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Abstract
Infrastructure is the foundation on which industrialized economies are
built. As global population has grown and as economies of many regions
have expanded, the quantity and scale of infrastructure has increased
dramatically. Although some infrastructure is used to move people and
commodities, much infrastructure is also used to control natural pro-
cesses or to extract natural resources. Thus, understanding environmen-
tal change necessitates understanding the role of infrastructure in the
environment. We review available inventories of infrastructure and cur-
rent understanding of environmental impacts for different types of in-
frastructure. We also examine the current status of aging infrastructure
and the potential environmental impacts and benefits of infrastructure
decommissioning. Finally, we briefly review policies that have facili-
tated or inhibited infrastructure decommissioning or environmentally
oriented modifications of infrastructure operation.
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1. INTRODUCTION

To understand the current status of the envi-
ronment and the distribution and use of natu-
ral resources worldwide, it is first necessary to
understand infrastructure. The building of in-
frastructure is a response to societal demands,
primarily developmental and economic. Thus,
we begin with a brief review of the motivators
of global infrastructure expansion.

1.1. Political Economy
of Infrastructure

Infrastructure is at the core of any industri-
alized economy, necessary for day-to-day op-
erations and in forming the sinews of society

(1). Here, infrastructure includes elements that
provide crucial physical (public or private) ser-
vices for an industrial society: transportation,
water and sewage, power, and military. Eco-
nomically, infrastructure plays a central role
in decisions of where to locate industries (2)
and provides an impetus for economic devel-
opment and growth (3). With global popula-
tion and economic growth, infrastructure has
also grown worldwide (Figure 1) (4). Infras-
tructure is used to move people and commodi-
ties (e.g., roads, railroads), but also to constrain
the effects of natural processes and thus allows
people to move into areas that would not oth-
erwise be usable (e.g., dams, levees). Moreover,
infrastructure is used broadly to extract natural
resources. Thus, understanding large-scale en-
vironmental change requires an understanding
of infrastructure.

Infrastructure generally takes on two scales.
We consider fine-scale infrastructure to be that
which is developed by private landowners, local
municipalities, and at times by private indus-
try. The second scale of infrastructure is made
possible by a large concentration of capital, of-
ten triggered by external funding or subsidies,
particularly via national government or inter-
national organizations (e.g., World Bank), of-
ten making up infrastructure systems that span
regions. For example, construction of dams in
the United States increased dramatically in the
mid-twentieth century through a federal desire
to facilitate development in the arid western
United States and to revitalize the southern
U.S. economy, which was based on riverine
transport (5). Infrastructure expansion, and the
associated environmental change, is driven by
the economic demand for the services the in-
frastructure provides and is combined with the
political will and ability to facilitate the im-
plementation of the infrastructure construction
and operation programs (6). Infrastructure is
not permanent and is expected to go through
a life cycle of expansion and, eventually, con-
traction (Figure 1). Internationally, the stage of
this life cycle is quite variable, with developing
countries seeking to drastically expand their in-
frastructure, and many developed countries face
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difficult end-of-life decisions for infrastructure
that is no longer used or functional. A com-
plete life cycle of infrastructure is driven by
(a) expansion of infrastructure owing to chang-
ing technologies and economic or political de-
mand, (b) reliance on infrastructure by society
or specific economic sector, and (c) decline in
demand through a shift in technology or econ-
omy. Whether private or public, infrastructure
should be viewed as temporary on the land-
scape, and the question of what to do with in-
frastructure as it ages and/or becomes obsolete
is increasingly of concern in developed nations
(7) and ought to be considered proactively in
developing nations.

As an example of infrastructure discussions
in a developed nation, infrastructure is cur-
rently at the heart of many current policy dis-
cussions in the United States (8), and part
of the driver for this is timing: The popula-
tion and the economy of the United States ex-
panded dramatically during the mid-twentieth
century, and during this time, there was an
accompanying expansion of infrastructure (9).
As economies and technologies have shifted,
the demand for some of this infrastructure has
changed as well—with some demand increas-
ing, such as roads; some demand decreasing,
such as railroads; and some demand transition-
ing, such as the movement away from many
small coal mines to fewer but larger coal mines.
In all, many structures in the United States have
been in place for >50 years, and this is similar to
infrastructure in other developed nations, and
for a number of large structures in the devel-
oping world where outside interests played key
roles (e.g., Aswan High Dam, Panama Canal).
Public works engineers often approximate in-
frastructure lifetimes on the order of several
decades to a century (10), and thus an increas-
ing portion of U.S. infrastructure is approach-
ing or exceeding its originally intended design
life. Infrastructure conditions in the United
States have consistently declined and will re-
quire more than $1.6 trillion to reach accept-
able levels of safety and function (11).

In contrast, many developing nations are
faced with a lack of infrastructure, and so
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Figure 1
Expansion and contraction of global infrastructure systems. Oscillations in the
length of railroads are likely from closures and reopenings of different lines
worldwide. Data from Reference 4.

discussions and policy formulations are quite
different. However, because of the finite life
span of all infrastructure, the nations that are
currently expanding their infrastructure sys-
tems, such as India and China, will inevitably
face issues similar to those faced by the United
States in the coming decades. As such, the
lessons regarding environmental degradation
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associated with infrastructure, as well as deci-
sions surrounding decommissioning or adapt-
ing infrastructure, will become critically impor-
tant for these nations in the future.

1.2. Environmental Impacts of
Infrastructure and Decommissioning

The earth’s ecosystems are increasingly domi-
nated by land-use change, altered biogeochem-
ical cycles, invasive species, and a globally ma-
nipulated water budget (12). The increase in
scale of these activities from local to global dur-
ing the twentieth century was facilitated by in-
frastructure expansion: Road construction pre-
cedes deforestation; port construction precedes
ballast tank releases of aquatic invasive species
(13); and cement production, the backbone of
global infrastructure, itself contributes 5% to
global anthropogenic CO2 emissions (14) with-
out even considering the vast environmental
impacts of the roads and dams built with the
concrete.

In response to this environmental degra-
dation, there is an increasing call for restora-
tion. Restoration, as used here in the context
of infrastructure decisions, is considered as de-
liberate and purposeful decisions to assist the
recovery of damaged, degraded, or destroyed
ecosystems (15). We generally do not consider
restoring ecosystems precisely to preinfrastruc-
ture conditions possible; rather, we consider an
appropriate goal is to modify the operation or
presence of infrastructure in a way that repairs
some ecosystem functions and associated biotic
communities, without necessarily returning to
historic conditions. Although restoration has
become a burgeoning industry in some devel-
oped countries (16), the scale of most restora-
tion projects is relatively minor, particularly in
comparison with the continued rate and scale
of global environmental degradation.

The combination of infrastructure decay
and the demand for environmental restora-
tion has raised infrastructure decommissioning
as a key issue in environmental policy devel-
opment in some developed nations, particu-
larly in the United States and western Europe.

Decommissioning can include complete re-
moval or abandonment, partial removal or
modification, or altering operations of the
structure or system of structures. The potential
scale of decommissioning, and its environmen-
tal impacts/benefits remain relatively unknown,
particularly when considered across infrastruc-
ture types. Nevertheless, infrastructure decom-
missioning may provide unprecedented oppor-
tunities for restoration at scales larger than have
previously been pursued or even contemplated.

1.3. Purpose and Structure
of This Article

Here, several types of infrastructure are
reviewed as examples of the scale of
infrastructure-driven environmental change,
the number and relative age of different
infrastructure systems, and relevant science
and policies that constrain decommissioning
decisions and alternatives for operations and
management. Although the scope of the anal-
ysis here is global, we draw on examples from
the United States because of the availability of
data and because of the position of the United
States as a dominant—and aging—industrial
society. We then draw on the lessons from
these U.S. databases and, where appropriate
and possible, make recommendations for issues
that are likely to emerge in other countries
and regions of the world. Different types of in-
frastructure are first reviewed individually, and
then lessons are synthesized to point toward
needs in research, management, and policies.

