
Articles

www.biosciencemag.org  January 2011 / Vol. 61 No. 1  •  BioScience   19   

Energetic Limits to Economic Growth

James H. Brown, william r. Burnside, ana d. davidson, JoHn P. delong, william C. dunn,  
marCus J. Hamilton, norman merCado-silva, Jeffrey C. nekola, Jordan g. okie, william H. 
woodruff, and wenyun Zuo

The human population and economy have grown exponentially and now have impacts on climate, ecosystem processes, and biodiversity far 
exceeding those of any other species. Like all organisms, humans are subject to natural laws and are limited by energy and other resources. In 
this article, we use a macroecological approach to integrate perspectives of physics, ecology, and economics with an analysis of extensive global 
data to show how energy imposes fundamental constraints on economic growth and development. We demonstrate a positive scaling relationship 
between per capita energy use and per capita gross domestic product (GDP) both across nations and within nations over time. Other indicators of 
socioeconomic status and ecological impact are correlated with energy use and GDP. We estimate global energy consumption for alternative future 
scenarios of population growth and standards of living. Large amounts of energy will be required to fuel economic growth, increase standards of 
living, and lift developing nations out of poverty.
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metabolic ecology (McMahon and Bonner 1983, Schneider 
and Kay 1995, Brown et al. 2004) and empirical approaches 
from macroecology (Brown 1995) to document energetic 
constraints on human ecology that have important implica-
tions for modern humans.

The central role of energy
Economic growth and development require that energy 
and other resources be extracted from the environment to 
manufacture goods, provide services, and create capital. The 
central role of energy is substantiated by both theory and 
data.

Key theoretical underpinnings come from the laws of 
thermodynamics: first, that energy can be neither created 
nor destroyed, and second, that some capacity to perform 
useful work is lost as heat when energy is converted from 
one form to another. Complex, highly organized systems, 
including human economies, are maintained in states far 
from thermodynamic equilibrium by the continual intake 
and transformation of energy (Soddy 1926, Odum 1971, 
Georgescu-Roegen 1977, Ruth 1993, Schneider and Kay 
1995, Hall et al. 2001, Chen 2005, Smil 2008).

Empirically, the central role of energy in modern human 
economies is demonstrated by the positive relationship 
between energy use and economic growth (Shafiee and Topal 
2008, Smil 2008, Payne 2010). Here, we take a macroecologi-
cal perspective and quantify statistical relationships between 
energy use and economic activity for 220 nations over 24 
years, using data from the International Energy Agency (IEA; 
www.iea.org/stats/index.asp) and World Resources Institute 
(WRI; http://earthtrends.wri.org/index.php). Per capita energy 
consumption for each country is calculated as the sum of 
human biological metabolism plus the energy obtained from 

The human species has an interesting duality. On the one   
hand, Homo sapiens is just another species, subject to the 

same scientific laws as the millions of other animals, plants, 
and microbes. On the other hand, humans are unique. No 
other species in the history of Earth has achieved such eco-
logical dominance and created such complex socioeconomic 
systems. Because of this duality, humans have been studied 
by both natural and social scientists, but often from very dif-
ferent perspectives (Arrow et al. 2004).

In just a few thousand years the human population has 
colonized the entire world and grown to almost 7 billion. 
Humans now appropriate 20% to 40% of terrestrial annual 
net primary production, and have transformed the atmo-
sphere, water, land, and biodiversity of the planet (Vitousek 
et al. 1997, Haberl et al. 2007). For centuries some have 
questioned how long a finite planet can continue to sup-
port near-exponential population and economic growth 
(e.g., Malthus 1798, Ehrlich 1968, Meadows et al. 1972). 
Recent issues such as climate change, the global decline in 
population growth rate, the depletion of petroleum reserves 
and resulting increase in oil prices, and the recent eco-
nomic downturn have prompted renewed concerns about 
whether longstanding trajectories of population and eco-
nomic growth can continue (e.g., Arrow et al. 2004). These 
serious issues fall within the purview of both the natural and 
social sciences—especially ecology and economics.

