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Glossary
Anthropogenic geomorphology A systematic subfield of

geomorphology concerned with the study of landforms

created or modified by human activity. Human-induced

changes in geomorphic processes, process rates, and

landscape sensitivity to change are also of concern (Szabó,

2010).

Climate change A statistically significant deviation from

mean climate conditions persisting for a period of decades

or longer. Climate parameters that may change include

precipitation, air temperature, water temperature, humidity,

and wind speed, direction, and duration of events. Changes

in these parameters may be in the form of mean, maximum,

or minimum values, or measures of variability such as

standard deviation or seasonality, and may occur at spatial

scales ranging from micro to global climates.

Landscape sensitivity The vulnerability of landscapes to

change in response to environmental forces. Sensitivity may

vary with the characteristics of geologic structures, soils,
es, L.A., Harden, C.P., Clague, J.J., 2013. Geomorphology of human

turbances, climate change, and hazards. In: Shroder, J. (Editor in Chief),
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vegetation, or antecedent conditions (Brunsden and

Thornes, 1979). Sensitivity to erosion varies spatially and

may explain complex patterns of degradation to regionally

uniform climate change or human alterations.

Natural hazards The threat of a naturally occurring event

with adverse effects on society or the environment. They

may be meteorologically, geologically, or geomorphically

induced and include storms, floods, tsunamis, earthquakes,

volcanic eruptions, sinkhole collapse, and debris flows.

Sustainability The ability of processes or activities to be

maintained over extended periods of time ‘‘ywithout

compromising the ability of future generations to meet their

needs’’ (World Commission on Environment and

Development (WECD), 1987). The concept may be applied

to development, resource use, or environmental

management and implies a commitment to the stewardship

of natural systems. It began as a social and philosophical

construct, but was later adopted by the scientific

community as sustainability science (Kates et al., 2001).
Abstract
Anthropogenic geomorphology is an emerging systematic field that overlaps with climate change and natural hazards

research. Collectively, these three topics form a human dimension of geomorphology that should gain increasing prom-
inence in the twenty-first century with mounting concerns over the ability to reconcile population growth, dwindling
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resources, global environmental change, climate warming, public safety, and sustainability with the stability of geomorphic
systems. Humans create landforms directly and indirectly by altering geomorphic process rates and landscape sensitivities.

Climate change may also alter process rates and sensitivities, or shifts to different climate regimes may result in complete

changes in landform processes.
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Figure 1 Systems diagram for interrelationships between human
activities and landform responses. See text for explanation and
discussion.
13.1.1 Introduction

In this day of increasing concern over global change and

human impacts on the environment, it is fitting that a volume

of the Treatise on Geomorphology is dedicated to disturb-

ances, change, and vulnerability. Chapters or sections on the

subjects of human agency, climate change, and hazards appear

elsewhere in the Treatise within the context of a particular

geomorphic system or set of methodologies, but this volume

is focused on the human dimensions of geomorphology.

For geomorphology to make a substantial contribution to the

science of global environmental and climate change, and to be

relevant to debates about the validity of those changes and

policies to mitigate them, geomorphic research will need to

reach beyond compartmentalized treatments of these critical

topics and approach them in an integrated manner. The syn-

theses in this volume hopefully will help lead to recognition

of general characteristics and theories that are common to

multiple geomorphic systems.

This volume examines general concepts of anthropogenic

geomorphology, climatic geomorphology, impacts of climate

change, and geomorphic hazards. Human impacts on geo-

morphology and geomorphic effects on humans through

natural hazards clearly involve interactions between humans

and geomorphic systems. The human dimension of geo-

morphology is a vital area of research that has been largely

neglected beyond the local and subregional scale. Global en-

vironmental change and climate change have become topics

of great concern owing to recent realizations about the per-

vasive impacts of society at this scale. Much of the scholarship

on environmental and climatic change, however, has been

centered on interactions with ecosystems, agrosystems, and

hydrologic systems (Slaymaker et al., 2009). Much less has

been written about the effectiveness of humans as geomorphic

agents or the impacts of climate change on geosystems.

Study is also needed of climate-change impacts on geo-

morphic systems to build upon early concepts of climatic

geomorphology and improve knowledge of local-scale land-

scape sensitivity to global-scale changes. For example, it should

be possible to anticipate responses of soil erosion and sediment

yields at the hillslope scale to changes in precipitation regimes

and vegetation cover at the scale of general circulation models.

The effects of natural hazards on society also have not been

adequately addressed from a geomorphic perspective. Geo-

morphic hazards are a human dimension of geomorphology

in which physical systems drive change, and humans are the

response variable. Humans influence natural hazards, however,

and social vulnerability to hazards is clearly dependant on

human behavior, so the relationship between independent and

dependent variables can be reversed. Together, human impacts

on geomorphic forms and processes, climate change, and

geomorphic hazards form a trilogy of concerns that will need a

great deal of study and a better understanding in the twenty-

first century. The central goal of this volume is to pull together
several syntheses and reviews from writings on these topics

and show how geomorphology can benefit from an anthro-

pogeomorphic viewpoint, and how global change and hazards

research can benefit from a geomorphic perspective. Chapters

in this volume are grouped into three primary sections: (1)

