissions is falling faster
as fossil emissions grow; and the importance of land
management to optimize carbon sequestration and
reduce potential climate change impacts is increas-
ingly recognized.

Effects of energy on climate change

Energy production and use affect climate both
directly and indirectly. Energy use can change the
amount of CO, and other greenhouse gases in the
atmosphere as well as heating or cooling the imme-
diate environment. The burning of fossil fuels
releases CO, as well as radiatively active particulate
matter and NO, (Crutzen and Andreae 1990). Carbon
releases from fossil fuels are estimated to have
increased by 19% between 1996 and 2006 (Marland
et al. 2006). Human activities that use fossil fuel have
produced more than 130 times the amount of CO,
emitted by volcanoes and solar flares over the entire
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world from 1751 to 2007 (di Norcia 2008). Fossil
fuels are responsible for about 88% of global CO,
emissions (Le Quéré et al. 2009). The share of global
emissions from fossil fuels is increasing as (1)
economies become more fossil-energy intensive
(Canadell et al. 2007; van der Werf et al. 2009) and
(2) contributions from the other major anthropogenic
source (land-use change) diminish as the world’s
forest land approach an equilibrium in biomass, with
forest biomass losses being offset by new growth
(FAO 2005, 2007; Kauppi et al. 2006; Grainger
2008).

In comparison to fossil fuels, renewable-energy
technologies (such as wind or solar energy) and
nuclear energy are closer to carbon-neutral (Barthel-
mie et al. 2008) and thus have a smaller effect on
climate change. Even so, the creation of reservoirs for
hydropower is a source of greenhouse gas release
(Fearnside 1995), though they release less CO, per
energy unit than does a coal-fired electricity gener-
ation system (Parliamentary Office of Science and
Technology 2006). Moreover, perennial lignocellu-
losic bioenergy feedstocks can sequester carbon in
the ground via their extensive root systems. For
example, when planted on cleared lands, deep-rooted
perennial biofuel feedstocks in tropical South Amer-
ica could enhance soil-carbon storage by as much as
0.5-1 metric ton ha~'year™' (Fisher et al. 1994)
with the time to saturation being dependent on land-
use history, disturbance regimes, soils, and other
characteristics of the system. Perennial bioenergy
croplands can increase carbon sequestration signifi-
cantly more than do annual crops or unmanaged
scrubby vegetation. Perennial biomass feedstocks can
also be combined with efforts to restore degraded
lands, such as former mining sites, thus increasing
carbon-storage capabilities and creating a potential
fuel (IEA Bioenergy 2005). Kim et al. (2009) found
that crop management is a major factor in determin-
ing greenhouse gas emissions associated with agri-
cultural land-use change, with no-till and no-till plus
cover crops substantially accelerating the greenhouse
gas benefits for biofuels. Choice and availability of
distribution systems can also influence emissions
from energy production pathways. For example,
while biofuels currently are transported by rail, truck,
and barge, some of the cost and emissions associated
with these transport options could be reduced by
using pipelines (AOPL 2010) if corrosion (Monti

et al. 2008) and product cross-contamination issues
can be resolved.

While fuel combustion contributes to climate
warming via greenhouse gas emissions, it also has a
cooling effect via aerosols (Ming and Ramaswamy
2009). Persistent haze in industrialized nations con-
sists of various particulates, sulfur dioxide, smoke,
and organic gases largely produced by the burning of
fossil fuels (especially coal) and vegetation. These
emissions are increasing in most industrializing
nations of the Northern Hemisphere with the excep-
tion (currently) of the United States (IPCC 2007).
Climate forcing by anthropogenic aerosols occurs in
the daytime, predominantly in the summer, and
generally downwind of sources. Yet the widespread
distribution of aerosols leads to hemispheric or even
global effects. Countering aerosol cooling effects,
black-carbon particles (soot) contribute to warming.
More data and improved modeling will help sort out
the complex interactions over time, but the net
cooling effect of aerosols are lower than the multiple
warming forces.

