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Abstract.

Land-use change and land-management practices affect a variety of ecolog-

ical processes. Land-use impacts on ecological processes include local extirpations, intro-
ductions of new species, changes in land-cover extent, changes in juxtaposition of land-
cover types, changes to disturbance regimes, changes in vegetation structure and compo-
sition, and effects on air, water, and light quality, and noise pollution. Effects of land-use
changes on ecological processes are discussed with special reference to changes in rural
environments. Our premise is that better understanding of ecological processes improves
land management. Mitigation strategies are presented with respect to management of initial
ecological conditions, of the changes themselves, and of the altered system. The paper
focuses on proactive environmental management efforts and identifies key research issues
as (1) quantifying land-use legacies, (2) determining conditions under which land use
modifies impacts of other stressors, (3) identifying conditions under which deleterious
impacts can be avoided, (4) understanding cumulative impacts of land-use change, (5)
improving our understanding of how land use alters resistance or susceptibility to invasion
and impacts of pollutants, (6) crafting socioeconomically reasonableincentivesfor restoring
or reducing effects of land-use practices, and (7) accelerating the integration of social and
ecological sciences

Key words:  aggressive species; biomass; carbon sequestration; cumulative impacts; disturbance;
invasion; land cover; land use; legacy; pollution.

INTRODUCTION

Land use and land management are prevailing forces
on the Earth (Meyer and Turner 1992, 1994, Dale et
al. 2000, Watson et al. 2000). Humans alter ecol ogical
processes directly and indirectly through land use,
management, and policy decisions regarding natural
resources (Brookfield 2001). In the United States, food
production uses about 50% of the total land area, 80%
of the fresh water, and 17% of the fossil energy used
in the country (Pimentel and Pimentel 2003). Land deg-
radation via removal of vegetation, soil erosion, sali-
nization, and soil compaction is also severe, but it is
difficult to estimate its extent or cost (Dregne 2002).
About 60% of the historical wetland area in the Upper
Midwestern region of the United States has been
drained, largely for agriculture, causing a decline in
flood abatement, water quality improvement, and bio-
diversity (Zedler 2003). Human activities on the land
are pervasive in all types of ecological systems on

Manuscript received 17 October 2003; revised 11 October
2004; accepted 8 November 2004. Corresponding Editor: M. G.
Turner. For reprints of this Invited Feature, see footnote 1, p.
1849.

5 E-mail: dalevh@ornl.gov

Earth, even those typically thought of as ‘“‘pristine”
and not inhabited by Homo sapiens (e.g., Chase 1987,
Wilkening 2001). Furthermore, rural land use and man-
agement affect all ecological processes, oftenin several
ways that together induce changes to ecological com-
position, structure, and function.

Changesin rural land use in the conterminous United
States over the past 50 years (1950—-2000) are pro-
nounced. The general trends are increases in human
population density, large exurban growth, and conver-
sion and abandonment of agricultural lands (Brown et
al. 2005). Implications for biodiversity of these trends
are discussed by Huston (2005) and Hansen et al.
(2005). Theobald et al. (2005) set forth how ecological
science perspectives can improve land-use planning
and policy. The goal of this paper is to examine how
improved understanding of ecological processes can
facilitate progressive and more enlightened rural land
management so as to avoid or mitigate undesirable con-
sequences. We begin with a brief review of environ-
mental issues related to land use and management. We
then discuss mitigation strategies and end by articu-
lating research questions that need to be addressed to
advance the ecological science forming the foundation
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Fic. 1. Requirementsfor rural life and the ecological im-

pacts.

upon which effective land management is built. In ad-
dressing these scientific questions, ecologists can more
effectively contribute to the development of proactive
and broad-scale land-use and land-management poli-
cies.

Terms basic to this discussion are defined (building
upon definitions in Dale et al. 2000) as follows. Land
cover refers to the ecological state and physical ap-
pearance of the land surface. Examples include closed
forest, open forest, grassland, and cropland. Change in
land cover converts land from one type of dominant
vegetation or built environment to another. Land use
refers to the land-management practices of humans.
Examples are protected areas, timber harvest, row-crop
agriculture, grazing, and human settlements. Changein
land use may or may not cause a significant change in
land cover. Land management is the administration of
a given land use by humans. Land management can
affect ecological processes without changing the basic
land use. For example, management of livestock graz-
ing can be minimal or intensive and regulated or un-
regulated. Rural living relates to the land uses of ag-
riculture, ranching, and forestry that support country
life. Rural life is supported by areas with low density
of humans (see Fig. 1a of Brown et al. 2005), few
natural disturbances, and an abundance of ecosystem
services (e.g., clean water, clean air, etc.) yet induces
ecological impacts (Fig. 1).

EcoLocicaL IMPACTS OF RURAL LAND UsE
AND MANAGEMENT

Because environmental concernsrelated to rural land
use and management are diverse and occur on avariety
of scales, our discussion of impactsis organized around
the means by which they affect ecological structure or
process. Four major pathways are identified by which
land use and management practices can affect ecolog-
ical processes—changesto species demography and di-
versity, land cover juxtaposition, disturbance regimes,
and biogeochemical cycles. These pathways can occur
simultaneously and interact with each other against a
backdrop of other stressors that, collectively, can in-
duce dramatic, nonlinear, and self-reinforcing changes.
Hence, discerning the means of impact is not always
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direct, and management based on knowledge of asingle
pathway may not be adequate when forces interact.
Predictions as to the effects of land-management prac-
tices are, therefore, likely to be context dependent (Ar-
cher and Bowman 2002).

