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ABSTRACT
In recent decades, changes that human activities have wrought
in Earth’s life support system have worried many people. The human population has doubled in the past 40 years and is projected
to increase by the same amount again in the next 40. The expansion of infrastructure and agriculture necessitated by this population growth has quickened the pace of land transformation and
degradation. We estimate that humans have modified >50% of
Earth’s land surface. The current rate of land transformation,
particularly of agricultural land, is unsustainable. We need a lively
public discussion of the problems resulting from population
pressures and the resulting land degradation.
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INTRODUCTION
“Global Change” refers to changes that alter the atmosphere
and oceans, and hence are experienced globally. It also refers to
local changes that are so common as to be, collectively, of global
importance; these include changes in climate, in composition of
air and water, in biodiversity, and in land use (Vitousek, 1992;
Rockström et al., 2009). Herein, we focus on land use (Fig. 1).
Vitousek (1992, p. 7) remarks that this may be the “most significant component of global change” for decades to come.
Many changes in land use are a consequence of the increase in
human population and the resulting demand for more resources—
among them, minerals, soil, and water. This demand now exceeds
that which Earth can provide sustainably. The long-term sustainability issue is more serious than, but exacerbated by, climate
change.
By the middle of the nineteenth century, the extent to which
humans had already modified the landscape was recognized by
George Perkins Marsh (1864). Marsh understood that Earth’s
ability to provide the many ecosystem services upon which we
depend was exhaustible.
Over the last half century, numerous impacts of changes in land
use have been identified (Lambin and Geist, 2006, p. 1). In the
1970s, it was recognized that changes in albedo and evapotranspiration due to clearing and overgrazing had led to local decreases
in rainfall. In the 1980s, the role of land-use changes in the carbon
cycle was highlighted. Many papers since the late 1990s have
drawn attention to the effects of land use on biodiversity, ecosystem services, and soil degradation.
Humans are likely the premier geomorphic agent currently
sculpting Earth’s surface (Hooke, 1994). Earth is moved and the
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landscape modified, commonly degraded, by many of our
activities. Mining, infrastructure expansion, and urban
development are obvious ones. Plowing moves huge amounts of
earth and leads to accelerated erosion. Grazing and logging also
increase erosion. Much of the eroded sediment ends up as
colluvium on hillslopes and as alluvium in floodplains (Trimble,
1999; Wilkinson and McElroy, 2007), thus subtly altering the
shape of the land. The rest is carried away by streams and rivers.
We are land animals. The resources upon which we depend
come largely from the land. The land and the other inhabitants
it supports, its biodiversity, provide us with food, fiber, mineral
resources, medicines, industrial products, and innumerable ecosystem services like cleansing our waste water, dampening flood
peaks, breaking down rocks into productive soil, maintaining the
supply of oxygen in the atmosphere, and supporting pollinators
for many crops and predators that control many agricultural pests
(MEA, 2003 [see esp. chapter 2, p. 49–70]; TEEB, 2010). The
diversity of species contributes to the stability or resilience of this
life support system, facilitating continuation of services despite
disturbances (Rockström et al., 2009). Degrading the land
degrades our life support system. The land is an essential resource
for future generations.

LAND AREA MODIFIED BY HUMAN ACTION
Assessments of the percentage of ice-free land affected by
human action vary from 20% to 100%. Humans appropriate 20%
to 40% of Earth’s potential net primary biological production
(Haberl et al., 2007; Imhoff et al., 2004; Vitousek et al., 1986).
Nearly 24% of Earth’s surface area likely experienced decline in
ecosystem function and productivity between 1981 and 2003
(Bai et al., 2008). As of 1995, ~43% of Earth’s surface area had
experienced human-induced degradation (Daily, 1995). Ellis
and Ramankutty (2008) concluded that more than 75% of Earth’s
ice-free land area could no longer be considered wild. Of Earth’s
ice-free land area, 83% is likely directly influenced by human
beings (Sanderson et al., 2002). Our pollutants affect plant and
animal physiology worldwide (McKibben, 1989, e.g., p. 38, 58).
The amount of earth moved by humans and the history of
human earth moving have been discussed previously (Hooke,
1994, 2000). Herein, we consider the area of the landscape we
humans have reconfigured.