human impacts on geomorphic systems; (2) impacts of climate

change on geomorphic systems; and (3) natural hazards.
13.1.2 Background

Interrelationships among human activities, climate, and nat-

ural hazards may take many forms, of which direct responses

of landforms to human activities are but one aspect

(Figure 1). Human activities have indirect influences on

landforms through cascades, biological systems, and natural

hazards. Cascades in the movement and storage of mass

or energy commonly link human activities to landform

responses, so that geomorphic responses may be propagated

indirectly and may be delayed, mitigated, or extended in time

and space. Similarly, alterations to geomorphically relevant

biological systems, such as vegetative cover that inhibits ero-

sion, may result in indirect linkages between human activities

and landform responses. For example, grazing animals may

increase sensitivity of a landscape to erosion by reducing the

protective cover of vegetation. Thus, the extirpation of wild

herbivores may reduce erosion, or the introduction of do-

mesticated grazing animals may increase erosion. Conversely,

landform responses may have a positive or negative feedback

on human activities. For instance, agriculturally induced
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Figure 2 Dust storm emanating from the Bodele Depression toward
Lake Chad in Saharan Africa. Source: NASA Earth Observatory
Aqua satellite image, 2 January 2007. NASA Visible Earth: http://
visibleearth.nasa.gov/
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erosion that causes valley bottom aggradation and increased

flooding may reduce human activity rates or may push agri-

culture up onto highly erosive hillslopes, causing accelerated

erosion. Natural hazards may have a direct geomorphic im-

pact on landforms through erosion and sedimentation. Nat-

ural hazards may also have an indirect effect on landforms by

altering social systems, such as local economic or political

stability and infrastructure that govern human rates of geo-

morphic activities. For example, the destruction of infra-

structure such as irrigation works may result in decreased

agricultural activity and reduced erosion and sedimentation,

or the destruction may result in neglect of erosion-control

measures and increased erosion and sedimentation. In add-

ition, geomorphic events such as deflation, floods, and beach

erosion may be influenced by human activities. Rates and

intensities of human activities are influenced by cultural fac-

tors of the social system, especially the level of technology

employed, and population dynamics, such as population

growth and migrations. Social systems may respond to land-

form changes or natural hazards, resulting in complex inter-

actions between physical and human systems. Agricultural

destabilization of soils that leads to catastrophic deflation,

regional economic decline, and out-migration is an example

of this dynamic. Climate and climate changes may have a

pervasive influence on human activities, landform responses

to those activities, the sensitivity of cascading and biological

systems to change, natural hazards, and social systems. In

addition, climate change, itself, is a response to human

activities, so the overarching effects of climate can be viewed as

part of the system of anthropogenic geomorphology.

Geomorphic responses to climate change during the

Holocene have commonly been difficult to distinguish from

human impacts. Anthropogenic and climatic disturbances

generally involve complex interactions and feedbacks between

culturally and physically induced processes. Attempts to isol-

ate anthropogenic from natural change is not always feasible

or desirable. For example, natural climate change may increase

landscape sensitivity and lower thresholds of response to

disturbance (Knox, 2001). Thus, it is often preferable to study

integrated systems as a whole.

Given the allied topics of hazards and anthropogenic

change addressed in this volume, the focus is on late Holocene

and historical time scales. Reconstructing past changes in Ter-

tiary or Pleistocene climates is not an objective except insofar

as early climates reflect processes that may be relevant to recent

or future changes. Consideration of paleo-climates prior to the

Holocene is provided in other volumes of the Treatise. Changes

in climate and landscapes were much more rapid during

the Quaternary than previously supposed, as evidenced by

Greenland and Antarctic ice core data (Dansgaard et al., 1993;

Petit et al., 1999). Modern effects of climate warming and

anthropogenic change have increased these rates. Biodiversity

has shown major variability through geologic time and is now

decreasing at a rate that rivals major extinction events in Earth

history (Wilson, 1992). Present rates of climate and anthro-

pogenic change could challenge common assumptions of dy-

namic equilibria in geomorphic systems.

Global anthropogenic changes are not confined to the at-

mospheric and biologic spheres, but extend to geomorphic

systems through strong system interconnectivity. Earth systems
are closely interconnected through transfers of energy, water,