Species changes

Species changes resulting from rural land use and
management include changes in demography that may
lead to local and selective extirpation or proliferation,
introduction of new species, and changes in distribu-
tion. Elimination of local populations of a species can
occur when land-use practices cause extensive mortal -
ity and/or prevent recruitment by altering habitat. For
example, replacing forest with suburban homes or
farmlands has eliminated populations of lady slipper
(Paphiopedilum villosum (Lindl) Stein) (V. Dale, per-
sonal observation), and heavy grazing of rangelands
by livestock or wildlife can shift the relative abundance
of grasses, forbs, and woody plants, causing the local
extinction of some species and a dramatic increase in
others (Archer and Smeins 1991, Vavra et al. 1994).
Reduction in native earthworm (Heter oporodrilus med-
iterreus) populations as a result of farming can ad-
versely affect soil aeration and other soil processes
(Friend and Chan 1995). The spread of agriculture
alone has been responsible for the selection of a few
crop species that now dominate the Earth’'s surface.
Selection for varieties of plantsthat resist pests and are
easy to grow and harvest has drastically reduced the
genetic variation over much of the Earth. For example,
90% of the world’s food is provided by 15 crop plant
species (Brookfield 2001).

Management actions directed at one species or set
of organisms may also lead to unexpected changes in
the abundance of other organisms and cause dramatic
changes in ecological structure and function. For ex-
ample, the widespread eradication of prairie dogs, tra-
ditionally viewed as competitors with livestock for
range forage, may enable the proliferation of undesir-
able woody plants and, thus, create a whole new set of
management challenges and ecological impacts (Welt-
zin et al. 1997). In another example, xeric habitats as-
sociated with urban land uses supported less spider
diversity than agricultural fields or residential yards,
indicating the importance of incorporating natural hab-
itats into planning of human environments (Shochat et
al. 2004).

The widespread use of pesticides associated with
farming and other land-management activities has im-
pacted both target and nontargeted organisms. Pesti-
cides include many products, such as insect repellants,
weed killers, disinfectants, and swimming pool chem-
icals, designed to prevent, destroy, repel, or reduce
pests of any sort. In the United States, the Environ-
mental Protection Agency (EPA) must evaluate pesti-
cides before they can be marketed to ensure that they
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protect human health and the environment (especially
rare and threatened species). Even so, nontarget species
can be killed or adversely affected when these chem-
icals are used correctly or incorrectly.

Demographic changes can also occur with changes
in the size and shapes of habitat. Land uses may bisect
populations so that interactions are no longer possible.
For example, linear features such as roads can interrupt
movements of terrestrial animals (Forman et al. 2002).
The long-term consequences of land-use induced dis-
ruption on gene flow and population structure are not
known. Offerman et al. (1995) suggested a scheme of
classifying species according to ** gap-crossing ability”
and using home range size as a means to identify spe-
cies that are most susceptible to habitat fragmentation.

Another way land use can affect species is via pur-
poseful introduction or unintended spread of aggressive
species, which are brought into an area as part of a
land-management practice. Examples include the in-
troduction of exotic pasture grasses (e.g., smooth
brome (Bromus inermis), kleingrass (Panicum color-
atum L.), and buffelgrass (Pennisetum cillare L.)),
which are spreading into and displacing native species
in rangelands (e.g., D’Antonio and Vitousek 1992,
McClaran and Anable 1992). Sometimes particular
land-use or management practices foster the spread of
certain species. Highways, roads, and right-of-ways
along power lines and pipelines can serve as corridors
facilitating the spread of exotic plants and animals
(Forman et al. 2002). Domestic livestock may promote
the spread and establishment of invasive forbs and
shrubs in grasslands via seed dispersal and disruption
of fire regimes (Archer 1995).

Nonnative species introductions, whether accidental
or intentional, have potentially long-lasting ecological
and economic impacts (Mooney and Drake 1986, Mack
et al. 2000, McNeely 2001) associated with modifi-
cation of disturbance regimes (Mack and D’Antonio
1998), alteration of biogeochemical cycles (Vitousek
and Walker 1989, Le Maitre et al. 1996), reductionsin
overall species richness (Bock et al. 1986), and, ulti-
mately, species extinctions (Pimm et al. 1995). Bio-
logical invasions are internationally regarded as a ma-
jor threat to biological diversity, second only to habitat
loss (Coblentz 1990, Vitousek et al. 1997a, Wilcove et
al. 1998). Though many papers have cited the impacts
of nonnative species on native biodiversity and eco-
system processes, studies quantifying these effects are
few (Parker et al. 1999) and largely descriptive or ob-
servational in nature (Cronk and Fuller 1995).