This article integrates perspectives from physics, ecology, 
and economics with an analysis of extensive global data to 
show how scientific laws governing the flows of energy in 
the biosphere affect socioeconomic activity. Our purpose 
is neither to pit ecology against economics nor to predict 
future population and economic trends; rather, we use theo-
retical perspectives from thermodynamics, allometry, and 
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all other sources. Individual biological metabolism was esti-
mated from data on daily caloric intake for each country and 
converted to watts per individual. Energy use from all other 
sources, including fossil fuels and renewable energy supplies, 
was obtained from the IEA. For our measure of economic 
activity, we used the WRI’s data for gross domestic product 
(GDP), the market value of all goods and services produced 
within a country per year (Mankiw 2006). Both energy use 
and GDP are expressed on a per capita basis. So, per capita 
GDP can be thought of as an index of an average individual’s 
share of his or her country’s 
economy, and per capita energy 
use as the power required to 
sustain that level of economic 
activity.

 Figure 1 shows the relation-
ship between energy use and 
GDP plotted on logarithmic axes, 
with each colored line indicating 
the trajectory for a single coun-
try over the period 1980–2003. 
A regression through the mean 
GDP, G for mean energy con-
sumption and E for each country 
over the 24-year period, accounts 
for 76% of the variation. The 
fitted regression describes the 
scaling of per capita energy use 
with per capita GDP as a power 
law: E = 4.13G 0.76 (figure 1; see 
also figure S1c in supplemental 
online materials at www.jstor.org/
stable/10.1525/bio.2011.61.1.7). 
The sublinear slope, 0.76, indi-
cates that the rate of per capita 
energy consumption associated 
with greater economic activ-
ity increases less rapidly than 
GDP itself. Countries with 
larger economies take advan-
tage of economies of scale and 
new technologies to use energy 
more efficiently on a per capita 
basis (Hoffert et al. 1998). For 
example, there is both a positive 
relationship and an economy of 
scale between economic growth 
and the amount of infrastruc-
ture, such as roads, pipelines, 
and power lines, that distributes 
energy resources (Easterly and 
Rebelo 1993). The relationship 
between energy use and GDP 
holds across countries spanning 
the entire range of economic 
development from poorest to 

richest, encompassing two orders of magnitude in both energy 
use (100 to 10,000 watts) and wealth ($500 to $50,000).

 A similar trend occurs within countries over time. The 
vast majority of nations we analyzed (74%) increased both 
energy use and GDP from 1980 to 2003 and exhibited posi-
tive correlations across the 24 years (mean slope = 0.59; 95% 
confidence interval = 0.45–0.72; figure 2; see also figure S1 
at www.jstor.org/stable/10.1525/bio.2011.61.1.7). Countries 
notable for sustained recent development, such as China 
and India, show trajectories of continually increasing energy 

Figure 1. The relationship between per capita energy use and per capita gross 
domestic product (GDP; in US dollars) of countries, plotted on logarithmic axes, 
from 1980 to 2003. Note that the slope or exponent, 0.76 (95% confidence interval 5 
0.69–0.82), is close to three-quarters, which is the canonical value of the exponent for 
the scaling of metabolic rate with body mass in animals. If per capita GDP is taken 
as the size of an average individual’s economy and per capita energy use as the rate of 
energy consumption required to support that economy, this relationship may not be 
coincidental. Total per capita energy consumption is calculated as the caloric intake 
of humans (about 130 watts) plus the energy derived from all other sources, including 
fossil fuels and renewables. The thin colored lines show trends for individual 
countries from 1980 to 2003. The thick black line is a regression model fit to the mean 
values for each nation during this period. GDP data are from the World Resources 
Institute (http://earthtrends.wri.org/index.php). Total energy consumption data are 
calculated from the sum of energy consumption from eating (data from the World 
Resources Institute) plus all other sources of energy consumed for other purposes 
such as utilities, manufacturing, and transportation. Source: Data are from the 
International Energy Agency at www.iea.org/stats/index.asp.
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use. The patterns in figures 1 and 2 are consistent with the 
increasing energy use that fueled socioeconomic develop-
ment throughout history (Tainter 1988, Smil 2008). For 
example, from 1850 to 2000, while the global human popu-
lation grew fivefold, world energy use increased 20-fold and 
fossil-fuel use rose more than 150-fold (Holdren 2008).