2. ROADS AND RAILROADS

Roads and railroads have fundamentally altered
the earth’s ecosystems through their direct and
indirect impacts, their facilitating future devel-
opment of an area, and the sheer scale of road
and railroad networks worldwide. The bulk of
the road construction in the United States that
occurred during the nineteenth century was mi-
nor roads and paths, but the road network ex-
panded rapidly in the mid-twentieth century
(Figure 2a) (17–19), as did road construction
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Figure 2
Road and railroad infrastructure in the United States. (a) Length of U.S. surfaced roads (17–19). Surfaced roads include soil surfaced
with slag, gravel or stone, asphalt, and concrete. (b) U.S. railroad inventory (19, 21). The dashed line portion of the “in use” series is
estimated.

internationally (Figure 1). In 1900, there were
328,000 km of surfaced roads in the United
States, but through the expansion of the fed-
eral government role in national infrastructure
activities, the road network expanded to the
current 6 million km of surfaced roads, han-
dling about 12 billion vehicle kilometers per
day (20). However, since 1980, the road infras-
tructure in the United States has been expand-
ing slowly (<0.2% per year), as greater empha-
sis is on lane addition and maintenance rather
than new length construction. The epicenter of
paved road expansion has shifted to South and
East Asia.

Railroads developed rapidly during the
nineteenth century, but unlike paved roads,
railroads have been in decline in the United
States and globally over the past few decades
(Figures 1 and 2b) (21). In the United States,
railroads expanded rapidly in the late 1800s,
reached a peak length in 1919 at 407,000 km,
and then gradually declined to 164,000 km by
1997. Similarly in Britain, by the end of the
1960s, the British railroad network was about
half of its 1914 peak length of 32,000 km (22).
While the length of railroads has decreased,
freight on U.S. railroads has continued to

increase. The impetus behind these contrasting
trends is the abandonment of peripheral lines,
channeling railroad traffic instead on high-
volume lines for particular commodities; coal
alone made up >42% of freight transported by
rail in 2005, and this traffic is focused on rela-
tively few, high-volume routes (Figure 2b).

This vast network of roads and railroads has
profound ecological impacts, generally grouped
into seven effects: mortality from road con-
struction, mortality from collision with vehi-
cles, modification of animal behavior, alteration
of the physical environment, alteration of the
chemical environment, spread of exotics, and
increased use of areas by humans (23). Even
unsurfaced roads, such as forest access roads
and other unpaved surfaces prevalent through-
out developing regions, fragment ecosystems
and introduce large quantities of sediment to
streams and rivers (24). Although roads, rail-
roads, and roadsides directly cover only a small
portion of the landscape (e.g., roads and road-
sides cover 0.9% of Britain and 1.0% of the
United States), the area over which roads ex-
tend significant ecological effects—the road-
effect zone—covers an estimated 15% to 20%
of the U.S. land area (25). Expansion of road

www.annualreviews.org • Infrastructure and the Environment 353

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

00
9.

34
:3

49
-3

73
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 0

3/
14

/1
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV390-EG34-15 ARI 14 September 2009 15:42

Priority pollutants:
the U.S.
Environmental
Protection Agency
must establish ambient
environmental quality
criteria and emissions
or effluent limitations
for these pollutants

networks is often the necessary precursor for
other types of environmental degradation: De-
forestation rates in tropical rainforests are
driven by road density, and road density of
neighboring counties (26), as access to roads
is a necessary factor for the expansion of ru-
ral economies. In addition, and particularly for
paved roads, road construction uses approxi-
mately 260 Mg of concrete annually for U.S.
highway construction alone (27).

Environmental impacts specific to railroads
are also widespread. Railroad ties have been
treated with creosote for over 130 years,
and creosote contains up to 85% polycyclic
aromatic hydrocarbons (PAHs), considered a
priority pollutant by the U.S. Environmental
Protection Agency. There are over 9 million
railroad ties in Switzerland, and over 19 mil-
lion ties are produced each year in the United
States, the majority of which are treated with
creosote (28). During the average 20- to
30-year lifetime of a railroad tie, roughly 5 kg
of creosote are emitted, 0.5 kg of PAHs are
emitted, with 10 g emitted as phenolic com-
pounds, which, accumulated over the tens of
millions of railroad ties, may have an enormous
influence on photochemical ozone creation
and human health (29). Against these impacts,
railroads use about half as much energy as cars
for passenger transport, and they emit far fewer
atmospheric pollutants than cars for freight
transport—generally an order of magnitude
less grams/tonne-kilometer for CO2, NOx,
SO2, and volatile organic compounds (22).

Although much road infrastructure remains
critical and is continuing to expand in develop-
ing regions, there are some road networks and
railways that have been decommissioned, and
many more are being considered for decommis-
sioning in developed countries. In the United
States, road decommissioning is increasingly
common on lands managed by the U.S. Forest
Service (USFS) and other federal agencies.
From 1980 to 1995, there was a large increase in
the number of forest development roads, as the
total USFS roads increased almost 50%, from
362,000 to 563,000 km. Most of these roads
are not multilane, and many are no longer even

passable by high-clearance automobiles. The
USFS estimated in 2000 that its maintenance
backlog on system roads was $8 billion to
$10 billion and that maintenance costs of its
entire road system would be >$500 million per
year (30). Beginning in the 1990s, the USFS
acknowledged an excess of roads on its lands
in its annual reports. Similarly, the U.S. Fish
and Wildlife Service (also in 2000) estimated it
would spend $100 million on road maintenance
alone within the National Wildlife Refuge
System. In 1998, the USFS inventoried
3400 km of road decommissioning, and
between 2002–2005, more than 7800 km
of roads were decommissioned at a cost of
approximately $45 million. The USFS is an-
ticipating decommissioning between 161,000
and 300,000 km of roads during the next 20–40
years (31).

Forest road decommissioning ranges from
abandoning a road and treating stream cross-
ings to fully recontouring the roadbed (32).
Road decommissioning via “ripping” (essen-
tially plowing the former roadbed) increases
precipitation infiltration and decreases land-
slide erosion (33). Restoring stream crossings
has shown mixed success in the geomorphic sta-
bility and reduced sediment loads at restored
crossings (34). Unfortunately, there is very lim-
ited research on the ecological effects of road
removal, although some research has shown
wildlife benefits and stream habitat benefits of
road decommissioning in the western United
States (35–38). Also, modeling studies indicate
that wildlife habitat could be increased by 24%
in the western United States through the an-
nual removal of only 1% of USFS roads for
25 years (39) and that a modified road net-
work could be used to decrease road length
by 75% while still accessing the same points
in the forest (40). Sediment loads can increase
immediately following road recontouring, but
within 12 months, erosion from decommis-
sioned roads typically drops below levels of un-
treated roads (32). Road removal also requires
the clearing of vegetation on roadbed surfaces,
which may take several growing seasons to
regenerate.
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3. DAMS AND LEVEES

River infrastructure has accumulated to stag-
gering numbers and scales, utilizing essentially
the same technology for centuries (41). There
are >48,000 large dams worldwide (i.e., >15 m
tall) (7), which are capable of retaining about
15% of the global water runoff (42), and per-
haps as many as 800,000 known impoundments
worldwide (43). In the United States, there are
∼78,000 dams >3 m tall (Figure 3) (44, 45), and
as many as 3 to 8 million detention reservoirs
and small man-made impoundment ponds (46).
Inventories of levees are less clear, but current
estimates approach 40,000 km in the United
States (47). Whereas dams are spread relatively
constantly throughout the United States, lev-
ees are more heavily concentrated in specific ar-
eas or regions: the state of California controls
2600 km of levees in the Central Valley, and
there are over 1600 km of locally managed lev-
ees in the Sacramento-San Joaquin Delta. Also,
there are over 17,000 km of levees in the Upper
Mississippi Valley and over 3,700 km of main-
line levees along the Lower Mississippi, result-
ing in over 90% of the Mississippi River flood-
plain being leveed (48).