These examples illustrate the importance of ecosys-
tem rather than organismic approaches to land use and
management. Such a systems approach considers all
plant and animals and the physical conditions of their
environment, as well as socioeconomic conditions
(Holling 2001). Recognition of how land-use practices
might foster or impede the spread of organisms is a
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first step toward developing strategies for containing
deleterious organisms and altering barriers affecting
the movement of species. For instance, knowing that
the fungus killing Port Orford cedar (Chamaecyparis
lawsoniana) in southern Oregon and northern Califor-
niais spread by logging trucks, the washing of logging
trucks was initiated (Strittholt and DellaSala 2001, Jules
et al. 2002). This simple and inexpensive action has
proven to be an effective deterrent to the spread of the
fungal spores. Control of the spread of deleterious spe-
cies may require local sacrifices and drastic land-use
changes to avert escalation to regional scales. For ex-
ample, when the Asian long-horned beetle (Anoplo-
phora glabripennis) was first introduced into Halifax,
Nova Scotia, Canada, there were calls to cut all spruce
(Picea mariana) treesin abroad swath around the point
of infestation as means to prevent their spread (Haack
et al. 1977). However, local homeowners did not want
to compromise their landscaping and refused to im-
plement this action. The insect eventually killed the
trees around those homes anyway, and its spread now
threatens the logging industry in northeastern North
America

Changes in land-cover juxtaposition

Changes in land cover that result from land use can
alter habitat and the juxtaposition of cover types. Hab-
itat alterations (such as occur with cropland conver-
sions, urban expansion, logging, grazing, construction
of dams, water course alterations, etc.) can make a site
unsuitable for species that once occupied an area. Local
site disturbance can make a place available for new
species or ecosystems. Linear features, such asroadside
vegetation and fencerows, may enhance the spread of
select organisms (Camp and Best 1994). For example,
the spread of the gypsy moth (Lymantria dispar) is so
tightly linked to road networks in the eastern United
States that maps of gypsy moth distribution over time
delineate roads (Sharov and Liebhold 1998); and coy-
ote (Canis latrans) emigrate along highways, taking
advantage of road kills for food and culverts for shelter
(Clevenger et al. 2001). Conversely, some land uses
may constitute barriers to the spread of other organ-
isms. The presence of wolves (Canislupus) isinversely
related to road density (Mladenoff et al. 1995).

Changes in the juxtaposition of land-cover types can
also impact ecological processes. For example, the ex-
pansion of suburban areas and loss of forests in the
eastern United States has drastically increased the area
of forest edge. As a result, those species that occur in
forest edges (such as the native Cowbird [Molothrus
ater]) are becoming more prolific (Chalfoun et al.
2002). Simultaneously, the erosion of soil from dis-
turbed areas into more pristine areas is more common
now (Pimentel and Skidmore 1999, Pimentel 2000).
Agricultural land typical erodes soil at rates ranging
from 13 tons-ha-t-yr~* to 40 tons-ha-t-yr-* worldwide
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(Pimentel and Kounang 1998). Other papers in this
issue discuss examples of how patterns of land cover
affect biodiversity (e.g., Hansen et al. 2005).

Changes to disturbance regimes

Land-use and management practices alter distur-
bance regimes (e.g., fire, pest outbreaks, floods, blow-
downs) by disrupting the frequency, extent, and inten-
sity of disturbance as well as by instigating new dis-
turbances. Fire severity and time since fire can affect
the richness and dominance of nonnative species (Kee-
ley et al. 2003). Curtailment of surfacefiresexemplifies
how disruption of disturbance frequencies can alter
fundamental ecosystem properties. Elimination of fire
in systems that evolved with frequent surface fires has
caused dramatic changesin structure and function (e.g.,
oak savannas of the Midwest [Peterson and Reich
2001], ponderosa pine [Pinus ponderosa] forests of the
western United States [Covington and Moore 1994],
and longleaf pine [Pinus palustris] forests of the south-
eastern United States [Gilliam and Platt 1999, McCay
2000]). lronically, increases in disturbance intensity
often result from land-management practices designed
to control frequent, small, low intensity disturbances.
Such controls may create the very conditions that make
large, catastrophic disturbances possible. Examplesin-
clude the recent massive crown wildfires in south-
western U.S. forests (Covington 2000) and outbreaks
of the native southern pine bark beetle (Dendroctonus
frontalis) (Perkins and Matlack 2002).

Land-management practices are often aimed at al-
tering the frequency and intensity of disturbances such
as fires (e.g., Keeley 2002) and floods (e.g., Persoons
et al. 2002). But reductions in seasonal flooding (John-
son 1994, Friedman and L ee 2002) and in the frequency
of low-intensity surface fires (Covington and Moore
1994, Brawn et al. 2001) have altered communities that
once depended on these events. Changes in the fre-
quency or intensity of one type of disturbance may be
linked to alterations in the frequency or intensity of
other disturbances. For example, livestock overgrazing
can reduce the amount and continuity of fine fuels to
the extent that surface fires are not possible (Madany
and West 1983, Baisan and Swetnam 1990, Savage and
Swetnam 1990). In recognition of the importance of
disturbance in maintaining certain ecological structures
and preventing changes to undesirable states, land-
management practices may seek to mimic historical
conditions to which speciesin aregion are accustomed
(Parsons et al. 1999). Examples include the reintro-
duction of flooding in the Grand Canyon (Powell 2002)
and prescribed burning in grasslands, savannas, and
certain forests (e.g., Scifres and Hamilton 1993, Arno
et al. 1995, Andersen et al. 1998, Agee 2003, Fuhl-
endorf and Engle 2001, 2004).

Land use and management practices can also in-
crease the susceptibility of ecological systems to other
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disturbances (e.g., landslides can result from building
roads on steep slopes [ Swanson and Dyrness 1975] and
from land-use modifications [Glade 2003]; heavy graz-
ing can exacerbate wind and water erosion and hence
ecological degradation [Tongway and Ludwig 1997]).
Knowing the conditions that foster disturbances and
when to control them is a challenge facing both the
ecological research and environmental management
communities.