 The relationship between energy use and GDP depicted 
in figure 1 raises several important issues. One is the consid-
erable variation around the regression line: Countries with 
similar per capita GDPs differ by more than an order of mag-
nitude in per capita energy consumption. We did not analyze 
this residual variation quantitatively, although it would be 
illuminating to do so. For example, several oil-exporting 
nations (e.g., the United Arab Emirates, Bahrain, Tajikistan, 
and Azerbaijan) are consistent outliers, with high values of 
energy use relative to GDP. We hypothesize that much of 
this energy is used to extract oil that is then exported to and 
consumed by industrialized nations. Although the United 
States is among the countries with highest per capita energy 
use, several other developed countries have comparably 
high values. We hypothesize that in some of them, such as 
Iceland, Sweden, and Norway, large quantities of energy are 
used to heat houses and workplaces during cold winters at 
high latitudes.

 Additionally, some of the variation in figure 1 may reflect 
error or a lack of standardization in the ways different coun-
tries have calculated energy use and GDP. The data sources 

that we used (IEA and WRI), although probably the best 
available, have their limitations. The original data are self- 
reported by the countries, and some of the abrupt, seemingly 
inexplicable changes in the trajectories in figure 1 may sim-
ply reflect errors or changing methods of estimating energy 
use, GDP, or both. One strength of our macroecological 
approach (Brown 1995), however, is that the hundreds of 
data points distributed over orders of magnitude variation 
mean that modest errors and other sources of uncontrolled 
noise in the data do not obscure the strong signals that are 
manifest in the robust patterns within and across countries 
over time.

 Another question is, what are the independent and 
dependent variables? Does energy use support economic 
development or does economic development drive energy 
consumption? Financial and energy economists have used 
econometric techniques to analyze time series of energy 
consumption and economic growth within countries in an 
effort to assess causal relationships, but they have reached no 
clear consensus about whether energy use causes economic 
growth, or vice versa (see Mahadevan and Asafu-Adjaye 
2007, Payne 2010). By analogy to biological allometry, we 
plotted per capita energy use as the dependent variable 
and per capita GDP as the independent variable; this is 
analogous to plotting the rate of energy use of an animal 
as a function of its body size. The exponent for the scal-
ing of energy use as a function of GDP, 0.76, is reminiscent 
of the three-quarter-power scaling of metabolic rate with 
body mass in animals (Kleiber 1961, McMahon and Bon-
ner 1983). This may not be coincidental. In a very real sense 
both animals and economies have “metabolisms.” Both con-
sume, transform, and allocate energy to maintain complex 
adaptive systems far from thermodynamic equilibrium. 
The energy and other resources that sustain these systems 
are supplied by hierarchically branching networks, such as 
the blood vessels and lungs of mammals and the oil pipe-
lines, power grids, and transportation networks of nations. 
Models of these networks suggest that three-quarter-power 
scaling optimizes distribution of resources (West et al. 1997, 
Banavar et al. 2010).

 Some may be concerned that the relationships in figures 
1 and 2 are “just correlations” that do not necessarily 
imply any underlying mechanism or causality. We disagree. 
All science is ultimately based on correlations—between 
dependent and independent variables, model predictions 
and empirical measurements, or experimental treatments 
and controls. Any mechanism or causation comes from 
logical inference. We infer that energy limits economic 
activity through direct causal mechanisms. The evidence 
for this inference is presented above and comes from three 
sources: (1) theory, the application of the second law of 
thermodynamics to complex adaptive systems; (2) data, 
the robust relationship between per capita energy use and 
per capita GDP across both space (the 220 nations of the 
world) and time (24 years); and (3) analogy, the similarity 
between biological and socioeconomic metabolism. We 

Figure 2. The frequency distribution of exponents (slopes 
from log-log plots) of economic trajectories of per capita 
energy use as a function of per capita gross domestic product 
(GDP) within countries over the time series from 1980 to 
2003. The average slope is approximately 0.6 and nearly all 
countries showed positive growth over the 24-year period. 
Source: Data are from the World Resources Institute (http://
earthtrends.wri.org/index.php) and the International 
Energy Agency (www.iea.org/stats/index.asp).
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find the last to be especially compelling. Just as a body has 
a metabolism that burns food energy to survive and grow, 
a city or national economy has a metabolism that must 
burn fuel in order to sustain itself and grow. Just as higher 
metabolic rates are required to sustain and grow larger, 
more complex bodies (Kleiber 1961, McMahon and Bonner 
1983), so higher rates of energy consumption are required 
to sustain and grow larger, more developed economies that 
provide greater levels of technological development and 
higher standards of living.