sediment, and diverse chemical compounds. Tight coupling of

systems implies that change in one system may be propagated

to other systems and result in collective local-scale changes

that have cumulative effects at the global scale. Growing

awareness of this interconnectivity has been accompanied by

increasing recognition that soils and biota influence climate

systems, not simply the converse (Claussen, 2004; Steffen

et al., 2004). For example, Avissar and Liu (1996) simulated

spatial patterns of precipitation that strongly reflected patterns

of vegetation and bare soil. Hydrologic systems also play a

dual role as independent and dependent variables with climate

in the Earth system. This realization is expanding the emphasis

of hydrology from flood control, drought, erosion, sedimen-

tation, and eutrophication to integrated water resources

management and a global synthesis based on geospatial ana-

lyses (Meybeck and Vörösmarty, 2004). Aeolian processes

also demonstrate high spatial connectivity across continents

(Figure 2). For example, satellite remote sensing has docu-

mented sediment transport from the Sahara Desert in Africa to

South America, where it provides a flux of nutrients to the

Amazon rain forest (Koren et al., 2006), from Japan to North

America (Uno et al., 2001), and between China and Japan

(Iino et al., 2004). A map of global source areas for dust is

presented by Lancaster (see Chapter 13.9, Figure 3). These

aeolian events may also have feedbacks to large-scale atmos-

pheric processes such as suppression of cyclogenesis (Evan

et al., 2006). Glaciation propagates the effects of climate

change through time and space. Downvalley changes are im-

posed by meltwater, outwash, and cold-air drainage, whereas

large-scale changes to atmospheric circulation may be gener-

ated by ice sheets that induce cold-cored high-pressure con-

ditions over large areas. Rapid changes in global ice volumes

and the geomorphic effects of deglaciation are documented by

Haeberli et al. (see Chapter 13.10).
13.1.2.1 Early Concepts of Population, Technology, and
Environmental Impacts

Exponential growth in the global human population is often

cited as a factor influencing rapid rates of late Holocene en-

vironmental change. In addition to accelerating geomorphic

MAC_ALT_TEXT Figure 2
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change, the growing population also increases the vulner-

ability of society to natural hazards. Urbanization of lands

that are susceptible to floods, tsunamis, volcanic eruptions,

and the like put large numbers of people at risk and reduce

the resiliency of society to catastrophic events. The relation-

ship between population and environmental impacts has

engaged philosophers from the time of Herodotus and

Seneca, to Malthus and Darwin, to Commoner and Erhlich,

and to the present. During the environmental movement of

the 1970s, a scientific debate emerged over the theoretical

causality of global environmental impacts. Although these

ideas were concerned with broad environmental impacts, for

example, toxicity, water quality, and ecological systems, they

apply in a very general, qualitative sense to impacts on geo-

morphic systems. During these debates, the relative import-

ance of technology and population emerged as a central

focus. In contrast with Commoner, Ehrlich held that popu-

lation was the primary driver of environmental impacts.

A series of theorems presented by Ehrlich and Holdren

(1971) ultimately led to a simple, iconic conceptual rela-

tionship, IPAT, that is commonly used to express environ-

mental impacts in terms of population, affluence, and

technology (Holdren and Ehrlich, 1974):

I¼ PAT ½1�

where I is environmental impact, P is population, A is con-

sumption or affluence, and T is technology. The loadings for

T can be greater than or less than one so that technology can

increase or decrease impacts. Although critiques of Malthusian

pessimism evoked the positive aspects of technological innov-

ations, Commoner (1972) concluded that most technological

developments associated with growth of the US economy since

1946 created substantially greater environmental impacts than

the technologies that they replaced. This viewpoint is supported

by human-induced geomorphic changes in the form of earth

movement by mining and road building that have proliferated

in the past century (see Chapter 13.6). It is also corroborated by

the potential use of thermonuclear technology for geomorphic

change as described in the section on Project Plowshare at the

end of this chapter. The IPAT approach to assessing environ-

mental impacts has primarily been applied to global-scale

problems and is difficult to apply to smaller scales of space and

time (Steffen et al., 2004).
13.1.2.2 Structure of the Volume

The first section of this volume is concerned with the impacts

of human activities on geomorphic systems, examined from

both a physical and historical (stratigraphic) perspective. The

first three chapters examine impacts of land use and vegetation

clearance on watersheds and river channels at a variety of

scales of space and time ranging from small watersheds to

continents and from the Neolithic to present (see Chapters

13.2, 13.3, and 13.4). The next three chapters cover the effects

of grazing, mining, and dams and reservoirs on geomorphic

systems, respectively (see Chapters 13.5, 13.6, and 13.7). Four

chapters in the second section of this volume examine the

effects of climate and climate change on geomorphic systems.

The first examines the long tradition of climatic
geomorphology (see Chapter 13.8). It is followed by chapters

on responses of aeolian, glacial, and periglacial systems to

climate change, respectively (see Chapters 13.9, 13.10, and

13.11). The final section of this volume consists of six chapters

that examine major catastrophes, tsunamis, volcanism, flood-

ing, wild fires/debris flows, and effects of climate change on

slope stability, respectively (see Chapters 13.12, 13.13, 13.14,

13.16, and 13.17). In addition, a few brief discussions are

provided in this chapter to broaden the scope of human im-

pacts covered elsewhere in the volume.
13.1.3 Human Impacts on Geomorphic Systems

Interest and focus on how humans change geomorphic sys-

tems accelerated in the late twentieth century as concerns

mounted about global environmental change and growing

population pressures. A new subdiscipline of geomorphology

is emerging that operates on a variety of temporal and spatial

scales. The nature, extent, and timing of human impacts on

geomorphic systems are not merely academic questions, but

may have serious physical and social implications. For ex-

ample, soil loss is a geomorphic consequence of human ac-

tivities that is highly relevant to feeding global populations.