Changes through Time in Cropland, Pasture, Forest, and
Urban Land
In pioneering studies, Ramankutty and Foley (1999) and Klein
Goldewijk (2001, and pers. comm., March 2010) assessed the
land area used as cropland or pasture (Klein Goldewijk, 2001, only)
and that covered by forest (supplemental data1), during the past
300 years. Recently, they have updated some of their estimates
(Ramankutty et al., 2008; Klein Goldewijk et al., 2011), and
Pongratz et al. (2008, and pers. comm., Jan. 2012) have presented

new ones. All of these studies are based on data collected by the
Food and Agriculture Organization of the United Nations since
1961 (http://faostat.fao.org). The authors then hindcast and
sometimes forecast using satellite, ground-truth, and historical
data (Fig. 2). Ramankutty et al. (2008) give values only for 2000.
Thus, we adjusted the Ramankutty and Foley (1999) values for
cropland in earlier years downward by the percent difference
between the Ramankutty et al. (2008) and projected Ramankutty
and Foley (1999) values for 2000 (see the supplemental data,
Sec. C, for additional details [footnote 1]).
Noteworthy in Figure 2 are the increases in cropland and
pasture over the past 300 years, the corresponding decrease in
forest, and the recent decreases in the rate of change of all three.
Recent estimates of the global urban area range from 0.3 to
3.5 Mkm2 (Potere and Schneider, 2007). The wide range is due to
differences in the definition of “urban” and in the methodology
for identifying areas that are urban. An urban area is one in which
the population density exceeds a minimum value. Different

countries, however, use different minima, ranging from <200 to
4000 people/km2. Methodologically, the problem is the lack of a
standard remote sensing technique for identifying urban areas.
Common approaches use either the intensity of night lights or the
extent of impervious ground. The former varies spatially, because
more affluent countries use more power. The latter overlooks
open space around houses that, nonetheless, has been modified by
human action.
We think of “urban areas” as expanses of contiguous land, divided
into parcels (≤~1 ha) with different owners, and modified for
residential or commercial purposes. This includes land covered by
structures or pavement as well as intervening land modified to form
gardens or parks. The estimate of 3.5 Mkm2 (CIESIN, 2010) best
reflects this description. It is based on night lights, censuses, and a
variety of supplementary data, and is as of 2005. We projected back
ward and forward using CIESIN’s population density (796 people/
km2) and estimates of urban population from UNPD (2004, 2007a,
2007b) and Kelley and Williamson (1984).
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Figure 1. Land transformation: Before New York (top: reproduced from National Geographic Magazine, September 2009, with permission of the National
Geographic Society; bottom: New York, USA, © Robert Clark/INSTITUTE for Artist Management).