Changes to biogeochemical cycles

Changes in the cycling of water, nutrients, and en-
ergy inevitably occur from land use and management
via many pathways. For example, air and water pol-
lution often accompany use of land for industry, trans-
portation, and urban growth. Current emissions of car-
bon dioxide, nitrous oxide, and methane have increased
dramatically due to changes in land management, es-
pecially with industrialization and intensification of ag-
ricultural practices. Changes in vegetation structure
that occur with land use and management alter path-
ways of energy flow and nutrient cycling. Changes in
the extent of forest and impervious land covers can
dramatically alter watershed hydrology (e.g., Wissmar
et al. 2004). Climate and atmospheric chemistry are
directly and indirectly influenced by land cover, via
biophysical and biogeochemical aspects of land-sur-
face—atmosphere interactions (Hoffman and Jackson
2000, Aber et al. 2001, Bonan 2002). Even when a
land-use practice is no longer in place, its legacies re-
main (e.g., plow furrows or livestock wastes can have
long-term effects on the environment; Bellemare et al.
2002, Foster et al. 2003). We focus on three examples
of land-use impacts to biogeochemical cycles (air pol-
lution, greenhouse gas emissions, and changes in veg-
etation structure and composition) as a way of illus-
trating the diversity of interacting factors.

Air pollution

Air pollution is the accumulation of solid, liquid,
and gaseous compounds in the atmosphere at concen-
trations that are greater than would naturally occur at
a particular location under given meteorological, bio-
logical, and geological conditions. Ozone, particulate
matter, lead, carbon monoxide, mercury, and sulfur di-
oxide are just a few examples of air pollutants. These
and other pollutants can alter physical and chemical
atmospheric cycles and affect human and ecological
health. Changes in land use and cover can affect these
pollutants through two direct mechanisms (emissions
and deposition) and three indirect mechanisms (at-
mospheric chemistry, physical meteorology, and ra-
diation transfer). These same mechanisms can feed
back and affect land cover, and possibly even land use.

Even in an unperturbed natural ecological system,
volatile organic compounds (VOCs) emitted by vege-
tation (Rasmussen and Went 1965, Hewitt 1999) can
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B) Effects of air quality on land use and land cover
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FiGc. 2. Depiction of mechanisms by which (A) land use and land cover affect air quality and (B) air quality affectsland
use and land cover. These feedback mechanisms differ depending on the prevailing vegetation type, soil moisture, temperature,

pH, nutrients, and surface permeability.

contribute to the secondary formation of organic aero-
sols (Hatakeyama et al. 1989, Mazurek et al. 1991,
Hoffman et al. 1997). In a polluted, highly oxidizing
atmosphere, these gas-to-particle conversions may be
accelerated. Regardless, all VOCs are not equal, and
different plant species emit different types of VOCs.
For example, many deciduous trees are high emitters
of isoprene, a compound that can be important in the
formation of ozone (Chameides et al. 1988) but is less
significant to the secondary formation of organic aero-
sols. In contrast, many evergreen species are prolific
emitters of a- and B-pinene and can contribute signif-
icantly to the formation of organic aerosols (Hoffman
et al. 1997) but are less important to ozone formation.
Thus, for any parcel of land, wholly different emission
profiles may be expected within the broad spectrum of
potential biotic land covers (Fig. 2) (Lamb et al. 1993,
Simpson et al. 1995, Isebrands et al. 1999). Similarly,
different land covers have surfaces that differ in two
and three dimensions (e.g., size, shape, and orientation)
that can affect the rate of aerosol deposition (Wesely
and Hicks 2000). In turn, deposition of particles onto
foliage can influence rates of photosynthesis and nu-
trient and contaminant loads (Chameides et al. 1999,
Bergin et al. 2001).

Other feedbacks associated with particulate matter
includelocal, regional, and global impactsonlongwave
and shortwave radiation budgets, which, in turn, influ-
ence temperature, precipitation, and photosynthetic ac-
tive radiation (Cerveny and Balling 1998, Rosenfeld
2000, Chameides and Bergin 2002, Kaufman et al.
2002, Menon et al. 2002). Proliferation or intensifi-
cation of industrial, commercial, transportation, or res-
idential land uses can further (and sometimes drasti-

cally) alter emissions and deposition profiles. The more
intensified land uses can open new pathwaysto primary
and secondary particulate matter production and re-
moval, with corresponding climate effects (e.g., some
anthropogenic sources may inject large quantities of
diesel soot directly into the atmosphere, whereas others
may contribute to the secondary formation of sulfate
aerosols from the oxidation of directly emitted sulfur
dioxide). Thus, cumulative effectson air pollution aris-
ing from land use and management depend on initial
conditions and actions on the land, but these impacts
can be difficult to predict because of the many feed-
backs and indirect interactions.

Greenhouse gas emissions

Land-management practices, such as grazing, for-
estry, and conversion to arable lands, affect trace gas
emissions due to alterations in the cycling of nutrients
and distribution of organic matter. These changes in
land management have substantially contributed to de-
creased CH, oxidation and increased CO, emissions as
well as N,O production from soils. CO, emissions re-
sulting from land-use change since 1850 are approxi-
mately 50% of the contributions dueto fossil fuel burn-
ing and cement production (Watson et al. 2000). Ex-
tensive use of N fertilizers and increased atmospheric
loading of N into many regions of the world have prob-
ably contributed to the observed increases in atmo-
spheric CH, and N,O (Ojima et al. 1993, Mosier et al.
1997). Increased use of nitrogen has simultaneously
contributed to changes in primary production, decom-
position, and carbon storage; eutrophication of lakes,
estuaries, and coastal areas; acidification of soils,
streams, and lakes; and changes in species composition
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and biodiversity (Galloway et al. 1995, Holland et al.
1997, Vitousek et al. 1997b, Smil 1999).