Globally, the rate of dam construction has
remained relatively constant, although dam
construction has shifted from western Europe
and North America toward Asia, particularly
China, and South America. Both dams and
levees experienced a substantial construction
boom in the twentieth century; the age of most
dams in the world is now >35 years, and >85%
of U.S. dams will be >50 years old by 2020
(11, 35). Because of their age, an estimated
$36 billion is needed to bring U.S. dams into
safe working conditions and to remove those
no longer needed (11). The age and structural
stability of levees is mostly unknown (49), al-
though some estimates can be made. For in-
stance, 10% of the 1800 km of inventoried
Sacramento River Project levees are in need
of significant repairs at an estimated cost of
$145 million (about $15,000 per linear meter
of levee). Moreover, historical flood-control ef-
fects (upstream dams, higher engineering) have

not reduced the occurrence or frequency of
levee breaks in California, which are still domi-
nated by relatively frequent, El Niño-Southern
Oscillation–driven floods (50).

Although dams and levees have made sig-
nificant contributions to human development
worldwide, they have come at a staggering fi-
nancial, social, and environmental cost. There
is now a preponderance of research illustrating
deleterious environmental impacts of dams, in-
cluding extinction of native species, spread of
exotic species, and disruption of normal riverine
hydrologic and nutrient cycles (51, 52). As well,
construction costs more often than not exceed
expectations, and performance revenues often
fall short, meaning that many dams do not live
up to their financial promises (7). These eco-
nomic shortfalls and environmental impacts are
in addition to the 40–80 million people world-
wide who have been physically displaced by dam
construction and operation (7).

Globally, dams intercept 4–5 Gt of sediment
per year, or about 25% to 30% of the global
riverine sediment load (43). Such scales of wa-
ter and sediment storage increase coastal ero-
sion, increase salinization of groundwater, and
drive the collapse of coastal fisheries through
the loss of riverine nutrients (53, 54). Simi-
larly, levees have come at an extreme cost in
terms of increasing downstream flood eleva-
tions (55), increasing populations in hazardous
areas (56), and widespread environmental dam-
age. Levees affect riverine ecosystems by dis-
rupting natural flood pulses (57), which are
critical for seed dispersal, plant establishment,
nutrient cycling, sediment deposition, and
maintenance of species richness. Levees also
affect vegetation distribution and recruitment
(58), as well as the cycling of nitrogen, and cu-
mulatively can lead to increased nutrient load-
ing to downstream ecosystems (59).

Over the past 20 years, there has been a
growing interest in dam and levee decommis-
sioning and also in a growing industry of dam
removal with ∼600 dams intentionally removed
in the United States alone. However, this in-
terest is worldwide, and even gained the atten-
tion of the World Commission on Dams (7).

www.annualreviews.org • Infrastructure and the Environment 355

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

00
9.

34
:3

49
-3

73
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 0

3/
14

/1
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV390-EG34-15 ARI 14 September 2009 15:42

0

25
0

50
0 19

00
19

20
19

40
19

60
19

80
20

00

H
yd

ro
e

le
ct

ri
ci

ty

In
la

nd
 w

at
er

w
ay

 fr
ei

gh
t

-20
 

40
 

60
 

80
 

10
0 19

00
19

20
19

40
19

60
19

80
20

00

Number of U.S. dams (thousands)

0%20
%

40
%

60
%

80
%

10
0%

19
14

19
44

19
74

20
04

c

0%20
%

40
%

60
%

80
%

10
0%

19
14

19
44

19
74

20
04

d

> 
1,

23
3 

m
ill

io
n 

m
3

a
b

12
3-

1,
23

3 
m

ill
io

n 
m

3

12
-1

23
 m

ill
io

n 
m

3

1.
2-

12
 m

ill
io

n 
m

3

< 
0.

12
 m

ill
io

n 
m

3

0.
12

-1
.2

 m
ill

io
n 

m
3

> 
12

 m
ill

io
n 

m
3

<
12

 m
ill

io
n 

m
3

U.S. hydroelectricity (billions of kWh) or 
inland navigation (billions of tonne-km)

Percentage of total number of U.S. 
dams

Percentage of total U.S. reservoir 
storage capacity

Fi
gu

re
3

In
ve

nt
or

y
of

da
m

-r
el

at
ed

in
fr

as
tr

uc
tu

re
in

th
e

U
ni

te
d

St
at

es
.(

a)
D

am
co

ns
tr

uc
tio

n
in

th
e

U
ni

te
d

St
at

es
(4

4,
45

),
(b

)U
.S

.i
nl

an
d

w
at

er
w

ay
fr

ei
gh

ta
nd

hy
dr

oe
le

ct
ri

ci
ty

(4
5)

,(
c)

pe
rc

en
ta

ge
of

da
m

s
in

th
e

U
ni

te
d

St
at

es
by

si
ze

an
d

(d
)b

y
st

or
ag

e
ca

pa
ci

ty
(4

4)
.

356 Doyle · Havlick

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

00
9.

34
:3

49
-3

73
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 0

3/
14

/1
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV390-EG34-15 ARI 14 September 2009 15:42

The primary questions associated with dam re-
moval in any setting or nation revolve around
the fate of released sediment, nutrients, and
any pollutants stored in the reservoir, as well
as if and when the river will recover to pre-
dam conditions (60). River response to dam
removal varies widely, and in many cases, the
removal of a dam causes only minor sediment
and nutrient elevation downstream, whereas in
others, downstream sedimentation and nutrient
loading can be substantial (61). Of particular
concern has been the mobilization of contami-
nated sediments from reservoirs, although very
few studies have been conducted that document
the downstream extent, timing, and impacts of
such transport. Also, the ecological recovery
following removal can be rapid or slow: Inver-
tebrates and fish have shown recovery within
months or years of a dam removal, whereas
unionid mussels and riparian vegetation may re-
quire decades (62). In most of these cases, the
key concerns are how to stabilize the reservoir
sediment, and if the sediment cannot be stabi-
lized, how to estimate the amount that will be
mobilized.

For levees, full removal is rare in compar-
ison to simply abandoning a breached levee
or breaching the levee intentionally. In 1993,
several levees in the United States failed along
the Missouri River, leading to widespread crop
damage and also to the creation of substantial
restoration projects through creative policies.
Following the floods, owners of flood-damaged
cropland could sell their land for permanent
easements if the cost of levee restoration and
cropland renovation exceeded the value of the
land; the levee and associated farmland was
abandoned and converted to wetlands (63). In
one instance, 1050 hectares (ha) of floodplain
along the Iowa River was purchased after a
1993 flood broke the levee in two sites and
resulted in $2.7 million in damage. These sites
were converted into the Port Louisa National
Wildlife Refuge, which created substantial
quantities of floodplain wetland restoration as
well as removing the need to reconstruct or
repair levees. However, empirical evidence of

the ecological benefits of levee decommission-
ings is completely lacking. Modeling studies,
mesocosm studies, and flooding experiments
(64, 65) have suggested that levee removal and
associated channel-floodplain reconnection
could substantially improve downstream water
quality as well as enhance trophic interactions
in food webs (66). Empirical studies docu-
menting such ecosystem improvement at the
river reach or segment scale have not been
undertaken.

4. COAL MINES

Mining activities vary widely, ranging from
underground mines, to surface strip mines,
to dredging operations. In the United States,
nearly 3.2 million ha are currently permitted for
mining, including 2063 coal mines, 263 metal
mines, 739 nonmetal mines, and 4490 stone
mines (Figure 4a) (67, 68). With the exception
of stone, the number of mines in the United
States has decreased over the past few decades,
most dramatically for coal and metal mines.
Here, we focus on coal mines, as the United
States has a long history of coal mining and its
regulation and reclamation, and because coal is
a critically important global energy source.