GSA supplemental data item 2012340, supplemental information, definitions, figures, tables, and references, is online at www.geosociety.org/pubs/ft2012.htm. You
can also request a copy from GSA Today, P.O. Box 9140, Boulder, CO 80301-9140, USA; gsatoday@geosociety.org.
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Figure 2. Changes in land use through time with extrapolations to 2050 AD.
Population data and projections are from UNPD (1999). See text and supplemental
data (Sec. C; see text footnote 1) for other sources and estimates. KG’01—Klein
Goldewijk (2001); KG’11—Klein Goldewijk et al. (2011); P+—Pongratz et al.
(2008); R+— Ramankutty et al. (2008); RF—Ramankutty and Foley (1999).
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In Table 1, we present a more comprehensive estimate, as of 2007,
of the land area modified either directly by human earth moving or
indirectly by actions causing changes in sediment fluxes.
To obtain the areas of cropland and pasture in Table 1, 16.7 ±
2.4 Mkm2 and 33.5 ± 5.7 Mkm2, respectively, we first adjusted the
Ramankutty et al. (2008) value for pasture in 2000 downward by
the mean decrease between 2000 and 2007 in the FAO (2009) and
Pongratz et al. (2008) estimates. We then fit a 4th order poly
nomial through the Klein Goldewijk et al. (2011) and Ramankutty
et al. (2008) cropland data and extrapolated them to 2007. Finally,
we then averaged these values with those of Pongratz et al. (2008).
Erosion rates are higher on agricultural land; typical estimates
are 15 t ha−1y−1 for cropland and 5 t ha−1y−1 for pasture (e.g., USDA,
1989; Pimentel et al., 1995; Montgomery, 2007). Of this, ~70% is
likely redeposited nearby on slopes and floodplains (Wilkinson
and McElroy, 2007). Using population estimates, the per capita
need for agricultural land, and a mean deposition of 1 ± 0.5 m, we
estimate that the area thus reshaped in the past five millennia is
~5.3 ± 2.0 Mkm2 (see supplemental data, Sec. D [footnote 1]).
Logging operations disturb forest soils and thus also increase
erosion (Elliot et al., 1998). Unlike agricultural land that is reused
annually, however, logged areas recover as regrowth occurs.
Furthermore, part of the logged land may not be degraded. We
estimate the global area logged annually by dividing the
production (3.5 Mm3 in 2007) by an estimate of the yield per
hectare (15 ± 5 m3 ha−1). We assumed that 50% of the area would
have been disturbed during the year in which it was cut and that
due to regrowth half of the area remaining disturbed in any given
year would have recovered by the next. This calculation yielded a
disturbed area of 2.4 ± 1.2 Mkm2 in 2007. The uncertainty is
based on uncertainties of 50% in the regeneration rate, 25% in the

area initially disturbed, and 33% in the yield per hectare (see
supplemental data, Sec. E [footnote 1]).
For forested area, we extrapolated the Ramankutty and Foley
(1999) time series using a 4th order polynomial and averaged it
with the FAO (2009) estimates, yielding 41.3 ± 2.6 Mkm2. This is
identical to the Pongratz et al. (2008) estimate for forest plus
shrubland. As this includes both natural and planted forests, we
subtracted the latter, 2.7 Mkm2 (FAO, 2009). We also subtracted
the area disturbed by logging, yielding 36.2 ± 2.9 Mkm2.
To estimate the area of urban development in 2007, 3.7 ± 1.0 Mkm2,
we extrapolated the CIESIN (2010) estimate of the area in 2005,
using an annual growth rate of 2.1% (UNPD, 2007a).
The area occupied by rural housing and businesses, 4.2 ± 1.4 Mkm2,
is assessed from the rural population in 2007 (UNPD, 2007b),
assuming that people would disturb a hectare of rural land.
To calculate the land area affected by roads in rural areas, we
used data for 2002–2007 on the total lengths of roads of various
classes in 188 countries (IRF-WRS, 2009). Other data suggest that
70% of these roads are rural. We assigned widths to these various
road classes, based on standards in the United States (supplemental
data, Sec. F [footnote 1]). Assuming an uncertainty of ±15% in
road widths and in the percentage of rural roads, we obtained
0.5 ± 0.1 Mkm2.
A comprehensive list of reservoir volumes has been compiled by
the International Committee on Large Dams and updated by Chao
et al. (2008). They sum to ~10,800 km3. B.F. Chao (pers. comm.,
2011) thinks the mean reservoir depth is ~50–100 m. Noting the
large number of small reservoirs, we chose the lower number,
yielding a total surface area of 0.2 ± 0.1 Mkm2.