Quantitative relationships among energy use, GDP, 
and other socioeconomic indicators
Some may be concerned that the relationships in figures 
1 and 2 do not reflect what is “really important,” which 
might be some aspect of quality of life rather than GDP. 
However, nearly all measures of economic activity and 
standard of living are closely correlated with both GDP 
and energy use (figure 3; for additional variables, see figure 
S2 in the supplemental online materials at www.jstor.org/
stable/10.1525/bio.2011.61.1.7). These include measures of 
nutrition, education, health care, resource use, technology, 
and innovation. These relationships are not surprising and 
reflect mechanistic underpinnings. It takes money and en-
ergy to train engineers, MDs, and PhDs; to produce vaccines, 
drugs, and medical equipment; and to construct and main-
tain road, rail, airplane, cell phone, and Internet networks, 
hospitals and research centers, parks and conservation areas, 
and modern buildings and cities. The ecological footprint, 
an aggregate measure of per capita resource consumption 
and waste production, also increases with energy use and 
GDP (figure 3; Dietz et al. 2007). Figure 3 shows that it has 
not been possible to increase socially desirable goods and 
services substantially without concomitantly increasing the 
consumption of energy and other natural resources and 
without increasing environmental impacts that now include 
climate change, pollution, altered biogeochemical cycles, and 
reduced biodiversity.

Energetic implications for future economic growth
These empirical patterns, together with their theoretical 
underpinnings, raise the question of whether economic 
growth and associated increases in human population, 
resource use, technological development, and standard of 
living can continue their present trajectories (Grossman 
and Krueger 1995, Ausubel 1996). In figure 4 we develop 
some quantitative scenarios. We caution that these are 
not intended to be predictions of the future; rather, they 
are extrapolations of the power-law relationship shown 
in figure 1 to estimate the quantity of energy that would 
be required to support different global populations and 
levels of economic development. So, for example, raising 
the current global population to the standard of living in 
the United States would require a nearly fivefold increase 
in the rate of energy consumption, from 17 to 77 terawatts  
(1 terawatt = 1012 watts). Population growth must also 

be considered in any future scenario. To support a 
projected global population of 9.5 billion in 2050 with an 
average standard of living equivalent to the current US 
lifestyle would require about 268 terawatts, 16 times the 
current global energy use. Even maintaining this increased 
population at the more modest Chinese standard of living 
would require 2.5 times more energy than is used today 
(figure 4).

 There are good reasons, however, such simple scenarios 
based on extrapolations of current population and economic 
trends may be imprecise. Our calculations incorporate 
the economy of scale implicit in the nonlinear scaling of 
energy use with GDP, but do not take into account many 
potentially important factors, such as greater efficiency 
that may be triggered by energy shortages; technological 
innovations that may increase energy supplies; and socio-
economic, demographic, and behavioral changes. Indeed, 
the global human socioeconomic system is complex, poised 
far from thermodynamic equilibrium by high rates of energy 
input and transformation. Such systems have unpredictable 
nonlinear dynamics, making it nearly impossible to predict 
very far into the future (Schneider and Kay 1995).

 One thing is clear: If the relationships depicted in 
figures 1–3 characterize fundamental causal relationships 
among the rate of energy use, level of economic activity, 
and standard of living, then additional economic growth 
and development will require some combination of (a) 
increased energy supply, (b) decreased per capita energy 
use, and (c) decreased human population. We consider 
each in turn.

Increased energy supply. The sources of energy that may 
be used to support future economic growth include finite 
stocks of fossil fuels as well as nuclear, renewable, and other 
proposed but unproven technologies. Fossil fuels currently 
provide 85% of humankind’s energy needs (figure 5), but 
they are effectively fixed stores that are being depleted 
rapidly (Heinberg 2003, IEA 2008, Hall and Day 2009). 
Conventional nuclear energy currently supplies only about 
6% of global energy; fuel supplies are also finite, and future 
developments are plagued by concerns about safety, waste 
storage, and disposal (Nel and Cooper 2009). A breakthrough 
in nuclear fusion, which has remained elusive for the last  
50 years, could potentially generate enormous quantities of 
energy, but would likely produce large and unpredictable 
socioeconomic and environmental consequences. Solar, 
hydro, wind, and tidal renewable energy sources are abun-
dant, but environmental impacts and the time, resources, 
and expenses required to capture their energy limit their 
potential (Hall and Day 2009). Biofuels may be renew-
able, but ecological constraints and environmental impacts 
constrain their contribution (Fargione et al. 2008). More 
generally, most efforts to develop new sources of energy face 
economic problems of diminishing returns on energy and 
monetary investment (Hall et al. 1986, Tainter 1988, Allen 
et al. 2001, Tainter et al. 2003).
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Decreased per capita energy use. The Malthusian-Darwinian 
dynamic that has shaped the evolution of human behav-
ior and demography has created powerful tendencies for 
individuals and societies to exploit all available resources 
and use all available technologies to enhance personal 