The environmental impacts of coal mining
include removal of vegetation, movement and
erosion of sediment, and potentially large-scale
pollution of soil, water, and the atmosphere
(69). Globally, the sediment moved as part of
mining greatly exceeds the sediment moved by
natural geomorphic processes (70). The chem-
ical pollution associated with coal mining is of-
ten the result of oxidation of minerals when the
ore is exposed to air. Acid mine drainage (AMD)
is widely considered the most serious environ-
mental problem caused by mining of sulfide
ore deposits and has well-documented effects
on fish populations and invertebrate communi-
ties, and can precipitate fundamental changes
in downstream aqueous geochemistry (71).
Between 8,000 and 16,000 km of streams in the
United States are affected by AMD, and min-
ing has contaminated the headwater reaches of
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more than 40% of the watersheds in the western
United States (72).

Coal produces about 25% of the world’s
energy and is likely to increase because of
the rising cost of petroleum and the rela-
tively large sources of coal still available in
the United States, China, and India. U.S. coal
mines remain a primary energy source in the
United States, and production is expected to
continue to expand (73). The number of coal
mines peaked at approximately 9400 mines in
1923 and in 1950 (Figure 4a). Since 1950,
the number of coal mines decreased to 1600
in 2005. Although the number of mines has
decreased over the past five decades, actual
coal production has increased slightly over
the same time period, indicating that fewer
mines are producing a greater amount of coal.
In 1944, class 1 mines—those that produced
>500,000 tons/year (454,000 tonnes/year)—
made up only 5% of the mines but produced
47% of all coal; class 6 mines—those that pro-
duced <10,000 tons/year (9,070 tonnes/year)—
made up 50% of all mines but only produced
2% of all coal. By 2004, class 1 mines made up
20% of all mines and produced 88% of U.S.
coal, whereas class 6 mines had decreased to
only 14% of all mines and produced only 0.1%
of U.S. coal. Thus, there has been a consistent
movement toward fewer, larger mines (74), and
increasingly, these are surface mines. An impor-
tant by-product of this movement has been the
abandonment of thousands of small mines.

What to do with decommissioned and aban-
doned coal mines has become a profoundly
important question over the past few decades.
Until the mid-1960s, there were essentially no
efforts made to reclaim surface-mined areas.
However, this changed in the United States
with the passage of the Surface Mining Con-
trol and Reclamation Act (SMCRA) in 1977.
The SMCRA requires mine operators in the
United States to post a bond to fund reclama-
tion and to develop a reclamation plan for a site
after mining (75). Reclamation involves restor-
ing mined lands to a postmining land use, and
this is most often forestry or pastures, which

requires restoring the original topography of
the landscape and reestablishing vegetative
cover within five years. Establishing vegetation
on previously mined lands can be quite diffi-
cult owing to soil pH, soil compaction, high
surface temperatures, and lack of soil nutrients.
Yet reclaimed sites can develop flora similar to
surrounding undisturbed sites (76), although a
number of years are needed before reclaimed
sites approach the vegetation communities of
surrounding areas, meaning that longer moni-
toring periods are likely needed to evaluate the
success of reclamation programs (77). More-
over, recovery of ecosystem functions, such as
nutrient cycling, may take decades to centuries
as different nutrients take different amounts
of time to recover predisturbance rates of
cycling.

5. OFFSHORE OIL
AND GAS PLATFORMS

U.S. oil production is dominated by >500,000
onshore oil wells, but offshore platforms make
up an increasing portion of U.S. oil production,
increasing from <5% in 1960 to >35% in 2005
(78). Since the first offshore platform was built
in the Gulf of Mexico (GOM) in 1947, over
6600 offshore structures have been constructed
in the United States as well as over 19,000 km
of oil and gas pipelines (Figure 5) (79). Glob-
ally, there are >7500 offshore platforms (80)
located in the continental shelves of 53 coun-
tries, predominantly located in the GOM (4500
current installations), 950 in East Asia, 550 in
West Africa, and 490 in the North Atlantic and
North Sea.

All phases of offshore platform construction
and operation can have environmental impacts.
During the exploration and development phase,
tens of thousands of tonnes of drilling mud are
produced, and these most often go overboard at
the offshore well site (81). Once in operation,
a major source of concern is the potential for
accidental spills. There are an estimated 6.5 oil
spills (spills >1000 barrels) per billion barrels of
extracted oil in the GOM during the extraction,
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(a) Inventory of offshore oil and gas platform construction, operation, and
removal, and (b) location of offshore platforms with respect to depth of water
(78, 79).

pipeline transportation, and tanker transporta-
tion phases combined (82).

The effect of offshore platforms on coastal
ecosystem resources, like fisheries, is some-
what ambiguous. Platforms clearly compete for
space with commercial fishing through their
limitations for navigation safety; their unburied

pipelines; and the various structures, materials,
and fragments that are often associated with
platform construction. However, offshore plat-
forms also create unique habitats, and act as
artificial reefs. Observations in the GOM sug-
gested a positive relationship between offshore
platforms and fish populations (83), although
other studies have questioned whether these
structures increased fish production or simply
attracted fish (84). More recent studies in off-
shore California showed that the number of the
rockfish bocaccio living around offshore plat-
forms constituted 40% of the median value for
the entire range of the species (85). They con-
cluded that some of the platforms offshore Cal-
ifornia were producing bocaccio and not just
attracting. In the GOM, total coral abundance
was found to be related with platform age (86),
suggesting that offshore platforms may facili-
tate the expansion of coral populations overall
in the GOM.

Platform decommissionings are increasing
as aging fields reach the end of their productive
and economic limits. As such, there is growing
interest in the economic and environmental
implications of aging offshore infrastructure as
well as the options available for decommission-
ing: An estimated $29 to $40 billion is likely
needed for decommissioning over the next
30 years (87), which may become the major
issue facing the global offshore industry in the
near future. Federal laws in the United States
require that all offshore structures on a lease
be removed within one year after the lease
is terminated. Typically a lease is terminated
when production on the lease ceases. Structures
that exist on a lease that have not produced in
the last year or have not served a useful eco-
nomic function are called “idle iron” or “dead
steel,” and of the U.S. offshore structures,
approximately one-third are idle (88). It should
be noted that as oil prices rise, the economic
productivity of offshore installations increases,
and there will be a decrease in interest in
decommissioning when oil prices are high.

To date >2700 shallow water platforms
have been decommissioned (Figure 5), most of
which were completely removed then disposed
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onshore. Platforms can also be partially re-
moved, toppled, or left in place. The limitation
for offshore platform removal is the availability
and expense of heavy-lift equipment needed for
removing platforms, particularly those in deep-
water, as there are very few vessels in the world
capable of removing deepwater platforms.
For instance, to remove the Harmony plat-
form offshore California (365 m water depth,
59,000 tonnes), which is comparable in size to
New York City’s Empire State Building (381 m
tall, 54,000 tonnes of steel), requires a derrick
barge that is not available on the West Coast
(89). Although costs for removing relatively
small platforms in shallow waters of the GOM
are in the hundreds of thousands of U.S. dol-
lars (88), cost estimates for removing deepwa-
ter platforms are in the tens to hundreds of mil-
lions; cost estimates for removing the Harmony
platform exceed $123 million (89). This prob-
lem escalates globally as >50% of Brazilian off-
shore platforms are located in depths >400 m;
Norway has only 7% of the world’s offshore
installations, but it accounts for >35% of the
projected global decommissioning expenditure
because of the high weight, depth, and com-
plexity of Norwegian installations (80).

Because of the costs associated with full re-
moval and the potential ecological value of plat-
forms as reefs, in the United States the Minerals
Management Service may waive the require-
ment to remove a platform to accommodate
conversion of a platform structure to an artifi-
cial reef, following the National Artificial Reef
Plan. States have developed innovative mecha-
nisms of facilitating platform reefing, convert-
ing a decommissioned platform into an arti-
ficial reef. In Louisiana and Texas, the state
assumes responsibility for the reefs, but the oil
and gas companies must contribute half of the
disposal savings to a state environmental trust
fund. Through 2004, >190 retired platforms
were permanently dedicated for fisheries en-
hancement in federal waters offshore Louisiana
and Texas, which facilitated lower platform de-
commissioning costs and >$20 million in in-
dustry donations to state environmental trust
funds.