Rural land-use practices associated with land clear-
ing, cultivation, and drainage of wetlands affect the
cycling of carbon and nitrogen and enhance the mo-
bilization of nitrogen from soil organic matter. Fertil-
izer consumption in a number of developing countries
has accelerated at a much faster pace than the global
average in recent years (United Nations Food and Ag-
ricultural Organization 2002). These changes portend
large increases in N trace gas emissions, since N vol-
atilization losses can be much higher from tropical and
subtropical agricultural soils than from temperate soils
(Keller and Matson 1994, Matson et al. 1996). Agri-
cultural practices associated with livestock and poultry
production directly and indirectly affect emissions and
hydrological efflux of nutrients. The livestock industry
produces large amounts of waste material (Nevison and
Holland 1997), which are used as organic fertilizer.
However, much of the nitrogen associated with animal
manure is lost through volatilization to NH;, account-
ing for over one-third of global NH; emissions to the
atmosphere (Bouwman et al. 1997).

Rural land clearing in many developing countries is
associated with biomass burning. Biomass burning re-
leases large amounts of carbon dioxide and reactive
nitrogen to the atmosphere. These emissions contribute
to recent changes in greenhouse gas fluxes from agri-
cultural lands around the world (Crutzen and Andreae
1990, Crutzen and Goldammer 1993, Lindesay et al.
1996). Fluxes of N,O in some cases remain elevated
following biomass burning due to increased nitrate lev-
elsin soil and reduction of plant uptake of nitrogen.

Changes in vegetation structure

Another example of the effects of rural land use and
management on biogeochemical cycles is via changes
in physiognomy. In the process of using natural re-
sources, humans often induce changes in vegetation
structure. The most well-known examples are defor-
estation and desertification. Desertification resultsfrom
extraction of water in excess of what aregion can afford
to lose and can lead to long-term change in water avail-
ability (Dregne 1983, Verstraete 1986, Schlesinger et
al. 1990, Moat and Hutchinson 1995, de Soyza et al.
1998). The process of increasing woody plant density
is less well known and, thus, is the focus of our dis-
cussion here (Fig. 3).

The proliferation of shrubs and trees in grasslands
and savannas has been widely reported in arid, semi-
arid, and montane regions of North and South America,
Australia, and Africa over the past century (Archer et
al. 2001, Archer 2003). The causes of woody encroach-
ment are actively debated, but likely reflect changesin
climate (amount and seasonality of rainfall), herbivory
(increased grazing or decreased browsing), fireregimes
(decline in frequency and/or intensity), atmospheric
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Fic. 3. Diagrammatic representation of processes of bio-
mass change: woody proliferationin relation to desertification
and deforestation (adapted from Archer and Stokes [2000]).

CO, enrichment, and N deposition (Archer 1994, Ar-
cher et al. 1995, van Auken 2000, Kochy and Wilson
2001). It is difficult to assign primacy to these factors,
which have likely interacted strongly through time. In
drylands, woody plant encroachment occurs when me-
sophytic grasses are replaced by unpal atabl e shrubs and
trees (e.g., Larrea, Artemesia, Prosopis, Juniperus, Pi-
nus). There are many ramifications for such vegetation
change. Because woody plant proliferation adversely
affects grass production and, hence, livestock produc-
tion (Scholes and Archer 1997), it threatens the sus-
tainability and profitability of commercial ranching and
pastoral land uses. In addition, shifts from grass to
woody plant domination alters wildlife habitat; and
proliferation of deep-rooted woody plants is often as-
sumed to cause ground water depletion and reduce
flows of springs and streams. As a result, ** brush man-
agement”’ indrylandsis often akey element of wildlife
(Ben-Shaher 1992), livestock (Scifres 1980, Valentine
1997, Bovey 2001), and watershed management.

Early approaches to brush management for livestock
grazing typically had the goal of widespread, indiscri-
minant woody plant eradication; however, the rising
cost of fossil fuels coupled with short-lived treatment
effects have made | arge-scal e mechanical and chemical
treatments of woody plants economically tenuous or
unrealistic. In addition, the recognition that herbicides
can have deleterious environmental effects and that
woody plants provide habitat for wildlife has lead to
the advent of more progressive and sel ective approach-
es (e.g., Scifres et al. 1985, 1988).

Numerous studies have challenged traditional per-
spectives on the effects of woody plants on the hydro-
logical cyclein drylands, but this topic remains highly
controversial (Belsky 1996, Wilcox 2002). Effects of
woody plant encroachment on biodiversity have not
been studied but likely vary with species, growth form,
and stand devel opment. Field observationsindicate that
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woody plants such as Juniperus, Tamarix, and Pinus
can form virtual monocultures. Furthermore, increases
in woody plant abundance in drylands can lead to sig-
nificant changes in ecosystem carbon stocks (e.g., Ar-
cher et al. 2001, Jackson et al. 2002, Houghton 2003,
Wessman et al. 2004), which may support new land-
use drivers as industries seek opportunities to acquire
and accumulate carbon credits to offset their CO, emis-
sions. Woody plant proliferation in grasslands and sa-
vannas may, therefore, shift from being an economic
liability to a source of income. However, perverse in-
centives may result, as land management may shift to
promote rather than deter woody plant encroachment.
Thus, potential benefits associated with carbon se-
questration should be carefully weighed against costs
in the form of increases in nitrogen and non-methane
hydrocarbon emissions (Guenther et al. 1999, Martin
et al. 2003), potentially adverse effects on livestock
production, stream flow and ground water recharge, the
extirpation of plants and animals characteristic of
grasslands/savannas, and, indeed, the local or regional
extinction of grassland and savanna ecosystems.