DISCUSSION
The data in Table 1 suggest that ~70 Mkm2, or >50% of Earth’s
ice-free land area, has been directly modified by human action
involving moving earth or changing sediment fluxes. Many of
these activities have indirect consequences well beyond the area
directly affected. Converting land to agriculture leads to local
extinctions of biota in adjacent areas, the insecticides and herbicides
used diffuse into the surroundings, killing non-target species
(Ehrlich and Ehrlich, 1981), and fertilizers foul our streams and
rivers, leading to dead zones in the ocean (Halpern et al., 2008).
Invasive species commonly find footholds on surfaces disturbed
by agricultural activities, and can severely reduce the usefulness of
large areas (e.g., Tobler, 2007). Toxic chemicals spewed into the air
from urban centers rain out over vast areas downwind. Others, like
CO2, diffuse over the entire globe. Roads and railways fragment
ecosystems, a key element of habitat destruction and a principal
cause of loss of biodiversity (Vitousek et al., 1997; Sala et al.,
2000), and runoff from them carries pollutants. The land area
ecologically impacted by roads may be tens to hundreds of meters
wider than the area physically disturbed (Forman, 2000). Runoff
from mining areas is commonly contaminated and has a high
sediment load, affecting hundreds of kilometers of riparian
ecosystems. Dust raised by plowing and other human activities
is deposited over distant surfaces. Dust commonly contains
pathogens (Prospero et al., 2005) or heavy metals (Herut et al.,
2001; Reynolds et al., 2010) that can have adverse effects on people
and other organisms. Dust also accelerates melting of snow and
ice on mountains, affecting water supplies downstream (Painter et
al., 2010). Levees on rivers prevent natural water storage during
floods, thus increasing damage downstream (e.g., Pinter et al.,
2008). Deforestation and construction projects involving earth
moving on steep slopes too commonly result in catastrophic failures and in human deaths (Kellerer-Pirklbauer, 2002). Thus, the
impact of land transformation is much larger than suggested by
the numbers in Table 1.
These impacts reduce the ecosystem services we receive, seemingly
for free, from the plants, animals, insects, and microbes with
whom we share the planet (MEA, 2005; TEEB, 2010). The global
annual value of these services is roughly twice the global GNP

(Costanza et al., 1997; Daily, 1997). They are essential for human
survival. Some are likely irreplaceable.

Cropland
The data in Figure 2 suggest that the rate of change in area of
cropland and pasture has decreased in the last few decades.
Projected into the future, these trends suggest a peak and then a
decline in the areas of both. Let’s focus on cropland, because that
is the land use for which data are most robust and the one of most
concern, given our swelling population (Fig. 2).
At least three trends are contributing to the decline in the rate
of increase in cropland:
1. Urban area is increasing, commonly at the expense of
agricultural land. Between 2000 and 2030, worldwide, the loss
of agricultural land to urbanization may be as much as
~15,000 km2 annually (Döös, 2002).
2. There is a dearth of additional land suitable for agriculture.
Of Earth’s land area, 70% to 80% is unsuitable for agriculture
owing to poor soils, steep topography, or adverse climate
(Fischer et al., 2000, p. 49; Ramankutty et al., 2002). About
half of the rest is already in crops (Table 1), and a large fraction
of the other half is presently under tropical forests that
beneficially take up CO2. Tropical-forest soil loses fertility
rapidly, once cleared.
3. Some existing agricultural land has deteriorated so much
that it is no longer worth cultivating. As of ca. 1990, soils on
nearly 20 Mkm2 of land, or ~40% of the global agricultural
land area, had been degraded (Oldeman et al., 1991, p. 28). Of
this, over half was so degraded that local farmers lacked the
means to restore it.
Partially offsetting these trends may be increases in efficiency
of farming and food distribution. Rudel et al. (2009), however,
could not find correlations that supported this hypothesis.