Most (99%) of the global food supply is derived from the

land; less than 1% comes from oceans and aquatic habitats

(Pimentel et al., 1994). Sustainability of terrestrial agriculture

is of essential importance, therefore, as global populations

increase from the present 6.9 billion to a projected 9.3 billion

by the year 2050 (United Nations, 2011). Yet, soil erosion is

reducing arable lands at an alarming rate when considered

against the rate of pedogenesis. Pimentel et al. (1995) estimate

that almost one-third of the global soil cropland was lost to

erosion between 1950 and 1995.
13.1.3.1 Anthropogenic Geomorphology

Study of the effects of human activities on geomorphic sys-

tems is an emerging branch of geomorphology that focuses on

humans as agents of change. Most systematic branches of

geomorphology are named by the agents of change; that is

studies of the action of rivers, glaciers, and wind are the realms

of fluvial, glacial, and aeolian geomorphology, respectively.

Anthropogenic geomorphology includes the study of surface

landforms created by humans (Szabó, 2010), for example,

open-pit mines, artificial levees, jetties, and groins. Anthro-

pogenic geomorphology is a systematic branch of the discip-

line in which humans are the agents of change. Just as the

processes and landforms of other systematic areas commonly

overlap (e.g., coastal and aeolian), so human-induced influ-

ences overlap with other systematic processes and landforms.

Several studies have been devoted to anthropogenic geo-

morphology for particular subdisciplines – fluvial geo-

morphology (Brierley and Stankoviansky, 2003; Batalla and

Garcia, 2005; Syvitski et al., 2005; James and Marcus, 2006),

coastal geomorphology (Walker, 1988; Nordstrom, 2000;

Stutz and Pilkey, 2005), hillslope geomorphology (Walling

and Probst, 1997), aeolian geomorphology (Gill, 1996),

and climatic geomorphology (Wolman and Gerson, 1978;
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Montgomery et al., 2001; Vandenberghe, 2003). Other studies

have covered the broader topic of human impacts on geo-

morphic systems (Slaymaker et al., 2009; Szabó, 2010).

Anthropogenic geomorphology is also concerned with

landforms and processes that result indirectly from human

processes and alterations to natural rates of change (Szabó,

2010). Thus, where deforestation has accelerated erosion,

rapid sedimentation downstream may result in the formation

of alluvial fans and deltas that are, in part or wholly, anthro-

pogenic landforms. As demonstrated in this volume, human

activities have direct or indirect impacts on hillslope, fluvial,

glacial, periglacial, aeolian, and coastal systems (Table 1).

Human activities may result in global-scale changes that in-

fluence such a wide variety of landforms that the breadth of

their impacts would be underestimated if their representation

was confined to a single system (Szabó, 2010).

Human-induced geomorphic changes accelerated during

the late Holocene. The current geologic time interval has been

referred to as the Anthropocene, a distinct but informal time

interval distinguished by major human impacts on geologic

processes (Crutzen and Stoermer, 2000). Formal inclusion

of the Anthropocene as an epoch of the geologic time scale

has been considered by the Stratigraphy Commission of

the Geological Society of London (Zalasiewicz et al., 2008).

Potential criteria for defining the onset of the Anthropocene

include the onset of increased CO2 in ice cores, climate

change, decreased biodiversity, the industrial revolution, and

the presence of radionuclides from atomic bomb testing in the

1960s. Most of the early criteria were gradual and time-

transgressive, which precludes a precise designation of the

onset of the epoch. Some criteria, such as testing nuclear

weapons, are based on events that occurred well after extensive

anthropogenic changes had begun. Difficulties in identifying a

specific time to characterize multiple changes that are time

transgressive are not unique to the Anthropocene and are

problematic to most existing geologic time divisions. It may

suffice simply to identify a specific date, such as 1800, for the

onset of the epoch (Zalasiewicz et al., 2008).
Table 1 Examples of anthropogeomorphic changes

System Anthropogenic
changes

Geomorphic response

Rivers Damming; bank and
bed armoring;
river-bed mining

Sedimentation; de-
position; flow
frequencies; roughness
changes

Coasts Dredging; armoring;
sea-level rise

Beach erosion; sediment
redistribution

Hillslopes Deforestation, plow-
ing, road cuts

Rills, gullies

Groundwater Mining Subsidence
Glacial Global warming Ice margin retreat
Periglacial Road embankments;

global warming
Permafrost degradation

Arid & Aeolian Vegetation change;
vehicular traffic

Deflation and deposition
13.1.3.2 Scales of Space and Time

Human activities have long had an effect on environmental

systems at a local scale, and many studies have documented

human impacts on isolated landforms or spatially constrained

systems such as individual hillslopes or river channels. Until

the modern era, however, human impacts were considered

relatively ineffective at the regional or global scale, and few

geomorphic studies considered human impacts at a broad

scale. Understanding global and climate change in the modern

context, however, calls for consideration of anthropogenic

changes to Earth systems at a larger geographic scale than has

commonly been addressed by past geomorphic studies. Given

scale-linkage problems in which larger systems require a

longer time perspective, a shift toward global spatial scales

may also require a longer temporal perspective (Schumm,

2005; Slaymaker et al., 2009; see Chapter 9.37).