MITIGATION STRATEGIES

Clearly, major challenges are associated with un-
derstanding and mitigating the negative impacts of ru-
ral land use on ecological processes. The complexity
of meeting these challenges can be simplified by con-
sidering potential impacts before, during, and after
land-use change occurs. We first consider the situation
where ecological functions are relatively intact. Sec-
ond, we focus on the land use and management activity
itself. Thelast analysis dealswith the ecological system
after it has been altered by land use and management
practices. This approach to coping strategies reflects
the need to envision the land both before and after the
transformation, as well as the changes themselves. Be-
cause changes to the land typically are intense and
cumulative and leave persistent legacies, recovery to
initial conditions is often not plausible or requires a
long time or high investments. A proactive and broad-
scale perspective on land use and management is the
most effective approach (Robertson et al. 2004).

Managing ecological conditions

In situations where ecological systems are still rel-
atively intact and the effects of surrounding land-use
changes have not had a great impact, land management
and policy decisions can be designed to enhance re-
silience (i.e., the ability to bounce back after a change)
or resistance (ability to endure). Sometimes, protecting
key areas can reduce ecological vulnerability. Pre-
served areas should be large enough to protect habitats,
species, and the environmental conditions required to
support them. Typically, the optimal size of protected
areas depends on the home range of speciesthat inhabit
the area, topographic conditions, and use of neighbor-
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ing lands (e.g., Hansen and Rotella 2001). Spatial fea-
tures of the landscape often need to be considered, and
boundaries should be selected based on the configu-
ration of ecological conditions (e.g., catchment bound-
aries) rather than political or social features (e.g., land
owner county or country borders). For example, wa-
tershed protection should include the headwaters of
streams, and distance to other preserved areas can be
important if animals are anticipated to move between
them. In his analysis of land planning, Forman (1995)
argued that initial land-management decisions should
be based on location of water and biodiversity con-
cerns, for these are the most susceptible features.

A second way to enhance resilience and resistance
in the face of impending change is by maintaining or
establishing species able to tolerate stressful condi-
tions. Via their persistence, such species may reduce
ecological impacts. For instance, Freeway Park in
downtown Seattle is placed high above the interstate
highway and planted with trees and shrubs able to tol-
erate air pollution and shallow soils. More often, the
selection of species for landscaping is based on ap-
pearance and cost rather than resistance and resilience.
For example, rural and suburban lawns are typically
planted with nonnative grasses, which are relatively
inexpensive to establish and thrive under moderate traf-
fic and repeated cutting. But other plant species can be
more effective at maintaining a diversity of ecosystem
services while reducing the need for high volumes of
water, pesticides, and fertilizers that ultimately impact
groundwater, streams, and atmospheric chemistry (Bar-
on et al. 2002).

Maintaining ecological conditions is the most cost-
effective way to protect environmental conditions, for
reclamation or restoring dysfunctional ecological sys-
tems is costly and often has a low probability of suc-
cess. However, it is sometimes unrealistic to maintain
ecological conditions. Proactive strategies to reduce
environmental impacts may be most effective. For ex-
ample, field tests of pesticide free production (PFP)
demonstrate that reduced use of pesticidesis becoming
a reasonable alternative for farming (Nazarko et al.
2003). Similarly, Integrated Pest Management (IPM)
is a proactive practice that reduces pesticide use by a
four-step approach that (1) sets action thresholds, (2)
monitors and identifies pests, (3) prevents pests from
becoming a threat, and (4) controls pests by use of
pesticides (only when necessary, and then using less
risky chemicals first).

Influencing land use and management practices so
they are less harmful to the environment

There are several ways that changes to the land can
be managed so that they are less deleterious to eco-
logical services. By organizing thelocation of land uses
within a landscape context, land-use choices, which
take advantage of natural features, can be developed
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to reduce harmful impacts on the ability of the system
to provide ecosystem services. Zoning regulations re-
strict the location of land uses but typically focus only
on making adjacent land uses compatible with socio-
economic goals. The extent to which industrial and
other intensive activities that cause severe environ-
mental harm are confined to the more resistant or re-
silient locations varies greatly. Such locations may in-
clude areas that support few rare species, have soils
and bedrock through which water does not readily per-
colate, or are not directly connected to groundwater.
Salt caverns are examples of such resistant locations.

Another way to reduce impacts of land use is to
create sacrifice areas where concentrated and intense
land uses occur and can be contained, so that other
areas can be spared. This strategy is implemented on
many military installations in the United States and is
likely one of the reasons these lands support so many
endangered species (Leslie et al. 1996). Focusing high
human impacts on resistant or resilient locations can
diminish the potential for spread of the impact. For
example, dense residential development can translate
to more natural areas left undisturbed and to placing
forest plantations on sites resilient to the repercussions
of intense tree management so that sensitive sites can
be protected.