6. DEPARTMENT OF DEFENSE
AND ENERGY FACILITIES

U.S. Department of Defense (DOD) and
Department of Energy (DOE) facilities pose
unusual challenges and opportunities. Of the
257 million ha of U.S. federal lands, >10 mil-
lion ha belong to the DOD as military bases,
bombing ranges, and other installations (90),
and >1 million ha belong to the DOE (91).
These levels of landholding are not unique in-
ternationally: The Ministry of Defense in the
United Kingdom holds over 1% of the en-
tire U.K. landmass, and many other devel-
oped countries dedicate a comparable portion
of their land to military purposes (92).

In the United States, DOD and DOE
facilities have almost bimodal ecologies. First,
many sites contain chemical and radiological
wastes generated by the production and testing
of weapons, including nuclear weapons, as well
as contamination and ecological disturbances
associated with continued military operations.
The remediation task at these sites is mon-
umental, representing >20% of the world’s
environmental remediation market (93).
Second, along with hazardous wastes, most
of the larger DOD and DOE facilities have
extensive natural ecosystems that have been
relatively undisturbed for >50 years (91, 94),
containing some of the richest ecological
reserves of any of the nation’s public lands.
DOD facilities harbor >200 threatened and
endangered species (95). DOE buffer lands
(∼810,000 ha) are relatively uncontami-
nated and require little remediation, and
the ecological value of DOE lands led to
its preservation through the creation of the
National Environmental Research Parks.

The status of DOD and DOE facilities,
however, is changing (Figure 6). For DOD,
five rounds of Base Realignment and Closure
(BRAC) have closed or reclassified more than
400 military sites since 1988 (96). For the DOE,
the need for large security buffer areas has be-
come less important as the DOE mission shifted
away from the production of nuclear weapons
components (97). As such, there have been
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Figure 6
Distribution of U.S. military bases by size of installations (90, 96). While the majority of military bases are
small, the majority of total area in military holdings lies within a few very large bases.

increasing questions about what to do with de-
commissioned DOD and DOE lands. With
changes in military technologies and geopol-
itics, similar land-use questions are emerging
across Europe, in the former Soviet Union, on
the Korean Peninsula, former nuclear testing
sites in Oceania, and elsewhere (98).

Conversions of both DOD and DOE lands
for development often requires substantial
remediation, which has become problematic
not just because of the expense and tech-
nical difficulties of such projects, but also
because contaminant removal can disrupt
unique ecosystems that have developed during
decades of restrictive military management.
An alternative strategy has been to reduce or
avoid remediation efforts and instead allow the
sites to remain contaminated and operating as
natural reserves (99). Although this approach
avoids the disruption of surface conditions and
can preserve ecological communities that have
developed on site, it also leaves many military
hazards or toxins in situ and requires a shift
in cleanup standards that typically precludes
human residency. To date, management of
21 DOD bases on >445,000 ha has been
transferred from the DOD to the U.S. Fish
and Wildlife Service to become part of the Na-
tional Wildlife Refuge System (e.g., Jefferson

Proving Grounds, Indiana, became the Big
Oaks National Wildlife Refuge). DOE sites,
such as Hanford and Rocky Flats, have met
similar conservation-oriented redesignations.
In DOD and DOE cases, decision criteria are
dominated by strategic, economic and logis-
tical concerns, specifically, not to remediate
DOD and DOE facilities, and thus conversion
to natural refuges makes an attractive end
condition.

7. DRINKING WATER AND
WATERSHED MANAGEMENT

Drinking water supply systems are critical to
global health. Globally, over 1 billion people
do not have access to improved water supply,
and over 2.4 billion are not served by improved
sanitation infrastructure. Nearly 82 million ad-
ditional people in Africa, 418 million in Asia,
and 79 million in Latin America gained access
to a water supply through a house connection
during the 1990s. Yet the population increase
over this same period of time was even greater.
Moreover, between 1990–2000, while the num-
ber of people in rural areas with access to a water
supply and sanitation increased, the coverage of
people with access to drinking water in urban
areas decreased (100).
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The United States has over 54,000 commu-
nity water systems, which provide water for hu-
man consumption to at least 15 service connec-
tions year-round. The infrastructure for these
systems includes collection devices, drinking
water treatment plants, wells, pumps, and trans-
mission and distribution lines, including an es-
timated >960,000 km of publicly owned pipe
in the United States (101). The U.S. Environ-
mental Protection Agency has estimated that
building new, and upgrading existing, drinking
water systems from 2000 to 2019 would require
$263 billion, including $102 billion in capi-
tal investment and $161 billion in operating
and maintenance funds. Over the same 20-year
period, building new and upgrading exist-
ing wastewater treatment facilities will require
$271 billion, including $122 billion in capital
investment and $148 billion in operating and
maintenance funds (102). As population con-
tinues to grow, opportunities for decommis-
sioning water infrastructure are likely extremely
limited.

However, there may be opportunities for
ecologically based replacement of some types of
water infrastructure. Although traditional wa-
ter and wastewater treatment facilities are crit-
ical to human health, there are many natural
ecosystem services that can replace some of
these services traditionally performed by wa-
ter treatment (103). Thus, ecological restora-
tion and conservation may be a potentially use-
ful tool in reducing the costs of some water and
wastewater treatment infrastructure.

Even though this ecological approach to
providing drinking water may seem difficult at
best, the approach is being put to the test in the
most severe of trials, in New York City (NYC)
(104). Approximately 90% of NYC drinking
water is derived from the Catskill/Delaware
watershed system. This, along with a smaller
system in the Croton basin, provides an av-
erage of 4.9 billion liters (1.3 billion gallons)
of drinking water per day. NYC drinking wa-
ter is not filtered, but during the 1990s, fed-
eral regulations mandated filtration for pub-
lic surface drinking water supplies unless the

water supplier could demonstrate a sufficient
watershed control program, which minimized
potential contamination. Costs for a filtration
system on the Catskill/Delaware system were
estimated at almost $6 billion, with over $300
million in annual operating expenses. However,
if a watershed management program was devel-
oped and maintained sufficiently to meet spe-
cific water quality standards, NYC could avoid
the filtration system. Not surprisingly, this was
the option chosen.

The NYC watershed management program
contains many elements consistent with ecolog-
ical conservation and restoration. For instance,
within the watershed program is a Land Ac-
quisition Program, which purchases land from
willing sellers to be set aside as conservation
easements. This is occurring at a substantial
scale: 144,000 hectares are targeted for pur-
chase over the next 10 years at an estimated cost
of $250 million. Similarly, as part of the water-
shed management program, the City has initi-
ated a Watershed Agriculture Plan, which seeks
to improve environmental practices by farmers
within the watershed. Buffer strips bordering
reservoirs and the stream network are a core
part of the watershed plan, as natural floodplain
areas have been shown to be important to sus-
taining water quality, as well as natural stable
stream ecosystems.

NYC is not unique in its approach of us-
ing watershed conservation and restoration for
drinking water, as approximately one-third of
the world’s largest cities obtain a significant pro-
portion of their drinking water directly from
protected areas (105). Furthermore, smaller ef-
forts are also underway: The City of Seattle has
committed to a $90 million road decommis-
sioning effort in order to improve water qual-
ity in one of its principal watersheds and to
avoid building a filtration plant or search for
more pristine alternative watersheds (30). As
water treatment infrastructure continues to age,
particularly for larger cities, ensuring drink-
ing water quality at the source in this way
through ecological management and restora-
tion will likely increase.
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8. OPPORTUNISTIC
CONSERVATION AND
RESTORATION

The world has a substantial system of in-
frastructure that spans continents and spans
economies. These infrastructure systems have
greatly impacted the environment. Yet many
of these systems are aging, and a surprising
number of them are changing in their impor-
tance. We now shift toward examining how the
changing demand for infrastructure can present
unusual opportunities for environmental
restoration.