A similar conclusion about the need for an historical per-

spective may be reached from a different logic based on

questions of regional- or continental-scale impacts of human

activities. The common need to identify undisturbed geo-

morphic conditions calls for recognition of early human

changes and the geomorphic effectiveness of early human ac-

tivities. These inquiries raise questions of what is a ‘natural’

geomorphic system. This question has been explored in some

detail for fluvial systems because many regulatory and design

procedures are predicated on the need to identify undisturbed

reaches of rivers. Subsequent studies have concluded that an-

thropogenic changes to rivers have been so extensive that it

may be difficult to locate an undisturbed river (Graf, 1996;

Wohl, 2001; James and Marcus, 2006; Newson and Large,

2006; Wohl and Merritts, 2007; Fryirs and Brierley, 2009). In

fact, many fundamental fluvial theories were based on river

systems that have been substantially altered by deep historical

sedimentation (Montgomery, 2008; Walter and Merritts, 2008).

The question of what is natural should be raised in studies of

other landform systems where sediment budgets governing

landform processes may have been substantially altered by

human activities and landforms are products of these activities.
13.1.4 Impacts of Climate and Climate Change on
Geomorphic Systems

The second section of this volume has two main foci: a review

of climatic geomorphology and syntheses of geomorphic im-

pacts of climate change in three systematic areas of geo-

morphology that are defined largely by climate: aeolian,

glacial, and periglacial systems.
13.1.4.1 Climatic Geomorphology

The first chapter in this section reviews the long history and

diverse concepts of climatic geomorphology, which has deep

roots in the discipline of geomorphology (see Chapter 13.8).

The birth of the concept that specific morphogenetic features

are associated with climatically driven processes can be traced

to the glacial theory advanced by Louis Aggasiz (Derbyshire,

1973). During the mid-twentieth century, this approach

largely focused on the identification of morphogenetic zones,
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morpho-climatic regions, and the reconstruction of paleocli-

mates from morphologic forms (Beckinsale and Chorley,

1991). Critiques of these methods arose from the lack of

unique linkages between climatic processes and form (equi-

finality), poor-quality climate data, intervening factors such as

geologic structure, and climate change. Climate change was

generally not a primary concern of early climatic geomorph-

ology, because the frequency and degree of Quaternary climate

changes were not fully understood and because climate

change introduces polygenetic landforms that pose substantial

difficulties to the identification of morpho-climatic regions.

During the late twentieth century, climatic geomorphology

tended to evolve into specialized subfields, in which climate is

a defining element. The emergence of systematic subfields of

tropical, glacial, periglacial, and aeolian geomorphology led to

less emphasis on the recognition of global-scale regions or

zones. Certain climates and processes were presumed as pre-

conditions for membership to a given system (e.g., glacial

geomorphology), which led to fewer comparisons between

diverse climatic regions or process regimes. Nevertheless,

identification and mapping of morphological evidence from

paleo-landforms, combined with radiometric dating, con-

tinues to be a viable means of documenting the former extent

and intensity of past climates. The emphasis has shifted from

identifying morpho-climatic zones to recognizing climate

change and reconstructing climate histories from landforms

and stratigraphic evidence. Knowledge of climate change

within the individual climatic subfields has progressed greatly

as Quaternary geomorphologists developed detailed histories

and concepts of evolving process regimes within certain re-

gions. Examples of Quaternary change studies are provided in

chapters in other volumes of this Treatise.
13.1.4.2 Impacts of Climate Change on Geomorphic
Systems

Toward the end of the twentieth century, influences of climate

change became a topic of great importance. Global warming

due to increased atmospheric greenhouse gases is causing

major geomorphic changes as sea levels rise, glaciers melt, and

regional patterns in temperature and precipitation shift. Al-

though debate continues about the relative importance of the

role of humans in climate warming, there is no doubt that

anthropogenic releases of CO2 have increased, so the question

is not whether humans have contributed to climate change,

but how much that they have done so. Climatic warming,

therefore, represents an indirect response to human activities

that has extensive geomorphic implications. Within the field

of geomorphology, interest in climate change took place

largely within the framework of specific geomorphic systems,

such as glacial, fluvial, or soils geomorphology. A systematic

coverage of all geomorphic systems goes beyond the scope of

this volume, but by considering climate change in a variety

of regimes, this volume seeks to elucidate the implications of

atmospheric processes that shift from one regime to another.

From this broad perspective, climate can be seen as a geo-

morphic disturbance factor, not simply a static determinant of

regional geographic patterns.

Three chapters in this volume examine the impacts of cli-

mate change on geomorphic systems associated with specific
climate regions. The chapter on aeolian processes reviews the

impacts of climate change in drylands, which cover B50% of

the land surface of Earth (see Chapter 13.9). Dune re-

activation, generation of dust, influxes of nutrients to oceans

and distant lands, and human health implications are covered

with an emphasis on decadal time scales. Haeberli et al. (see

Chapter 13.10) describe the history and recent developments

in global glacial monitoring that document glacial retreat and

an acceleration of ice-mass loss over past decades. Impli-

cations include effects on sea-level rise, seasonality of runoff

and water resources, creation of new lakes, destabilization of

deglaciated slopes, and increased sediment delivery to streams.