Effects of climate change on land use

Climate change can have dramatic effects on the
extent, productivity, and potential uses of land. Sea-
level rise is one effect with direct impacts on land
use. Estimates of global mean sea-level rise between
1990 and the 2080s range from 22 to 34 cm (Nicholls
2004). Because 40% of the world’s population lives
within 100 km of a coast (Small and Nicholls 2003),
rising water levels impact the ability to grow crops in
specific regions and to maintain suitable living
conditions. Furthermore, the poorest residents are at
greatest risk from flooding because they often settle
in floodplains and other hazard-prone locations
because more-suitable alternatives are not affordable
(Hardoy et al. 2001).

Climate change can also influence which crops or
trees can be grown in specific areas and the risks of
losses in agricultural and forest systems. Rockstrom
et al. (2009) point out that carbon dioxide concen-
trations exceeding 350 parts per million by volume or
radiative forcing exceeding 1 W/m? above pre-indus-
trial levels substantially increases the risk of irre-
versible and abrupt shifts in forest and agricultural
systems, and yet those values rose to 391 ppm and
more than 1.5 W/m?, respectively, by January 2011
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(US Department of Commerce 2011). Changing
rainfall patterns, floods, and droughts can affect
urban, industrial, and agricultural activities and, as
competition for water increases, could impose severe
limitations on future growth (Sun et al. 2008).

Climate affects land use, and thus changes in
climate can instigate changes in the location and
intensity of use patterns. Human settlements and
industries have been strongly influenced by climatic
factors. For example, the locations of the world’s
fisheries and fishing communities as well as agricul-
tural settlements are largely a climate-driven phe-
nomenon. Sunny and mild weather is amenable to
low-energy living conditions. Recent studies have
projected or confirmed the interactions between
climate change and land use. For example, climate
change is increasing the risk of flooding as well as
causing other environmental damage in coastal areas
prompting population shifts away from high-risk
areas (IPCC 2007). Climate vulnerability and
extreme events often drive human migration into
other regions, resulting in additional land-use change.

The close relationship between land use and climate
change can create especially difficult situations for
rural populations that depend on local resources. For
example, vulnerabilities to climate change occur in
parts of the Brazilian Amazon rainforest (Werth and
Avissar 2002) where native tribes are facing a
shrinking food source from streams and agricultural
instability because of flooding and irregular rainfall
patterns. About 13,000 km? of rainforest have been cut
down since the 1970s, and the flora relied upon by
tribes has changed as a result of clear-cutting. These
changes have also increased the vulnerability to forest
fires (Lindenmayer et al. 2009).

Effects of climate change on energy

Climate change influences energy through its effects
on demand, distribution, intensities, and types of
energy that are available and being used (Wilbanks
et al. 2007). For example, as climate changes, so do
patterns of energy use, with increasing demand for air
conditioning as temperatures increase and increasing
demand for heating when temperatures fall. The type
of energy demand is also influenced by climate.
Electrical air-exchange heat-pump systems are appro-
priate for climates with moderate heating and cooling
needs, whereas gas furnaces operate more efficiently
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under long durations of cold weather. Distributed
solar power and wind power may become more
viable in regions with extreme climates (such as hot,
dry, or windy sites). However, these places are often
distant from where the energy is needed and thus may
require establishment of infrastructure to transport the
energy. Furthermore, because oil supplies rely on
ports and nearby refineries, increases in storm
intensity produced by climate change can disrupt
supplies within a given region or nation, as evidenced
by Hurricane Katrina in the United States in 2005.

Climate and, therefore, climate change affect
bioenergy options. Temperatures and precipitation
interact with soil and other aspects of location to
determine what types of bioenergy feedstock crops
can be grown. Growing conditions are one factor that
affects the economic viability of biofuels. Where
climate favors higher yields, bioenergy crops are
likely to be more competitive. Furthermore, much of
the existing stock of energy infrastructure in the
world is dependent upon water—a very climate-
sensitive resource. Sandia’s Energy Water Roadmap
(Sandia National Laboratory 2007) suggests water
resource availability is likely to be a major determi-
nant of future energy development in the United
States. If climate changes, then energy options
change as well.