PROGNOSIS FOR THE FUTURE
Looking ahead a few decades, land suitable for agriculture will
likely continue to diminish as urban areas expand, soil is degraded,
fertile soil is washed down rivers and blown away ten times faster
than it is replaced (Montgomery, 2007), and water tables decline in
areas dependent on groundwater for irrigation (Gleick, 1993).
Foreseeing a shortage of arable land, global investors are, in fact,
buying huge tracts in Africa and South America (De Castro, 2011).
In addition, despite foreseeable future technological developments,
agricultural productivity is likely to decrease as (i) the supply of
phosphate for fertilizer decreases (Rosmarin, 2004); (ii) petroleum
(used to run farm machinery and as feedstock for fertilizer) becomes
more expensive and less available; (iii) pollution adversely affects
pollinators, plant growth, and predators that control agricultural
pests (Peng et al., 2004; supplemental data, Sec. H [footnote 1]); and
(iv) climate changes.
Will Earth be able to support the projected 2050 population of
8.9 billion? Fischer et al. (2000, p. 88) believe that it can. Döös and
Shaw (1999), considering climate change, water availability,
irrigation, salinization, pests, farm management, and access to
fertilizers, think it likely that the demand for cereals could be met
in the more developed countries, and highly unlikely that it would
be met in less developed ones. Seto et al. (2010, p. 95) conclude
that it is unlikely that Earth’s land resources can support current
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Data on the global length of railways are from IUR (2008).
Widths are from ADIF (2005). The product is 0.03 Mkm2. We
have no basis for estimating an uncertainty.
We found summary data on the area disturbed by mining for
14 regions or countries representing 22% of Earth’s ice-free land
area, all continents except Africa, and the two principal economic
powerhouses of today’s economy, China and the United States
(supplemental data, Sec. G [footnote 1]). The weighted mean is
0.3%. Assuming that this percentage applies globally, we obtain
~
Mkm2. For comparison, Norse et al. (1992) suggest that
the area is between 0.5 and 1.0 Mkm2, but the basis for this
estimate is unclear.
Our subtotal for land disturbed by human infrastructure (Table 1)
is ~9.0 ± 1.7 Mkm2. We believe this is a conservative estimate
because we have not evaluated the land area modified by coastal or
river engineering projects; by construction of infrastructure like
levees, electric power grids or wind farms; or by infrastructure from
the distant past (e.g., prehistoric archaeological sites).
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and future populations sustainably without a “breathtaking”
change in our way of life. Wackernagel et al. (2002) estimate that,
as of ca. 1978, the land area needed to grow crops, graze animals,
provide timber, accommodate infrastructure, and absorb waste,
all sustainably, already exceeded Earth’s available area, and that as
of 2002, we needed 20% more land than is available. If this is the
case, we are in a period of overshoot.