The increasing capabilities of Light Detection and Ranging

(LiDAR) altimetry combined with the differencing of gridded

digital elevation models (DEMs) (James et al., 2012) are

producing a new generation of monitoring and morphometric

analyses that will lead to detailed glacial monitoring at the

scale of entire mountain ranges. The chapter on periglacial

landscapes reviews the nature of climate-change impacts in an

environment that is highly susceptible to regional warming

and will likely experience the greatest degree of warming (see

Chapter 13.11). These landscapes will likely experience ther-

mokarst and ice-wedge degradation, hillslope instability, and

substantial erosion. An estimated 25% of the Earth’s surface is

underlain by permafrost, so the release of CO2 gases by

thawing is a serious concern. In addition to these three

chapters, chapters in other volumes of the Treatise are con-

cerned with the effects of climate change; for example, the

effects of climate change on rivers (see Chapter 9.40).

An impact of climate warming that has widespread geo-

morphic implications is the on-going rise in levels of the global

oceans. Linking global sea-level budgets to energy budgets is an

on-going area of research that is essential to calibrating simu-

lations of climate change as scenarios of changes to atmospheric

chemistry (Church et al., 2011). From 1961 to 2003, global

mean sea levels rose B1.8 mm yr�1, whereas after 1993 they

rose at a higher rate of B3.1 mm yr�1 (IPCC, 2007). Most of the

rise since 1993 (1 mm yr�1 or 57%) has been attributed to

thermal expansion of sea water, whereas glacial and ice cap

melting was credited for only 0.5 mm yr�1 (28%), and melting

of polar ice 0.27 mm yr�1 (15%) (IPCC, 2007). Recent estimates

of sea level rise from 1972 to 2008 indicate a total 1.8 mm yr�1

rate with contributions of thermal expansion only 0.870.1

mm yr�1, and melting of glaciers and ice caps contributing

0.7 mm yr�1 (Church et al., 2011). Mining of groundwater

produced a surplus of water that offset all but 0.1 mm yr�1 of

water stored in reservoirs and lost to oceanic recharge. If the ice

masses of Greenland and Antarctica were to melt completely, sea

levels would rise B64 m (Bamber et al., 2001; Lythe et al., 2001;

IPCC, 2007). Glacier and ice cap melting rates increased in the

late 1990s (Church et al., 2001, 2011) and this could increase

rates of geomorphic change in coastal environments.
13.1.4.3 The Human Role in Early Climate Warming

It was long held that humans had little effect on global climate

(Thornthwaite, 1956), but this changed rapidly with the

realization that concentrations of greenhouse gases in Earth’s

atmosphere were rising (Plass, 1956). The effects of prehistoric
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and preindustrial anthropogenic land use and land cover on

global climate are currently the subject of a lively debate. It has

been argued that modern global warming can be traced back

to prehistoric deforestation by burning and land clearance in

the early Holocene that released enough CO2 to initiate a

global climate response (Ruddiman, 2003, 2007). Through

numerous Quaternary glacial advances and retreats, inter-

glacial warm periods tended to begin with high levels of

atmospheric carbon dioxide and methane that declined after

interglacial warming began, followed by cooling and a return

to glacial climatic conditions. The Holocene, however, has

been quite different. Greenhouse gases were initially high and

then declined in the early Holocene in keeping with most

interglacial periods, but CO2 concentrations began to rise

approximately 8000 years ago and methane concentrations

began to rise around 5000 years ago (Ruddiman, 2007). A

number of studies have demonstrated the sensitivity of global

climate to Holocene trends in atmospheric CO2 and CH4

(methane) concentrations (Ruddiman, 2004; Vavrus et al.,

2008). Deforestation may have led to CO2 increases in the

atmosphere, and the introduction of large populations of

grazing animals and rice agriculture may have increased CH4

emissions to the atmosphere (Ruddiman and Ellis, 2009). This

sensitivity has been demonstrated by recent paleoecological

data suggesting that reforestation after the collapse of in-

digenous populations in Neotropical Latin America following

European contact was sufficient to perturb the global carbon

cycle and climate system and to contribute to Little Ice Age

cooling (Nevle and Bird, 2008; Dull et al., 2010).

Some modeling studies that have attempted to estimate

prehistoric and preindustrial anthropogenic CO2 and CH4

emissions have concluded that the emissions were too small

to have had a substantial effect on global climate (DeFries

et al., 1999; Olofsson and Hickler, 2007; Pongratz et al.,

2009), and attributed the observed trends in CO2 and CH4

concentrations to natural sources. Recent model runs based on

updated greenhouse gas concentrations for a low (natural)

scenario and a modern scenario simulate substantially lower

temperatures for the low scenario than the anomalously high

CO2 and CH4 concentrations since the industrial period

(Kutzbach et al., 2010). The regional temperature differences

range from 2 1C cooler in the tropics to 4–8 1C cooler in polar

regions. Kutzbach et al. (2010) concluded that a state of in-

cipient glaciation would be present if it was not for the current

elevated greenhouse gas concentrations.

Several studies have documented changes to the global

carbon balance. Although information about rates of land-use

change and biomass densities has improved greatly over the

past decades, the variability in estimates of carbon emissions

from these changes has increased (Houghton, 2010). Several

estimates of the relations between carbon sources and

sinks from land use and land-use change have been made

(House et al., 2003; Ramankutty et al., 2007; Ito et al., 2008;

Houghton, 2010).