Hydropower is particularly vulnerable to changes in
precipitation patterns (Markoff and Cullen 2008). For
example, low water flow can increase the frequency
and extent of times when water turbines cannot
operate. In areas that rely on hydroelectric power,
fluctuations in precipitation and evaporation rates can
impact energy output from dams. For example, in
California, during the winter and spring when precip-
itation is the heaviest, hydroelectric dams have their
greatest electrical output. However, in most regions,
peak electricity demand occurs during the hot season
when precipitation is lower. Further decreases in
precipitation, shifting of springtime peak flows to
wintertime, and increases in evaporation because of
climate change would ultimately affect the efficiency
of hydroelectric power (Vicuna et al. 2008).

The land use—climate change—energy nexus
Heretofore, we have presented interactions between

pairs of land use, climate change, and energy; but
clearly each pair interacts with the third force, as
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well. Numerous contingencies involving all three
factors, as well as feedbacks, exist in this tripartite
system. More specifically, land use, climate change,
and energy development and use influence or drive
ecosystem services, which also influence land use,
climate change, and energy. Sensitive ecosystems are
affected by land use, climate, and energy availability;
and changes in those ecosystems can affect land use,
global climate, and energy choices. For example,
disturbance frequency and severity can be altered by
climate change, land-use change, and energy choices;
and disturbances like fire can influence these com-
ponents, as well. Similarly, the three components all
influence albedo and latent heat, which are also
factors in determining the amount and nature of
climate change. The examples of ecosystem services,
sensitive ecosystems, albedo, and disturbances are
discussed below to illustrate potential interactions
that are best assessed through an integrative research
approach.

Ecosystem services

The term ecosystem services refers to a range of
environmental benefits that are provided to humanity
by natural and managed ecosystems (Millennium
Ecosystem Assessment 2005). These benefits include
clean water, air, food, and natural resources broadly
considered (e.g., sunlight and wind) both within a
region and across the entire globe. Ecosystem
services are in the nexus of the tripartite system
because they are affected by land-use practices,
climate change, and energy choices.

A fundamental concern is how to meet current
needs for energy and land while maintaining services
vital for human welfare in the long term. Reliance on
fossil energy permanently removes options of incal-
culable value for future generations while adding
stress to the ecosystems needed for the current
provision of services. Analysis of energy alternatives
should consider potential feedbacks that affect future
energy and land-use options as well as climate. For
example, environmental considerations of bioenergy
include services that are provided by prevailing
ecological conditions (such as soil, water, and air
quality), by biodiversity, by plant and wildlife
habitat, and by storm-water protection (all of which
are influenced by both climate change and land-use
practices). In addition, the net flux of greenhouse

gases resulting from local energy decisions can affect
atmospheric carbon concentrations and climate forc-
ing at large scales.

Sensitive ecosystems

Sensitive ecosystems are those at topographic or
climatic margins, such as coastal zones or arctic
regions, and areas with valuable attributes that can
change radically in response to small disturbances.
Sea-level rise (resulting from climate change) will
have a huge effect on coastal and low-lying lands; yet
it is unclear what these changes imply for future land
use via the displacement of activities into new areas
and potentially into other sensitive ecosystems. When
energy exploration and extraction occur in fragile
ecosystems (e.g., boreal forests or coastal zones),
then adverse impacts become complex and difficult to
mitigate or to restore.

Changes in energy and land use in peat ecosystems
illustrate an important set of interactions. Approxi-
mately one-third of the total world pool of soil carbon
is sequestered in peatlands, and thawing permafrost
(caused by climate change, land-use change for
energy production, or climate-facilitated fire events)
releases significant amounts of methane and CO,
(Walter et al. 2006). Even though peatlands can be
considered renewable under the right conditions and
over long time spans, a typical rate of peat accumu-
lation of less than a millimeter per year (Gorham
1991) means that a multi-millennial time frame is
required for their eventual restoration.

Freshwater ecosystems are sensitive to energy,
land-use and climate interactions. Land use is gov-
erned, in part, by land value, which is a function of
biophysical factors (soils, slope), prevailing climate;
access to energy and freshwater; view-shed charac-
teristics; and past, present, and neighboring land uses.
The intensity of land use and energy use often
increases around freshwater resources as land values
rise, leading to feedbacks affecting climate and future
land values and productive use options.