An additional strategy isto adopt strategies and reg-
ulations that diminish environmental impacts such as
water runoff, atmospheric emissions, and loud noises
that result from land-use activities. For example, ro-
tation grazing during droughts can decrease the area of
bare ground (Teague et al. 2004), which often leads to
erosion. Mulching and composting reduce evapotrans-
piration and enhance soil quality. More broadly, the
traditional default approach of **dilution as the solution
to pollution’ is appropriate only for point sources and
where unpolluted areas are large. Now that pollution
sources are almost ubiquitous, the dilution approach
exacerbates pollution intensity and may induce cu-
mulative effects. Building higher smoke stacks simply
causes regional rather than local air quality changes.
Furthermore, most environmental regulations only ad-
dress the rate of emissions and not the effects. For
example, air quality management is largely driven by
direct regulation of technology: cleaner cars, cleaner
fuels, cleaner industry, etc.; but cumulative impacts of
many sources of pollution are not addressed.

Even so, coping strategies aimed at technology are
a major opportunity for improving environmental ef-
fects of land use. For example, resource extraction ac-
tivities can be designed to reduce sources of environ-
mental problems. The use of whole-tree harvesters
(e.g., feller-bunchers) to cut trees results in more ben-
eficial debris left in the forest, less soil disturbance,
and more wood sent to market. Technological options
on agricultural lands include conservation tillage, in-
tegrated nutrient management (which uses manure and
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compost), precision farming, organic farming, conver-
sion of monoculture to complex diverse cropping sys-
tems, meadow-based rotations and winter cover crops,
and establishing perennial vegetation along contours of
steep slopes (Leopold 1948, Lal 2003). No-till farming
can significantly reduce erosion from agricultural lands
where erosion occurs largely as a result of rain and
wind action on plowed ground (Pimentel and Kounang
1998). Of course technology changes also impact land
use itself. With the advent of chain saws, bulldozers,
and other large machinery, rates of land-cover change
have dramatically accelerated worldwide (e.g., Leopold
1948, Klink et al. 1993).

Furthermore, land use can be managed so that del-
eterious effects are reduced in size, impacts are less
likely to occur, or the size or longevity of their legacies
are diminished. For example, breaks in vegetation can
reduce the spread of wild fires or insect outbreaks and
reduce the size of the impacted area. As another ex-
ample, pollution resulting from transportation can be
diminished by placement of industrial, residential, and
commercial uses to reduce transit distance and by em-
bracing mass-transportation systems. The emerging
trend seems now to concentrate sources of pollution
(e.g., build more dense core cities and maintain out-
lying green space) and to make those sources cleaner.

Given that land use and management actions that
change ecological conditions are sometimes necessary,
one benefit of an ecological perspective is that the po-
tential for environmental losses is recognized. Thus,
plans can be set in place to reduce negative impacts of
land changes to the environment (e.g., by protecting
vulnerable resources during construction). Alternative-
ly, losses at one location can be used to bargain for
environmental gains at another place (e.g., wetland mit-
igation).

Managing the land and ecological processes
after the land changes

In situations where land use and management have
degraded ecological composition, structure, and func-
tion, it is necessary to develop coping strategies that
promote ecological restoration and mitigate against fur-
ther harmful impacts. However, restoration to the orig-
inal ecological state is costly, takes time, may have a
low probability of success, and sometimes is not even
possible or useful. Land-management practices benefit
from recognizing that ‘ an ounce of preventionisworth
a pound of cure.” Yet current activities on the land
typically do not have a strong ecological perspective.
Mitigation and coping strategies for impacted ecolog-
ical systems need the joint effort of the scientific and
decision-making communities to provide restoration of
the impacted ecological system or amelioration of the
deleterious effects on natural resources. Being able to
modify an ecological system requires a high level of
cooperation and agreement among landowners and
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managers. There are a few examples of such cooper-
ation (e.g., the Applegate Partnership in Oregon; the
Malpai Borderlands Group in southern Arizona
[McDonald 1995]), and ways to develop collaboration
have been set forth (Wondolleck and Yaffee 2000).
Ecological understanding has provided sound princi-
ples for decisions about land use and management
(Dale et a. 2000).

Coping with changes to the land requiresrecognizing
that human activities are a part of the rural landscape.
Dealing with natural variability requires a perspective
that builds on the history as well as social values for
of an area (Hunter 1993, Hessburg et al. 1999, Landres
et al. 1999). There is a growing literature on desired
future conditions, which is often a more achievable
goa than trying to reestablish historical conditions
(e.g., Gonzalez 1996, Liu et al. 2000). The concept of
desired future condition is most meaningful at the scale
of aregion because it explicitly considers the mix of
habitats (type and seral stage) generated by processes
that are only observable at the broader scale. To sustain
ecological systems and preserve ecological integrity,
management must allow for the dynamic processes that
accompany disturbance—recovery cycles and protect
essential energy and material transfers that take place
during changes to the land. When these ecological pro-
cesses are operative over a broad area, a mosaic of
habitat patches exist in various stages of postdisturb-
ancerecovery (e.g., Fuhlendorf and Engle 2001, 2004).
Given the nonequilibrium nature of ecological systems,
the distribution of terrestrial and aquatic habitats is
dynamic. As a consequence, desired future conditions
include variability as an integral and essential com-
ponent of habitat and population objectives.