Climate change influences the sensitivity of landscapes to

erosion and sedimentation. The relation between climate and

soil erosion has long been shown by empirically derived

erosion models. For example, a climatic aggressiveness index

introduced by Fournier (1960) linked annual sediment pro-

duction to climatic and topographic factors. This concept was
later adapted and combined with annual precipitation vari-

ability for use with the Universal Soil Loss Equation (Arnol-

dus, 1978). A modeling approach based on geographic

information system (GIS) analysis was used by Asselman et al.

(2003) to simulate the combined effects of climate change and

land use on fine sediment production, transport, and de-

position on floodplains in the Rhine Basin. They concluded

that sediment production will increase in the Alps and de-

crease downstream in Germany, producing an overall increase

in erosion of B12% basin-wide with negligible changes to

sediment loads downstream in middle reaches, and an in-

crease in erosion of B13% in the Rhine Delta. Although the

magnitude and frequency of floods is expected to increase,

floodplain deposition is expected to decrease owing to re-

duced sediment loads during moderate floods with high

floodplain trap efficiencies.

Carbon-balance studies should consider not only the

contemporary cycling of carbon within the biomass but also

the long-term cycling of soil organic carbon (SOC). Re-

ductions in SOC are also relevant to geomorphology through

relationships between organic matter and soil erodibility.

Studies of relatively recent changes in SOC have concluded

that substantial releases of SOC have accompanied deforest-

ation and that much of this change is irreversible over decadal

or centennial time scales. For example, Don et al. (2010)

examined 385 studies of SOC in tropical forests and found

that conversion of primary forest to cropland resulted in SOC

losses on the order of � 25% and conversions to grassland on

the order of � 12%. They also found that secondary (re-

growth) forests contain typically 9% less SOC than primary

forests, and that SOC losses are only partially reversible with

reforestation. Even larger SOC decreases have been docu-

mented following deforestation in boreal forests. For example,

Grünzweig et al. (2004) measured a reduction of 44% in SOC

following deforestation in central Alaska.

Changes in land use also have substantial impacts on

global climate through mechanisms other than greenhouse

gases. By including land-cover changes in global climate

models, the outcome of those models can be significantly

changed (Kabat et al., 2002; Feddema et al., 2005). Although

global climate changes are driven by carbon sequestration,

microclimate changes are commonly driven by alterations in

local water budgets.
13.1.5 Geomorphic Hazards

Geomorphic hazards warrant focus from a modern geo-

morphic perspective. Hazards arising from geomorphic pro-

cesses can have large impacts on society. Humans are not only

agents of change, but they are also vulnerable to geomorphic

processes operating outside what might be considered the

normal magnitude range. The human dimension of geo-

morphology is concerned, therefore, not only with human

impacts on climate and land systems, but also with the reverse

role, in which geomorphic systems impact humans. The effects

that climate and environmental systems have on human

societies is a central concern of natural hazards research.

A broad view should consider not only the impacts of hazards

on society, but also how human activities influence hazards.
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For example, anthropogenic channel aggradation increases

flood risks. Human activities also clearly influence vulner-

ability and resilience to disasters stemming from hazardous

natural processes.

Not all natural hazards are susceptible to change by human

activities. To make distinctions, it may be useful to separate

endogenic and exogenic processes in the classification of

geomorphic hazards. The forces applied by endogenic pro-

cesses, such as earthquakes, tsunamis, and volcanism, are not

appreciably altered by human action, although vulnerability

and resilience clearly are affected by behavior. The forces ap-

plied by exogenic geomorphic processes, however, such as

storms, floods, deflation, and fire, are commonly affected

strongly by land use and engineering works. Alterations in the

magnitude and frequency of these events may result in com-

plex interactions between society, hazards, and geomorphic

processes (Figure 3).

This volume includes several papers concerned with con-

cepts, implications, and processes of natural hazards, in-

cluding many of the individual geomorphic processes that

underlie extreme events, such as large earthquakes, tsunamis,

volcanic eruptions, landslides, and floods. Humans have suf-

fered from hazardous natural processes as long as our species

has existed (see Chapter 13.12). The situation today, however,

differs at least in degree. Global population now exceeds 7

billion and people are increasingly choosing to live in urban

areas located in high hazard areas, for example, in earthquake

zones and areas where cyclones make landfall. Many of the

worlds ‘megacities’ and much global wealth are located in

areas subject to large earthquakes, tsunamis, floods, and severe

storms. The potential for catastrophic loss of life or economic

damage exceeding anything humans have experienced to date

represents a real threat. Further, we live in an economically

integrated world, such that a catastrophic earthquake or tsu-

nami in, for example, Japan can impact all people.