status, biological fitness, and societal wealth (Lotka 1922). 
Poor people migrate to cities and to other countries to 
improve their prospects. Citizens of developing countries 
such as China and India are not usually satisfied with the 
status quo, and understandably want to live like those 

Figure 3. Variables reflecting socioeconomic status and standard of living are strongly correlated with per capita energy 
use (upper panels) and per capita gross domestic product (GDP; lower panels). The variables include measures of health 
and wellness (population growth rate, doctors per 100,000 people, life expectancy, infant mortality, caloric intake, national 
poverty), energy use (electricity [kilowatt hours], residential energy [kilograms of oil equivalent]), resource consumption 
(meat, televisions, aluminum [kilotons], waste [kilograms]), intellectual and technological contributions (Nobel Prizes, 
patents), and ecological impacts (ecological footprint [in hectares]). All correlations (r) are significant (P < 0.05). Data 
sources are provided in supplemental online materials (www.jstor.org/stable/10.1525/bio.2011.61.1.7).
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in the developed world. People in the richest nations are 
reluctant to sacrifice economic growth—much less give up 
their automobiles, electronics, and organ transplants—so 
that people in poorer countries can have bicycles, personal 
computers, and flu shots.

Decreased human population. With growing standards of 
living and rates of energy use, parents tend to invest more 
resources in fewer children (Moses and Brown 2003). This 
trade-off between the number and quality of offspring 

contributes to demographic transitions, where family size 
and the rate of population growth decrease with increas-
ing economic development (Thompson 1929). The global 
population growth rate has declined in the last decade, 
but only a few developed countries currently have zero or 
negative population growth (WRI, http://earthtrends.wri.
org/index.php). The relationship between family size and per 
capita energy use suggests that five times the current rates 
of energy supply will be required to achieve a global level 
of socioeconomic development capable of stabilizing the 
human population without infringing on the freedom of 
individuals to have as many children as they choose (Moses 
and Brown 2003, DeLong et al. 2010).

 The bottom line is that an enormous increase in energy 
supply will be required to meet the demands of projected 
population growth and lift the developing world out of 
poverty without jeopardizing current standards of living 
in the most developed countries. And the possibilities for 
substantially increasing energy supplies are highly uncertain. 
Moreover, the nonlinear, complex nature of the global 
economy raises the possibility that energy shortages might 
trigger massive socioeconomic disruption. Again, consider 
the analogy to biological metabolism: Gradually reducing 
an individual’s food supply leads initially to physiological 
adjustments, but then to death from starvation, well before 
all food supplies have been exhausted.

 Mainstream economists historically have dismissed 
warnings that resource shortages might permanently limit 
economic growth. Many believe that the capacity for 
technological innovation to meet the demand for resources 
is as much a law of human nature as the Malthusian-
Darwinian dynamic that creates the demand (Barro and 
Sala-i-Martin 2003, Durlauf et al. 2005, Mankiw 2006). 
However, there is no scientific support for this proposition; 
it is either an article of faith or based on statistically flawed 
extrapolations of historical trends. The ruins of Mohenjo 
Daro, Mesopotamia, Egypt, Rome, the Maya, Angkor, 
Easter Island, and many other complex civilizations provide 
incontrovertible evidence that innovation does not always 
prevent socioeconomic collapse (Tainter 1988, Diamond 
2004).