Attainment of desired future conditions can be as-
sessed by a suite of ecological metrics that collectively
represent key features of the environment (Dale and
Beyeler 2001). For example, one metric might compare
the distribution of terrestrial and aquatic habitats fol-
lowing management to that expected under natural dis-
turbance regimes (e.g., Hunter 1993, Landres et al.
1999). A critical management challenge is to ensure
that human activities do not increase the frequency or
severity of disturbances to such an extent that they
surpass the capacity of the ecological systems to re-
cover. To ensureresilience, management practices must
not disrupt those energy and material transfersthat pro-
mote habitat recovery. An appropriate goal for man-
agement activities would be to mimic, to the extent
possible, natural disturbance events in terms of their
severity (i.e., spatial extent and character) and recur-
rence interval.

Structural changes to ecological systems can some-
times enhance function and artificially speed up the
rate of succession or even change the recovery path to
an alternative stable state (Leopold 1948, Ludwig et
al. 1997, Whisenant 1999). Early stages of succession
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are most affected by substrate characteristics (soil tex-
ture, moisture, and nutrient condition), distance to seed
sources, and seed morphology, whereas later stages are
largely determined by environmental changes caused
by earlier immigrants. Thus, the rate of succession can
be enhanced by such actions as establishing plants that
promote autogenic recovery and providing nesting sites
that attract birds that disperse seed of native plants and
hence foster succession. Placing wood and debris in
recovering systems can quickly create habitats that al-
low the reintroduction of a variety of species (Bouget
and Duelli 2004). Physical enhancement to soil texture
and establishment of berms and retention ponds can
dramatically reduce water runoffs, which is often det-
rimental to aquatic organisms. Restoration of wetlands
can providethe services of flood abatement, water qual-
ity improvement, and enhancement of biodiversity
(Zedler 2003).

Incentives are often needed to implement manage-
ment practices that are in tune with the environment.
Satisfying environmental laws and regulations is the
typical goal. With the globalization of the world’'s econ-
omy and the recognition of the relationship between
the carbon stored in vegetation and soils and climate
change (e.g., Shukla et al. 1990, Dale 1997, Malhi et
al. 2002, Antleet al. 2003), carbon credits are emerging
as a measure of land-use impacts on the carbon cycle.
In this situation, industry provides funding for carbon
sequestration efforts associated with improved crop-
ping systems, afforestation, land improvements, and
rehabilitation of degraded lands. These efforts have
additional positive spin-offs, including decreased ero-
sion, increased soil fertility, and water-holding capac-
ity, and enhanced biodiversity and wildlife habitat.
Thus, the use of carbon creditsis promoted asastrategy
that has both environmental and social benefits, which
allows industry to meet emissions standards while pro-
viding land managers the funds needed to implement
progressive management and restoration practices
(Cairns and Lasserre 2004).

REsSEARCH NEEDS

Exploring ‘‘ causes, mechanisms, and consequences
of land use and land-cover change’ is one of the top
10 research topicsin landscape ecology (Wu and Hobbs
2002) and has been an ongoing research theme in NA-
SAs Land-Cover Land-Use Change program (more in-
formation available online)® and the Strategic Envi-
ronmental Research and Development Program’s Eco-
systems Management Project (more information avail-
able online).” Under this broad topic, we identify seven
major areas for research focus:

1) Quantify land-use legacies. This quantification
involves characterizing changes in structure, function,

6 (http://Icluc.gsfc.nasa.gov/)
7 (http://www.cecer.army.mil/K D/SEM P)
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and composition and determining persistence and spa-
tial extent. It also requires knowing what conditions
may influence the type, duration, and extent of land-
use legacies.

2) Determine conditions under which land-use
change modifies (exacerbates or ameliorates) impacts
of other stressors. For example, during droughts the
impacts of land-management practices can be more se-
vere. It will be useful to determine conditions under
which severe impacts of ‘‘ compounded perturbations’
(Paine et al. 1998) are common. The effect of land-use
changes on natural disturbances is also an area that
needs further investigation.

3) ldentify conditions under which increased im-
pacts can be avoided. For example, what properties of
ecological systems confer resistance to change or an
ability to recover from change (resilience)? What types
of farming practices enhance soil water retention?

4) Understand cumulative impacts of land-use
change. This understanding requires knowing how and
when different land-use changes interact with other
stresses to affect the environment. Because cumulative
and synergistic effects are so pervasive, defining when
such conditions do not occur might be the easier task.

5) Improve understanding of how land use altersre-
sistance or susceptibility to invasion and impacts of
pollution. Quantitative and experimental studies are
needed if we are to develop a robust understanding of
the drivers and functional consequences of the spread
of nonnative species and environmental pollutants.

6) Craft socioeconomically reasonable incentives
for restoring or reducing effects of land practices. Set-
ting environmental goals within their socioeconomic
context highlights research needs and the potential for
establishing incentives that have global aswell aslocal
significance. A key challenge in implementing viable
strategies and incentives is the political instability in
developing countries. Ways to quantify both realized
and potential benefits over large and spatially hetero-
geneous areas need to be developed, along with meth-
ods of monitoring and tracking how well incentives are
met.

7) Accelerate the integration of social and ecolog-
ical sciences. Long-lasting plausible ecological solu-
tions will not be effectively implemented unless mul-
tiple goals of society are reasonably met. It is, there-
fore, necessary for ecologists to work with social sci-
entists a priori to determine how goals for land
management are developed and when and how politi-
cal, economical, or social conditions may constrain
management options. Ultimately, ecologists need to
achieve a better understanding of political, economic,
and social drivers of change in land use if they are to
effectively assess and influence present and future land-
use options.
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