8.1. Lessons from Previous Cases

The cases examined here are wide ranging, but
there are several lessons that can be drawn from
them for effective policies in managing infras-
tructure and, in particular, in approaches that
facilitate infrastructure decommissioning and
removal. Infrastructure is rarely if ever decom-
missioned for purely environmental reasons.
For dams, oil platforms, and DOD closures,
all decommissioning decisions were driven pri-
marily by economic concerns, with environ-
mental restoration as a supporting, but clearly
secondary, influence. In the observed cases, en-
vironmental restoration was one of the more
important driving factors in structure decom-
missioning, but it is both rare and difficult to
decommission infrastructure—even those that
are extraordinarily damaging ecologically—if it
is ably providing the service for which it was
built.

One combination of legal and policy el-
ements that facilitates restoration of aging
infrastructure relates to ownership and certi-
fication: Clear definitions for safety and eco-
nomic liability, and/or a timeline for relicensing
the infrastructure can often catalyze restoration
or decommissioning activities. At times this is
prompted by litigation, as in levee failure li-
ability re-evaluation in California (106). Also,
infrastructure relicensing (such as the process
managed by the Federal Energy Regulatory
Commission for dams) or federal lease renewals

(for offshore oil platforms) can trigger decom-
missioning discussions. This is likely the most
common cause of intentional infrastructure re-
moval to date in the United States, although
comprehensive data and analysis are lacking.

A third framework for removal is emergency
response, which is a form of economic and
safety mitigation, but it is also often associ-
ated with removal of a structure following some
event that damaged the structure. For exam-
ple, in the mid-1990s, major winter storms in
the Clearwater National Forest in Idaho trig-
gered more than 900 landslides amid a dense
network of logging roads. Starting with an $8
million program of emergency repairs, Clear-
water Forest officials now integrate ecological
planning with road removal to reduce the risk
of additional road failures and improve aquatic
and terrestrial wildlife habitat (30). Similarly,
the decommissioning of levees following the
1993 Missouri and Mississippi River flooding
(described above) illustrates how such safety
and economic mitigation can facilitate infras-
tructure decommissioning. In such cases, the
decision to remove infrastructure is often en-
hanced by the potential for ecological restora-
tion, and indeed, local landowners or struc-
ture owners may be compensated for removing
the structure because of the ecological bene-
fits associated with structure removal (e.g., U.S.
Emergency Watershed Protection Program).

A final and emerging framework is com-
pensatory mitigation, in which environmental
impacts associated with land development or
road building are mitigated (or offset) by en-
vironmental restoration elsewhere (107). This
approach is perhaps the most proactively envi-
ronmental approach in that it is the ecological
benefits of restoration that are being specifi-
cally sought in order to mitigate the ecological
damages done elsewhere. At present, this type
of approach is only emerging, and its poten-
tial remains unknown. It is worth noting that
dam removal in the southeastern United States
is being used as a mechanism of environmental
restoration in order to generate stream restora-
tion credits as part of state compensatory mit-
igation programs for streams and wetlands. A
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critical question that emerges under this type of
approach is whether the negative consequences
of infrastructure decommissioning, such as the
sediment loading to downstream ecosystems, is
itself offset by the long-term restoration po-
tential. Unfortunately, the availability of long-
term data on dam removals is rare, but prelim-
inary studies indicate that, in some cases, the
environmental impacts of removal may not be
as severe as expected (61), and the ecological
recovery can be substantial (62). In the com-
pensatory mitigation framework, these types of
studies must eventually be directly compared
with more traditional restoration approaches to
decide whether such divergent mitigation ap-
proaches are comparable or even preferable.

Military and defense bases fit into these
other frameworks in several ways. As the BRAC
process has highlighted, many military installa-
tions are functionally obsolete as new weapons
systems present new technological and test-
ing demands, encroaching development lim-
its training activities, and geopolitical changes
affect military strategy and tactics. Consoli-
dating scattered small bases into a reduced
number of large and increasingly remote in-
stallations addresses many of these issues si-
multaneously and also provides economic ad-
vantages of scale. At sites such as the Rocky
Mountain Arsenal in Colorado, liability issues
and litigation also played a key role in the ul-
timate redesignation of the site for conserva-
tion purposes (it is now managed as a national
wildlife refuge). The presence of a protected en-
dangered species—in this case, the bald eagle
(Haliaeetus leucocephalus)—also expedited the
shift from military to habitat use. We should
note that development and financial pres-
sures often still trump goals of environmen-
tal restoration. In the case of the Arsenal and
many other DOD and DOE sites, the degree
of contamination is severe enough to preclude
residential or commercial development. Never-
theless, the BRAC program appears to present
the only proactive avenue for infrastructure de-
commissioning that takes a systematic approach
rather than considering infrastructure futures
on a case-by-case basis.

Finally, there are questions about how rel-
evant the decommissioning and restoration
lessons are for developing regions. The most
important lesson for future infrastructure de-
velopment is that no infrastructure is perma-
nent, and the costs of structure removal can be
quite substantial. As such, future financial plan-
ning of infrastructure must consider the costs of
not only construction, operation, and manage-
ment, but also the costs of decommissioning,
removal, and if relevant remediation and
restoration. Unfortunately, because of the lim-
ited finances available for many of these
projects, the likelihood of setting aside such
funds in advance is likely quite small, and thus,
we expect that many developing countries will
face large costs for infrastructure maintenance
and removal in the decades to come. Even
as significant financial costs may remain un-
resolved in these settings, integrating ecolog-
ical planning into infrastructure developments
from the outset can reduce long-term environ-
mental costs.

8.2. Coupling Restoration with
Ongoing Rehabilitation

On the basis of the number of limited cases in
which decommissioning was chosen, it appears
that the future of infrastructure will include
larger consideration of environmental impacts
and, when and where possible, environmen-
tal restoration. To facilitate such approaches,
emphasis should be placed on programs that
couple infrastructure retirement with ecolog-
ical restoration, particularly policy programs
that leverage economic incentives for retiring
infrastructure. These programs are critical to
reducing economic and safety liabilities by re-
moving social reliability on aging and obsolete
infrastructure, and ecological restoration is of-
ten a side effect. Unfortunately, programs for
reevaluating infrastructure systems and consid-
ering decommissioning are often only funded
immediately following disasters, and then the
need for restoration is perceived to have passed.
For instance, farmers or homeowners in urban
areas who sell easements to their land or sell
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their houses following floods as part of levee de-
commissionings might later consider the pro-
gram as a “federal land grab” and regret their
decision once the disaster has passed (49, 56).
This can be the case even though such federal
and state programs are completely voluntary.

Decisions for coupling environmental
restoration and infrastructure do not need to
be reactionary but can be planned opportunis-
tically when ecological planning is integrated
into routine maintenance of infrastructure.
Biologists working with the Florida Depart-
ment of Transportation, for example, have
mapped ecological hot spots in order to create
transportation networks that are more sensitive
to habitat conditions (108). As a result, bridge
and highway repairs can often accommodate
wildlife crossings or improved habitat connec-
tivity with only modest alterations in design or
reconstruction plans.

It is interesting to note that one of the
primary issues that emerges in infrastructure
decommissioning and removal is that of priori-
tization. As management agencies grapple with
the number and scale of the issue of aging in-
frastructure, there is often the need to priori-
tize which structures should first be considered
for either repair or removal. With limited bud-
gets and hundreds of thousands of kilometers
of roads, tens of thousands of dams, and thou-
sands of kilometers of levees alone, it becomes a
conundrum of funds allocation. Infrastructure
management, and particularly aging infrastruc-
ture management worldwide, will eventually
require careful consideration of what priori-
ties should be placed on maintaining versus
decommissioning.