Conclusions
We are by no means the first to write about the limits to 
economic growth and the fundamental energetic constraints 
that stem directly from the laws of thermodynamics and 
the principles of ecology. Beginning with Malthus (1798), 
both ecologists and economists have called attention to the 
essential dependence of economies on natural resources 
and have pointed out that near-exponential growth of 
the human population and economy cannot be sustained 
indefinitely in a world of finite resources (e.g., Soddy 1922, 
Odum 1971, Daly 1977, Georgescu-Roegen 1977, Cleveland 
et al. 1984, Costanza and Daly 1992, Hall et al. 2001, Arrow 
et al. 2004, Stern 2004, Nel and van Zyl 2010). Some 
ecological economists and systems ecologists have made 

Figure 4. Current and projected global energy 
consumption based on alternative scenarios of population 
growth (2006, 2025, and 2050) and standard of living 
(equivalent to contemporary Uganda, China, and 
United States). Dashed line is total global terrestrial net 
primary productivity (NPP), 75 terawatts (Haberl et 
al. 2007). Data sources and calculation methods can be 
found in supplemental online materials (www.jstor.org/
stable/10.1525/bio.2011.61.1.7).

Figure 5. Sources of energy currently consumed by the 
global human economy. Total annual consumption is 
approximately 15.9 terawatts (TW; 1 terawatt = 1012 watts), 
of which about 85% comes from fossil fuels, 6% from nuclear 
energy, and the remaining 9% from solar, hydro, wind, and 
other renewable sources (BP 2009, REN21 2009).
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similar theoretical arguments for energetic constraints 
on economic systems (e.g., Odum 1971, Hall et al. 1986). 
However, these perspectives have not been incorporated 
into mainstream economic theory, practice, or pedagogy 
(e.g., Barro and Sala-i-Martin 2003, Mankiw 2006), and 
they have been downplayed in consensus statements by 
influential ecologists (e.g., Lubchenco et al. 1991, Palmer et 
al. 2004, ESA 2009) and sustainability scientists (e.g., NRC 
1999, Kates et al. 2001, ICS 2002, Kates and Parris 2003, 
Parris and Kates 2003, Clark 2007).

 Our explicitly macroecological and metabolic approach 
uses new data and analyses to provide quantitative, mecha-
nistic, and practically relevant insights into energetic limits 
on economic growth. We hope the evidence and interpre-
tations presented here will call the attention of scientists, 
policymakers, world leaders, and the public to the central 
but largely underappreciated role of energetic limits to 
economic growth.

Acknowledgments
For support we thank the Howard Hughes Medical 
Institute and National Institute of Biomedical Imaging 
and Bioengineering Interfaces grant to JHB, JGO, and WZ; 
National Science Foundation (NSF) Grant DEB-0541625 
and the Rockefeller Foundation to MJH; NSF Grant 
OISE-0653296 to ADD; and National Institutes of Health 
Grant DK36263 to WHW. We thank the many colleagues 
who have discussed these ideas with us and encouraged us to 
write this article. Charles A. S. Hall, Charles Fowler, Joseph 
A. Tainter, and several anonymous reviewers provided 
helpful comments on earlier drafts of the manuscript.

References cited
Allen TFH, Tainter JA, Pires JC, Hoekstra TW. 2001. Dragnet ecology—

“Just the facts, ma’am”: The privilege of science in a postmodern world. 
BioScience 51: 475–485.

Arrow K, Dasgupta P, Goulder L, Daily G, Ehrlich P, Heal G, Levin S, 
Schneider S, Starrett D, Walker B. 2004. Are we consuming too much? 
Journal of Economic Perspectives 18: 147–172. 

Ausubel JH. 1996. Can technology spare the Earth? American Scientist 84: 
166–178.

Banavar JR, Moses ME, Brown JH, Damuth J, Rinaldo A, Sibly RM, 
Maritan A. 2010. A general basis for quarter power scaling in 
animals. Proceedings of the National Academy of Sciences 107: 
15816–15820.

Barro RJ, Sala-i-Martin X. 2003. Economic Growth. 2nd ed. MIT Press.

[BP] British Petroleum. 2009. BP Statistical Review of World Energy June 2006. 
BP.    (11 October 2010; www.bp.com/liveassets/bp_internet/globalbp/globalbp_
uk_english/reports_and_publications/statistical_energy_review_2006/
STAGING/local_assets/downloads/spreadsheets/statistical_review_full_ 
report_workbook_2006.xls)

Brown JH. 1995. Macroecology. University of Chicago Press.

Brown JH, Gillooly JF, Allen AP, Savage VM, West GB. 2004. Toward a meta-
bolic theory of ecology. Ecology 85: 1771–1789.

Chen J. 2005. The Physical Foundation of Economics: An Analytical Ther-
modynamic Theory. World Scientific.

Clark WC. 2007. Sustainability science: A room of its own. Proceedings of 
the National Academy of Sciences 104: 1737–1738.