Albedo

Albedo of a surface is defined as the ratio of diffusely
reflected to incident electromagnetic radiation and
conveys how much an object reflects light. Albedo
can be a major mechanism by which the Earth’s
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surface influences climate. Experiments using general
circulation models have shown the significant role
that albedo can play in climate change (Pielke and
Avissar 1990). Fossil-energy production can alter
albedo through aerosol generation and land-use
change, such as disturbance from mining. Combus-
tion of any fuel can create soot and black carbon that
affects albedo. Climate change can alter albedo
through changes in cloud cover and the amount,
timing, and persistence of snow and ice (which are a
function of temperature and precipitation conditions).
These factors, in turn, feed back to climate. Land use
significantly impacts albedo because biotic and
abiotic factors that characterize land use have differ-
ent light reflectivities. Fresh snow is the most
effective naturally occurring reflector, while black
soot, open water and coniferous forests are among the
least reflective. Land use—climate interactions can
affect total albedo not only by radically changing the
albedo of a portion of the Earth’s surface but also by
altering the area and distribution of reflective sur-
faces, temperature differentials, and wind currents.
Land-use change, such as aforestation, could have
very different effects on albedo, depending on where
it occurs. In temperate regions with snowfall, for
example, clearing pine forests is predicted to have a
cooling effect from increased albedo associated with
the snow cover (Rosenzweig et al. 2008), whereas
clearing forests in tropical areas can have the
opposite effect on albedo and increase latent heat.
In urban settings, energy-efficiency strategies that
employ white or reflective roofing not only keep
buildings cooler during warm months but also
increase the albedo and thereby reduce contributions
to latent heat and the urban heat island phenomenon.

Disturbances

Changes in disturbance frequency, extent, and inten-
sity can occur as a result of climate change, land-use
practices, energy use, and interactions among these
factors. In addition, disturbance frequency and
severity have major effects on subsequent land and
energy use (Dale 1997) and can also affect climate
forcing. These disturbances include floods; fires; ice
storms; severe wind and dust storms; tornadoes;
hurricanes; and outbreaks of pests, disease, and
invasive species that alter species structure and
landscapes (Dale et al. 2001). For example, insect
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pests can spread as the result of trade, transport of
fuel wood, or just hitchhiking on vehicles. Increased
hurricane frequency putatively caused by climate
change has major impacts on current fossil-energy
refining and distribution industries, as well as
potential impacts on future renewable technologies
in coastal zones, such as wind energy, bioenergy, and
wave-action energy.

Major and minor disturbances interact with human-
induced effects on the environment, such as air
pollution and land-use change. The extent and intensity
of disturbances are often functions of both natural and
human conditions. For example, the extent of impacts
from forest fires and floods are the products of weather
events combined with land-use practices (Booth et al.
2002; Meierdiercks et al. 2010). Historically, long-
term reliance on wood fuels led to the deforestation of
many island nations and areas around urban centers,
which increased the likelihood of landslides, flooding,
and other disturbances with ripple effects on energy
supplies, use and climate.

Invasive species include both indigenous and non-
native species that have traits allowing them to spread
widely and rapidly; and their distribution and abun-
dance are often influenced by land-use change,
climate, and energy. For example, the mountain pine
beetle (Dendroctonus ponderosae) currently found in
mountain pine forests of North America has had a
population surge since 2000, bringing its relationship
with the pine from a mutual relationship to a parasitic
one. The mountain pine beetles no longer focus on
nesting in unhealthy pines that allow for forest
population control. With milder winters (apparently a
climate change effect) supporting an expanded pop-
ulation and other environmental stresses on vegeta-
tion (including pollution from fossil fuels), the
beetles have infested entire regions, leading to
eventual changes in land cover (e.g., from forest to
meadow or from coniferous to hardwood) and other
disturbance patterns (fire), which, in turn, influence
land-use options and greenhouse gas emissions. At
the current rate of spread in British Columbia,
Canada, 80% of the mature pine will be dead by
2013 (Safranyik and Wilson 2006).