In addition, and perhaps most difficult to
deal with from a policy initiative, is the so-
cial attachment that can play an important (and
in fact decisive) role in decisions about ag-
ing infrastructure. For instance, dams are of-
ten identified as a natural feature of the land-
scape: LaValle Wisconsin described itself as the
“best Dam town in Wisconsin” with the LaValle
Dam (removed in 2000) featured on local post-
cards. Similarly, large protests are often an

expected part of meetings in which road re-
moval is considered, even though such resis-
tance is more commonly a response to the gen-
eral idea of restricting access than it is to the
closure of a particular stretch of road (30). This
issue is especially salient in the issue of mil-
itary base closures, as entire economies and
town personalities can be based on such mil-
itary bases, and there is often a perception that
communities will vanish in the absence of long-
standing military economies. In fact, by many
measures, base closures can generate long-term
economic benefits for a majority of affected
communities (109), and the BRAC process it-
self emerged as a result of the severe political
pressures against closing bases in light of these
localized economic concerns (110).

Regardless, decisions to renew or remove in-
frastructure will occur within a complex, and of-
ten contentious setting of contrasting economic
and ecological drivers, coupled with uncertain
social and political settings. Greater considera-
tions of the potential advantages of decommis-
sioning infrastructure may provide unusual eco-
nomic and ecological opportunities, but often
these opportunities will only occur in short win-
dows of time, constrained by policies, politics,
and personalities.

8.3. Recommendations
and Conclusions

Earth’s ecosystems are increasingly dominated
by processes controlled or created by infrastruc-
ture. Yet the role of infrastructure is changing,
as critical components of infrastructure world-
wide are often at or beyond their intended ser-
vice lives (111). This raises important issues in
environmental and resource policy as well as the
economics of what to do with these aging infras-
tructure systems. A first alternative is to simply
repair the infrastructure of concern. This would
allow the continued provision of services. How-
ever, this is a financially significant option, and
in a surprising number of cases, the original
purpose for the infrastructure may no longer
be present or be pressing enough to justify the
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expense. The second alternative is to remove
the infrastructure. We have suggested that this
is an often overlooked but, nevertheless, a viable
and potentially preferable option. Most impor-
tantly, it does provide an alternative that re-
duces long-term costs and has the additional
benefit of providing real, lasting environmen-
tal benefits. The final option, and the one most
often chosen, is simply to ignore the problem
of aging infrastructure. However, “no decision”
is in reality a significant decision, as eventually
the infrastructure will age to the point that it
will fail. The question is really not whether the
infrastructure will be dealt with but when the
infrastructure will be dealt with. We suggest
that deliberate consideration of the infrastruc-
ture’s future is a more economically and en-
vironmentally viable path to take. For indus-
trializing countries currently expanding their
infrastructures, such long-term planning is par-
ticularly opportune and can reduce both eco-
nomic and environmental costs.

One of the more important steps needed in
the development of all infrastructure systems
is to incorporate the costs of decommission-
ing and removal into the costs of construction
of new projects. The costs associated with re-
moval of many structures can be tremendous,
and it is often the case that no financial provi-
sions have been made for funding the removal
of these structures. Thus, bonding funds at the
time of new construction should be mandated
such that trusts mature at the end of the pro-
jected (and realistic) design lives of the projects.
If the project then exceeds its design life, a por-
tion of the funds can be used for repair or main-
tenance, but the funds for removal must re-
main in place. Unfortunately, such preparatory
financing is the exception rather than the rule.
Surface mines in the United States are among
the few types of infrastructure bonded in this
way, following the passage of the Surface Min-
ing Control and Reclamation Act in 1977, but
the law only applies to coal mines, and bond-
ing requirements are often inadequate for gen-
uine restoration. Below the federal level, some
states such as Montana have bonding require-

ments for hard-rock or metal mines, but these
too have proven difficult to administer and
are often underfunded. Decommissioning and
removing offshore oil platforms provides an-
other example of how such funding is devel-
oped, although there are few cases where these
funds are actually in place for very large plat-
form decommissioning projects.

Ecologically, infrastructure decommission-
ing represents a tremendous opportunity for
ecological restoration at scales not previously
considered possible. If infrastructure aging and
decommissioning can be anticipated, funded,
and planned for systematically, the liability of
obsolescence can be turned into important op-
portunities not just for ecological gain, but also
for economic revitalization and longer planning
horizons for built and natural environments.
Road removal programs to restore watersheds
are already bringing high-wage restoration jobs
to rural communities left vulnerable to dimin-
ishing economies, which were previously based
upon resource extraction. There are numerous
pathways where ecological restoration can be
incorporated into infrastructure decisions, but
in all cases, the potential for success increases
with proactive planning. Regardless of whether
these recommendations are taken, or if other
better options subsequently emerge, the sta-
tus quo is not a viable option for either the
infrastructure or the environment. Deliberate
decisions must become the norm in deciding
whether to maintain and repair a structure or to
decommission a structure. Infrastructure plan-
ning and decommissioning must also be respon-
sive to evolving environmental concerns, such
as reducing carbon emissions in the face of cli-
mate change, and incorporate new technologies
that reduce the systemic impacts of power pro-
duction, water treatment, transportation, and
military operations. We expect that when faced
with the economic and safety liability reali-
ties of infrastructure, more agencies, commu-
nities, and private landowners will increasingly
remove structures and that the potential for
restoration will increase. Broad-scale ecologi-
cally designed programs that link infrastructure
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maintenance, upgrade, and repair with decom-
missioning and removal promise to provide the

greatest benefit across categories of economy,
environment, and safety over the long term.

SUMMARY POINTS

1. Infrastructure construction and operation is one of the primary drivers of environmental
change.

2. Infrastructure is not permanent, and in many areas of the world, infrastructure expansion
occurred more than 50 years ago, placing some infrastructure systems near the end of
their projected design lives.

3. Although much infrastructure remains critical to national and global economies, some
infrastructure can be decommissioned or removed without economic or safety concerns.

4. Infrastructure decommissioning and removal, when used with appropriate caution, offers
unusual opportunities to remove safety hazards and reduce economic liability while pro-
viding substantial opportunities for ecosystem restoration and economic revitalization.

5. Proactive policy and economic planning is needed to ensure that sufficient funds are
available to deal effectively with aging and obsolete infrastructure.

6. There is substantial inconsistency in how infrastructure is managed within an environ-
mental context.

FUTURE ISSUES

1. Although the environmental impacts of infrastructure are increasingly known, the eco-
nomics and policies of cumulative infrastructure systems are mostly unknown, as is who
(i.e., what agencies or industries) will be responsible for end-of-life or abandoned infras-
tructure.

2. Environmental consequences of and ecosystem response to infrastructure removal are in
some cases unknown. Basic information on the magnitude and rate of change is needed
to inform infrastructure management decisions.

3. Many agencies responsible for infrastructure management have not fully contemplated
how to manage aging or obsolete infrastructure. Greater policy and economic consid-
erations and research are needed to determine how to finance the treatment of aging
structures.

4. Impacts on local communities must be a core part of infrastructure management deci-
sions, but many communities lack finances to maintain infrastructure.
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92. Westing AH. 1998. The military sector vis-à-vis the environment. J. Peace Res. 25:257–64
93. Sink CH, Frnak CW. 1996. DOE forges partnerships for environmental cleanup. Forum Appl. Res. Public

Policy 11:65–69
94. Goodman SW. 1996. Ecosystem management at the Department of Defense. Ecol. Appl. 6:706–7
95. Leslie M, Meffe GK, Hardesty JL, Adams DL. 1996. Conserving biodiversity on military lands: a hand-

book for natural resource managers. Rep. to Dep. Defense Biodivers. Initiat., Dep. Defense, Washington,
DC

96. US Dep. Defense. 2002. Department of Defense Base Structure Report Fiscal Year 2003 Baseline. Washington,
DC: Dep. Defense

97. Brown KS. 1998. The great DOE land rush? Science 282:616–17
98. Kim KC. 1997. Preserving biodiversity in Korea’s Demilitarized Zone. Science 278:242–43
99. Whicker FW, Hinton TG, MacDonell MM, Pinder JE III, Habegger LG. 2004. Avoiding destructive

remediation at DOE sites. Science 303:1615–16
100. World Health Organ. 2000. Global water supply and sanitation assessment 2000 report. UNICEF,

New York
101. US Environ. Prot. Agency. (EPA). 2002. The clean water and drinking water infrastructure gap analysis.