Cleveland CJ, Costanza R, Hall CAS, Kaufmann RK. 1984. Energy and the 
U.S. economy: A biophysical perspective. Science 225: 890–897.

Costanza R, Daly HE. 1992. Natural capital and sustainable development. 
Conservation Biology 6: 37–46.

Daly HE. 1977. Steady-state Economics. Freeman.
DeLong JP, Burger O, Hamilton MJ. 2010. Current demographics suggest 

that future energy supplies will be inadequate to slow human popula-
tion growth. PLoS ONE 5: e13206. doi:10.1371/journal.pone.0013206

Diamond J. 2004. Collapse: How Societies Choose to Fail or Succeed. Viking 
Adult.

Dietz T, Rosa EA, York R. 2007. Driving the human ecological footprint. 
Frontiers in Ecology and the Environment 5: 13–18.

Durlauf SN, Johnson PA, Temple JRW. 2005. Growth econometrics. Pages 
555–677 in Aghion P, Durlauf SN, eds. Handbook of Economic Growth. 
Elsevier.

Easterly W, Rebelo S. 1993. Fiscal policy and economic growth: An empiri-
cal investigation. Journal of Monetary Economics 32: 417–458.

Ehrlich P. 1968. The Population Bomb. Ballantine.
[ESA] Ecological Society of America. 2009. Ecological Impacts of Economic 

Activities. ESA. (14 October 2010; www.esa.org/pao/economic_activities.
php)

Fargione J, Hill J, Tilman D, Polasky S, Hawthorne P. 2008. Land clearing 
and the biofuel carbon debt. Science 319: 1235–1238.

Georgescu-Roegen N. 1977. The steady state and ecological salvation: A 
thermodynamic analysis. BioScience 27: 266–270.

Grossman GM, Krueger AB. 1995. Economic growth and the environment. 
Quarterly Journal of Economics 110: 353–377.

Haberl H, Erb K-H, Krausmann F, Gaube V, Bondeau A, Plutzar C, Ging-
rich S, Lucht W, Fischer-Kowalski M. 2007. Quantifying and mapping 
the human appropriation of net primary production in Earth’s terres-
trial ecosystems. Proceedings of the National Academy of Sciences 104: 
12942–12947.

Hall CAS, Day JW Jr. 2009. Revisiting the limits to growth after peak oil. 
American Scientist 97: 230–237.

Hall CAS, Cleveland CJ, Kaufmann RK. 1986. Energy and Resource Quality: 
The Ecology of the Economic Process. Wiley.

Hall C, Lindenberger D, Kümmel R, Kroeger T, Eichhorn W. 2001. The 
need to reintegrate the natural sciences with economics. BioScience 51: 
663–673.

Heinberg R. 2003. The end of the oil age. Earth Island Journal 18: 3.
Hoffert MI, et al. 1998. Energy implications of future stabilization of atmo-

spheric CO2 content. Nature 395: 881–884.
Holdren JP. 2008. Science and technology for sustainable well-being.  

Science 319: 424–434.
[ICS] International Council for Science. 2002. Report of the Scientific and 

Technological Community to the World Summit on Sustainable Devel-
opment (WSSD). ICS. Report no. 1.

[IEA] International Energy Agency. 2008. World Energy Outlook 2008.  
Organisation for Economic Co-operation and Development and IEA.

Kates RW, Parris TM. 2003. Long-term trends and a sustainability transi-
tion. Proceedings of the National Academy of Sciences 100: 8062–8067.

Kates RW, et al. 2001. Environment and development: Sustainability  
 science. Science 292: 641–642.

Kleiber M. 1961. The Fire of Life: An Introduction to Animal Energetics. 
Wiley.

Lotka AJ. 1922. Contribution to the energetics of evolution. Proceedings of 
the National Academy of Sciences 8: 147–151.

Lubchenco J, et al. 1991. The sustainable biosphere initiative: An ecologi-
cal research agenda: A report from the Ecological Society of America. 
Ecology 72: 371–412.

Mahadevan R, Asafu-Adjaye J. 2007. Energy consumption, economic 
growth and prices: A reassessment using panel VECM for developed 
and developing countries. Energy Policy 35: 2481–2490.