Other anthropogenic forces influencing the nexus

Technology can have a catalytic effect on land-use
change and energy use that interfaces with climate.
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For example, crop yields may increase with new
technology, allowing bioenergy feedstocks to be
produced with the use of less land and with poten-
tially greater net carbon sequestration (Keeney and
Hertel 2009). As another example, 50 years ago, less
than one-third of Americans lived in the southern
portion of the United States; today, half of the
population resides in the South largely because of air
conditioning. Air conditioning has allowed for urban
and suburban expansions into areas previously con-
sidered unfavorable or unhealthy, accelerated the
clearing of forests and wildlands, and greatly
increased energy intensity per capita. As automobiles
displace bicycles around the globe, they are driving
up (literally) the consumption of liquid transportation
fuels, the net energy embodied by the vehicle, the
construction of paved roads and highways, emissions
of CO,, and the production of other radiatively active
gases (i.e., sulfur dioxide, ground-level ozone, and
particulate pollutants). These changes result in con-
sumption of additional fossil fuels for air condition-
ing in autos and create incentives to run motors more
on hot days.

The density, movement, culture, and social norms
of human populations can influence climate-change
forcing, land use, and energy use, particularly via the
demand for resources and services. For example,
population growth has had profound ecological
effects on coastal habitats. The state of Florida,
which relies on tourism as a key industry, has
experienced overdevelopment of coastal areas, result-
ing in the loss of ecosystem services and property
values (Finkl and Charlier 2003). The loss of natural
barriers, including the loss of wetlands because of
access channels and subsidence associated with
fossil-fuel extraction, increases the natural risk pre-
sented by storms (Costanza et al. 2008). Larger
populations along coasts mean that more people are
at risk from coastal storms, land and seabed subsi-
dence, sea-level rise, and spills from increasing fossil
fuel development and offshore shipping.

Economic factors also affect climate change, land
use, and energy. Rapid growth rates in emerging
economies drive global demand for energy and land,
with resulting implications for climate change. The
primary barrier to market penetration for many
renewable sources of energy is cost. For example, it
has been estimated that China’s wind energy
potential is equivalent to all of the energy demand

growth in China projected to 2030 if the guaranteed
price per kilowatt-hour were adequate (McElroy et al.
2009). Global energy markets and the lack of any
social costs assigned to greenhouse gas emissions
(and the unique opportunity costs of nonrenewable
fuels) have kept the prices of fossil-fuel-derived
electricity and other commercial fuels relatively low,
making it difficult for cleaner, renewable sources of
energy to compete.

Conclusions: Practical needs and research
for landscape ecology related to the interfaces
among land use, climate change, and energy

Some energy sources, if properly planned and
managed, can be associated with compatible land
uses. Natural gas and oil extraction can often co-
occur with cattle and bison grazing, nature preserves,
or recreational activities. Coal extraction may be
compatible with timber extraction and recreation.
Wind energy may be compatible with agriculture and
grazing. And solar energy is compatible with many
structures in the built environment. Developing
robust and diverse land-use and bio-production
systems that are integrated to produce food, feed,
fuel, fiber, and other materials and designed to be
adaptable to climatic variations represent important
steps toward a strategy that addresses climate-change
and energy-security. The challenge is to proactively
design integrated energy and land-use systems that
can meet the needs of today without compromising
the welfare of tomorrow.

Landscape ecology can enhance understanding of
the interactions among land use, energy, and climate
change. Practical applications and theories of causes
and effects of land-use change should consider how
climate change and energy use can influence land-use
practices and future land-use options. The current
state of the art reflected in scientific literature
suggests that more research is needed in at least
eight areas.

(1) Landscape designs need to be developed for
energy production in the context of other
services from the land and predicted climate
change (a la Nassauer and Opdam 2008; Dale
et al. 2011). Modeling tools can be used to
develop, assess, and visualize potential
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2

3)

“4)

landscapes and their effects (e.g., see Gaucherel
et al. 2010).

It is important to determine how climate change
will alter landscapes and conditions for the
sustained production of food, feed, fiber, fodder,
and fuel feedstocks. This need can be addressed
by focusing on relationships between pattern
and process at a range of relevant scales (see
Opdam et al. 2009).