Rep. EPA-816-R-02-020, Washington, DC
102. Congr. Budg. Off. 2002. Future Investment in Drinking Water and Wastewater Infrastructure. Washington

DC: Congr. Budg. Off.
103. Brauman KA, Daily GC, Duarte TK, Mooney HA. 2007. The nature and value of ecosystem services:

an overview highlighting hydrologic services. Annu. Rev. Environ. Resour. 32:67–98
104. Natl. Res. Counc. 2000. Watershed Management for Potable Water Supply: Assessing the New York City

Strategy. Washington, DC: Natl. Acad.
105. Dudley N, Stolton S. 2003. Running Pure: The Importance of Forest Protected Areas to Drinking Water.

Washington, DC: World Bank/World Wildl. Fund Alliance
106. Percy MJ. 2007. Delta levees—tort immunity vs. takings liability. Real Prop. Probate Trust Law J. 42:547
107. Robertson MM. 2006. Emerging ecosystem service markets: trends in a decade of entrepreneurial wetland

banking. Front. Ecol. Environ. 6:297–302
108. Havlick D. 2004. Roadkill. Conserv. Prac. 5:30–34
109. US Gen. Account. Off. (GAO). 2001. Military base closures: overview of economic recovery, property

transfer, and environmental cleanup. Rep. GAO-01-1054T, Washington, DC
110. Goren LJ. 2003. The Politics of Military Base Closings: Not in My District. New York: Lang
111. Gaudrealult V, Lemire P. 2006. The age of public infrastructure in Canada. Rep. 11-621-MIE2006035,

Minist. Stat., Ottawa, Can.
112. Warhurst A, Noronha ML, eds. 1999. Environmental Policy in Mining: Corporate Strategy and Planning for

Closure. Boca Raton: CRC Press

372 Doyle · Havlick

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

00
9.

34
:3

49
-3

73
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 0

3/
14

/1
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV390-EG34-15 ARI 14 September 2009 15:42

RELATED ARTICLES

Nelson KL, Murray A. 2008. Sanitation for unserved populations: technologies, implementation
challenges, and opportunities. Annu. Rev. Environ. Resour. Annu. Rev. Environ. Resour. 33:119–
51

Angel DP, Hamilton T, Huber MT. 2007. Global environmental standards for industry. Annu.
Rev. Environ. Resour. 32:295–316

Gallager KS, Holdren JP, Sagar AD. 2006. Energy-technology innovation. Annu. Rev. Environ.
Resour. 31:193–237

www.annualreviews.org • Infrastructure and the Environment 373

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

00
9.

34
:3

49
-3

73
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 0

3/
14

/1
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AR390-FM ARI 14 September 2009 9:35

Annual Review of
Environment
and Resources

Volume 34, 2009 Contents

Preface � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �v

Who Should Read This Series? � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �vii

I. Earth’s Life Support Systems

The Detection and Attribution of Human Influence on Climate
Dáithí A. Stone, Myles R. Allen, Peter A. Stott, Pardeep Pall, Seung-Ki Min,
Toru Nozawa, and Seiji Yukimoto � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

On the Increasing Vulnerability of the World Ocean
to Multiple Stresses
Edward L. Miles � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �17

Global Biogeochemical Cycling of Mercury: A Review
Noelle E. Selin � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �43

Interactions Between Biogeochemistry and Hydrologic Systems
Kathleen A. Lohse, Paul D. Brooks, Jennifer C. McIntosh, Thomas Meixner,
and Travis E. Huxman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �65

Nitrogen in Agriculture: Balancing the Cost of an Essential Resource
G. Philip Robertson and Peter M. Vitousek � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �97

II. Human Use of Environment and Resources

Nuclear Power: Economic, Safety, Health, and Environmental Issues
of Near-Term Technologies
M.V. Ramana � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 127

Global Groundwater? Issues and Solutions
Mark Giordano � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 153

Crop Yield Gaps: Their Importance, Magnitudes, and Causes
David B. Lobell, Kenneth G. Cassman, and Christopher B. Field � � � � � � � � � � � � � � � � � � � � � � � � 179

viii

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

00
9.

34
:3

49
-3

73
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 0

3/
14

/1
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AR390-FM ARI 14 September 2009 9:35

Water for Agriculture: Maintaining Food Security
under Growing Scarcity
Mark W. Rosegrant, Claudia Ringler, and Tingju Zhu � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 205

Emerging Threats to Human Health from Global
Environmental Change
Samuel S. Myers and Jonathan A. Patz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 223

III. Management, Guidance, and Governance of Resources and Environment

Connectivity and the Governance of Multilevel Social-Ecological
Systems: The Role of Social Capital
Eduardo S. Brondizio, Elinor Ostrom, and Oran R. Young � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 253

Economic Globalization and the Environment
Kevin P. Gallagher � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 279

Voluntary Environmental Programs: Assessing Their Effectiveness
Jonathan C. Borck and Cary Coglianese � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 305

The Economic Valuation of Environmental Amenities and
Disamenities: Methods and Applications
Robert Mendelsohn and Sheila Olmstead � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 325

Infrastructure and the Environment
Martin W. Doyle and David G. Havlick � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 349

Scientific Bases of Macroenvironmental Indicators
Gordon H. Orians and David Policansky � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 375

Environmental Justice
Paul Mohai, David Pellow, and J. Timmons Roberts � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 405

We Speak for the Trees: Media Reporting on the Environment
Maxwell T. Boykoff � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 431

Indexes

Cumulative Index of Contributing Authors, Volumes 25–34 � � � � � � � � � � � � � � � � � � � � � � � � � � � 459

Cumulative Index of Chapter Titles, Volumes 25–34 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 463

Errata

An online log of corrections to Annual Review of Environment and Resources articles may
be found at http://environ.annualreviews.org

Contents ix

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

00
9.

34
:3

49
-3

73
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 0

3/
14

/1
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Environment and Resources Online
	Most Downloaded Environment and ResourcesReviews
	Most Cited Environment and ResourcesReviews
	Annual Review of Environment and ResourcesErrata
	View Current Editorial Committee

	All Articles in the Annual Review of Environment and Resources, Vol. 34 
	The Detection and Attribution of Human Influence on Climate
	On the Increasing Vulnerability of the World Oceanto Multiple Stresses
	Global Biogeochemical Cycling of Mercury: A Review
	Interactions Between Biogeochemistry and Hydrologic Systems
	Nitrogen in Agriculture: Balancing the Cost of an Essential Resource
	Nuclear Power: Economic, Safety, Health, and Environmental Issues of Near-Term Technologies
	Global Groundwater? Issues and Solutions
	Crop Yield Gaps: Their Importance, Magnitudes, and Causes
	Water for Agriculture: Maintaining Food Security under Growing Scarcity
	Emerging Threats to Human Health from Global Environmental Change
	Connectivity and the Governance of Multilevel Social-Ecological Systems: The Role of Social Capital
	Economic Globalization and the Environment
	Voluntary Environmental Programs: Assessing Their Effectiveness
	The Economic Valuation of Environmental Amenities and Disamenities: Methods and Applications
	Infrastructure and the Environment
	Scientific Bases of Macroenvironmental Indicators
	Environmental Justice
	We Speak for the Trees: Media Reporting on the Environment