Malthus TR. 1798. An Essay on the Principle of Population. Prometheus.
Mankiw NG. 2006. Macroeconomics. 6th ed. Worth.
McMahon TA, Bonner JT. 1983. On Size and Life. Scientific American Library.
Meadows DH, Meadows DL, Randers J, Behrens WW. 1972. The Limits to 

Growth: A Report for the Club of Rome’s Project on the Predicament 
of Mankind. Earth Island.

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/61/1/19/303944 by guest on 13 M

arch 2024



26   BioScience  •  January 2011 / Vol. 61 No. 1 www.biosciencemag.org

Articles

———. 1926. Wealth, Virtual Wealth, and Debt: The Solution of the Eco-
nomic Paradox. Omni.

Stern DI. 2004. Economic growth and energy. Pages 35–78 in Encyclopedia 
of Energy, vol 2. Academic Press.

Tainter JA. 1988. The Collapse of Complex Societies. Cambridge University 
Press.

Tainter JA, Allen THF, Little A, Hoekstra TW. 2003. Resource transitions 
and energy gain: Contexts of organization. Conservation Ecology 7: 4.

Thompson WS. 1929. Population. American Journal of Sociology 34: 
959–975.

Vitousek PM, Mooney HA, Lubchenco J, Melillo JM. 1997. Human 
domination of Earth’s ecosystems. Science 277: 494–499.

West GB, Brown JH, Enquist BJ. 1997. A general model for the origin of 
allometric scaling laws in biology. Science 276: 122–126.

James H. Brown (jhbrown@unm.edu) is a distinguished professor at the 
University of New Mexico and external faculty of the Santa Fe Institute. 
William R. Burnside, William C. Dunn, Jordan G. Okie, and Wenyun Zuo 
are PhD candidates in the Department of Biology at the University of New 
Mexico. Ana D. Davidson is a postdoctoral researcher at the National Uni-
versity of Mexico and adjunct professor of biology at the University of New 
Mexico. John P. DeLong is a postdoctoral associate at Yale University in the 
Department of Ecology and Evolutionary Biology. Marcus J. Hamilton is an 
archaeological anthropologist at the University of New Mexico and the Santa 
Fe Institute. Norman Mercado-Silva is a research specialist with the School 
of Natural Resources and the Environment, Arizona Cooperative Fish and 
Wildlife Research Unit, at the University of Arizona, in Tucson. Jeffrey C. 
Nekola is an ecologist at the University of New Mexico.  William H. Woodruff 
is a scientist at Los Alamos National Laboratory and external faculty at the 
Santa Fe Institute. 

Moses ME, Brown JH. 2003. Allometry of human fertility and energy use. 
Ecology Letters 6: 295–300.

[NRC] National Research Council. 1999. Our Common Journey. The 
National Academies Press.

Nel WP, Cooper CJ. 2009. Implications of fossil fuel constraints on 
economic growth and global warming. Energy Policy 37: 166–180.

Nel WP, van Zyl G. 2010. Defining limits: Energy constrained economic 
growth. Applied Energy 87: 168–177.

Odum HT. 1971. Environment, Power and Society. Wiley.
Palmer M, et al. 2004. Ecology: Ecology for a crowded planet. Science 304: 

1251–1252.
Parris TM, Kates RW. 2003. Characterizing a sustainability transition: Goals, 

targets, trends, and driving forces. Proceedings of the National Academy 
of Sciences 100: 8068–8073.

Payne JE. 2010. Survey of the international evidence on the causal 
relationship between energy consumption and growth. Journal of 
Economic Studies 37: 53–95.

[REN21] Renewable Energy Policy Network for the 21st Century. 2006. Renew-
ables, Global Status Report: 2006 Update. REN21 Steering Committee.

Ruth M. 1993. Integrating Economics, Ecology, and Thermodynamics. 
Springer.

Schneider ED, Kay JJ. 1995. Order from Disorder: The Thermodynamics of 
Complexity in Biology. Pages 161–172 in Murphy MP, O’Neill LAJ, eds. 
What Is Life: The Next Fifty Years. Reflections on the Future of Biology. 
Cambridge University Press.

Shafiee S, Topal E. 2008. An econometrics view of worldwide fossil fuel 
consumption and the role of US. Energy Policy 36: 775–786.

Smil V. 2008. Energy in Nature and Society: General Energetics of Complex 
Systems. MIT Press.

Soddy F. 1922. Cartesian Economics: The Bearing of Physical Science upon 
State Stewardship. Hendersons.

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/61/1/19/303944 by guest on 13 M

arch 2024