Overshoot
Overshoot occurs when populations exceed the local carrying
capacity. An environment’s carrying capacity for a given species is
the number of individuals “living in a given manner, which the
environment can support indefinitely” (Catton, 1980, p. 4). Only a
population less than or equal to the carrying capacity is sustainable.
A sustainable population is one that (i) consumes renewable
resources at a rate less than the rate at which they are renewed;
(ii) consumes non-renewable resources at a rate less than the rate
at which substitutes can be found; and (iii) emits pollution at a
rate less than the capacity of the environment to absorb the
pollutants (Daly, 1991, p. 256).
It is axiomatic that, on a finite planet, there is a limit to growth.
The question is, “Are we now bumping up against that limit?”
Several observations suggest that, with our present lifestyles, we
are, indeed, now living in a state of overshoot. We struggle to
supply the food needed by the present population. Groundwater
tables are declining. Our way of life is based on non-renewables
like fossil fuels, phosphates, and ores, accumulated over millions
of years, with no clear plan for adequate substitutes once natural
sources are exhausted. We discard many chemicals (e.g., CO2, N,
plastics) faster than they can be absorbed by the environment.
When the number of individuals exceeds the carrying capacity,
overuse of the environment sets up forces that, after a delay, first
reduce the standard of living and then eventually the population
(Catton, 1980, p. 4–5). Initiation of the correction may be manifested by stagnant or negative economic growth rates, by famine
and/or water shortages, by increases in disease resulting from undernourishment (Pimentel et al., 2007), and by increases in conflict.
Sound familiar? Fifty-four nations with 12% of the world’s population experienced economic declines in per capita GDP from 1990 to
2001 (Meadows et al., 2004, p. xiv; World Bank, 2003, p. 64–65).
Famine, disease, and conflict are frequently in the news.
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If we are in a state of overshoot, here are three ways to bring the
human impact on Earth back to sustainability:
1. Reduce demand. Demand can be reduced by improving
building insulation or mandating energy-efficient vehicles and
appliances. Recycling reduces demand for primary materials.
Tempering our impulse to buy things that we don’t really need
or of which we will soon tire also reduces demand.
2. Develop technological solutions. Existing technology can
mitigate our impact. Adoption of efficient building and
farming practices limits degradation, and ecological
restoration can partially reverse it (Rey Benayas et al., 2009).
Technological breakthroughs are also possible. Simon (1996)
argued that a larger population increases the likelihood of

spawning the brain power needed to achieve such
breakthroughs. But without well-fed bodies, brains don’t
function well.
Our technological skills have enabled us to support an ever
increasing population. They have also exacerbated some
problems. Use of oil as an energy source in agriculture has
increased efficiency, but at the expense of leaving us presently
dependent on a non-renewable resource. Mechanical well
drilling and pumping facilitate irrigation, but now groundwater
tables are dropping unsustainably (Gleick, 1993). Given present
usage, more than half of the U.S. High Plains aquifer will likely
last for 50 to 200 years, but significant parts will be exhausted in
<~25 years while others are already effectively spent (Buchanan
et al., 2009). Use of bioengineered wheat in Punjab, India, and
rice in Bali, Indonesia, increased crop yields, but also led to a
variety of economic, pest, and health problems (Tiwana et al.,
2007, p. xxii–xxiii; Lansing, 1991, p. 110–117).
3. Reduce the population. Increasing the availability of health
care, education, and microfinancing, particularly for women
in developing countries, reduces fertility. Reduced fertility
reduces poverty, because available resources are distributed
among fewer people. Couples worldwide can be urged to have
only two children and to delay having them so there will be
fewer people on Earth at any one time. These steps would first
slow population growth and then lead to a long-term decline.
Reducing demand is a critical component of the solution, but in
itself is not sufficient, given the magnitude of the problem. Technological progress, particularly in the energy field, is essential, but
we also think it unwise to bet too heavily on unspecified future
breakthroughs. Reducing and eventually reversing population
growth needs to be a large part of the solution. Eventually, difficult decisions will have to be made about the size of an optimum
population and how to achieve it.

CLOSURE
We would like to leave the reader pondering three questions:
1. Are natural resources (such as land, soil, water, ecosystem
services, ores) the fundamental basis for a comfortable life?
2. Above a certain threshold regional population, is comfort
inversely proportional to population?
3. How much of the unrest in the world is a consequence of
insufficient natural resources to support local populations
at a tolerable level? Periods of inadequate food production
during the past millennium have led to unrest, war, and
migration (Zhang et al., 2007). The Arab Spring is, at least in
part, a consequence of high food prices and unemployment
(Roubini, 2011).
We have shown, herein, that many of the problems now facing
humanity will be gravely exacerbated if the population continues
to increase and the land continues to degrade; many would be
vastly easier to solve with a reduced population. The transition to
a truly sustainable society (sensu Daly, 1991) requires more than a
population policy though. Unqualified growth can no longer be
our mantra. Thus, drastic changes in our economic philosophy
and, hence, in the controlling legal structure are required. The
needed changes are, indeed, breathtaking.
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