Planners and policymakers need case studies
that provide examples and illustrate opportuni-
ties to integrate land-management systems to
achieve multiple large-scale objectives. These
demonstrations will permit prioritization of
local social and environmental goals, analysis
of tradeoffs, and development of approaches
designed to optimize productive land manage-
ment with the use of systems approaches
(Robertson et al. 2008; Bogdanski et al. 2010).
Effects of energy development and use, land-
use change, and climate change need to be
compared with a suite of indicators and relevant
information across the full life cycle of these
stressors. In contrast to that approach, use of
fossil fuels is often compared to use of renew-
able energy based only on estimates of green-
house gas emissions per unit of fuel produced
(e.g., Ceq per MJ). When considering the land-
energy-climate nexus, this approach is inade-
quate, incomplete, and inappropriate. Neverthe-
less, the US Environmental Protection Agency
(EPA) (for the Renewable Fuel Standard anal-
ysis) and the State of California (for the Low
Carbon Fuel Standard regulation) both assumed
effects of fossil fuels on land and land oppor-
tunities were insignificant because well-sites are
small relative to the energy produced (minimal
Ceq per MJ). Hence, the effects of millions of
kilometers of roads and seismic lines that were
inserted into remote habitats (from the Amazon
to the boreal forests), along with the loss of
mangroves, salt-water marshes, and threatened
wetland habitats from Angola to Louisiana,
were all considered insignificant relative to the
amount of energy derived. This approach to
quantify effects of energy development must be
corrected. First, the effects on land and climate
of fossil-energy exploration, production, and
use need to be better quantified and understood.
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®)

(6)

)

The concept of “landscape services” can pro-
vide a useful way to address both valuation
needs and to communicate with diverse stake-
holders (Termorshuizen and Opdam 2009).
Second, the location of lands affected as well
as the intensity, duration, extent, and reversibil-
ity of effects need consistent analysis using
functional units for comparison that reflect
environmental and social priorities. Third, the
intrinsic value of fossil fuels left in the ground
needs to be considered not only as an opportu-
nity cost to future generations, but also as a
direct withdrawal of value from current
accounts. Fourth, the energy value of millions
of years of biotic growth, decomposition, heat,
and pressure would need to be included in an
equation to equitably compare the total embed-
ded energy in fossil fuels with that in renewable
fuel alternatives today.

Local and regional processes and drivers of
first-time land-use change need to be character-
ized and modeled. This effort might build upon
the landscape approach presented by Sohl et al.
(2010) under which regional models of second-
ary land change include geographic setting,
land-use history, and drivers of change that
represent local land-use patterns.

Sustainability benefits and metrics for different
feedstock crops need to be documented. Agree-
ing on specific indicators of environmental
change that can be affected is a first step (see
McBride et al. 2011). Data for these measures
need to be collected at relevant scales and
compared to threshold or target values in order
to interpret potential changes.

It is important to identify the spatial and
temporal resolution at which it is appropriate
to assess and manage land-use effects on
climate change, energy, and other factors [such
as Weishampel et al. (1999) has done for soil
processes]. A related step is to improve our
understanding of current land uses and the
implications for current and future carbon
storage and release, as well as the extent and
availability of underutilized lands that are
suitable for bioenergy crops, wind farms,
hydroelectric projects, solar panels, nuclear
power plants, or other energy sources with
minimal impacts on ecosystem services (e.g.,
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see Van Doorn and Bakker 2007). Landscape-
ecology approaches permit analysis of land-use
options to address a diverse set of social needs
(e.g., see Atwell et al. 2009).

(8) Finally, quantitative tools need to be developed
that can estimate indirect effects of energy use,
land-use change, and climate change at appro-
priate scales. Together, these approaches can be
used to address the relationship among land use,
climate change, energy, food security, and
poverty—a pressing concern that also falls
within the purview of landscape ecology (Pija-
nowski et al. 2010).

Land use, climate change, and energy influence
each other through a complex set of processes and
feedback loops that remain to be properly docu-
mented, modeled, and calibrated. Landscape ecology
can provide decision makers with information on
benefits and costs resulting from choices about the
spatial location of energy choices in terms of impact
intensity, extent, longevity, and likely interactions
that may compound or offset some effects. Opportu-
nity costs must also be considered in deciding where
to use land for energy, agriculture, or human
habitation and if and when to draw down further on
fossil reserves. Decisions should be based on scien-
tific study and evidence of environmental, social, and
economic tradeoffs and should consider both the
short-term and long-term implications of climate
change, land use, and energy production and use in an
integrated fashion.
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