In this light, an improved understanding of hazardous

processes and of the relationship between hazard and risk

is essential. Several papers in this volume explore these

issues, as well as the frequency-magnitude concept that

underpins many hazard studies. Goff and Dominey-Howes

(see Chapter 13.13) provide a review of tsunamis, both as a

geophysical process and as a profound threat to low-lying

coastal communities. Hickson et al. (see Chapter 13.14)
Natural hazards

Endogenic
geomorphic

hazards

Exogenic
geomorphic

hazards

Human
activities

Society

Figure 3 Systems diagram for interrelationships between natural
hazards and human activities. Both endogenic and exogenic hazards
have an effect on society and therefore on human activities. Human
activities can only alter exogenic hazards such as storms, floods,
and fire.
discuss volcanism both as a hazard and as a major shaper of

landscapes near plate boundaries. Benito (see Chapter 13.15)

focuses on rivers as a geomorphic agent. Streams and rivers are

important agents of denudation and deposition; they produce

new land in the form of deltas, and over geologic timescales,

modulate isostasy in orogens. The chapter by Santi (see

Chapter 13.16) deals with the geomorphic implications of

wildfire, especially the impact of fire on sediment supply and

delivery to fluvial systems. Finally, Huggel et al. (see Chap-

ter 13.17) consider the impacts of recent climate change on

the stability of slopes in mountains. They show that the fre-

quency of landslides and ice avalanches may be increasing in

many mountain areas due to glacier thinning and retreat and

to thaw of alpine permafrost.

Linkages between hazards, climate, and vulnerability in-

dicate the need to consider hazards in light of climate change

and human activities. Some hazards are directly related to

meteorological events such as relations between hurricane

frequency and sea surface temperatures. Vulnerability to haz-

ards, in turn, is affected by human activities, such as the lo-

cation of human settlements in disaster-prone areas. Natural

catastrophes also influence the nature of human activities.

Clearly the trilogy of topics in this volume – human impacts

on geomorphic systems, climate change, and natural hazards –

should not be studied in isolation.
13.1.6 Nuclear Detonations as a Geomorphic Agent

Although natural hazards, such as hurricanes, volcanic erup-

tions, and earthquakes, can release more energy, the greatest

potential for rapid, purely anthropogenic geomorphic change

comes from thermonuclear explosions. This potential was

demonstrated vividly during the post-World War II period by

experiments conducted by the US government aimed at

understanding the behavior of nuclear explosive devices

both for warfare and peaceful uses. Project Plowshare was

designed to explore the feasibility of peaceful uses of nuclear

devices, specifically the use of underground nuclear explosions

as geomorphic and resource-extraction agents. Although Pro-

ject Plowshare never progressed beyond the experimental

stage, the projects that were envisioned demonstrate the

tremendous capability of humans for geomorphic change

if the use of modern technology is unrestricted. The US

government envisioned earth-moving operations on a large

scale, including creation of canals and harbors, blasting

road cuts, and mining by removing or fracturing earth. In

particular, widening the Panama Canal, excavating a roadcut

through the Bristol Mountains for a railroad line and Inter-

state 40 across the Mojave Desert, and cutting a 5 km divide

to excavate a 400 km canal connecting the Tennessee and

Tombigbee rivers were considered as applications of con-

trolled nuclear detonations. A similar program for peaceful

uses of nuclear detonations in the former Soviet Union was

known as Nuclear Explosions for the National Economy

(Nordyke, 2000).

Thirty-five Plowshare experimental nuclear detonations

were conducted from December 1961 to May 1973, before the

project was halted due to the dangers of radiation (US

Department of Energy, 2000). Fifteen of the detonations each

MAC_ALT_TEXT Figure 3


Figure 4 Project Plowshare experimental blasts were conducted
from 1961 to 1973 for peace-time tests of the feasibility of effecting
geomorphic changes for construction. The Sedan crater was
produced by a test nuclear detonation of 104 kilotons at the Nevada
Test Site in 1962. The blast is 98 m deep and 390 m in diameter.
Source: US Department of Energy, 2000. United States Nuclear Tests,
July 1945 through September 1992. Nevada Operations Office, DOE/
NV-209-REV15.
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Figure 5 Energy released by experimental thermonuclear
detonations conducted from 1954 to 1973. These detonations dwarf
the 104 kilotons detonation that created the Sedan crater shown in
Figure 4. Reproduced from US Department of Energy, 2000. United
States Nuclear Tests, July 1945 through September 1992. Nevada
Operations Office, DOE/NV-209-REV15.
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released more energy than an equivalent mass of 10 kilotons

(kt) of trinitrotoluene. One of the largest Plowshare experi-

ments was conducted to test the feasibility of building an ar-

tificial harbor at Cape Thompson, Alaska, which was never

constructed. A 104 kt blast was detonated at a depth of 194 m

on the Nevada Test Site on 6 July 1962 as an experiment

for the harbor project. The blast moved more than 11�106

tons of rock, alluvium, and soil and created the Sedan Crater

(Figure 4). Other large detonations conducted to test the

feasibility of using nuclear explosions for excavations were the

Flask (105 kt), Kikitat (70 kt), Stoddard (31 kt), and Schooner

(30 kt) tests.

Most nuclear detonations by the US Government were

for weapons testing. More than a thousand nuclear devices

were detonated between 1954 and 1973. The energy released

by the largest blasts was two orders of magnitude larger

than the largest detonations for Project Plowshare (Figure 5).

More than 30 detonations greater than one megaton

were conducted between 1952 and 1971 (US Department

of Energy, 2000). Most large explosions were over islands in

the tropical Pacific Ocean during the early period of testing,

and the potential impact on geomorphic systems was not

measured.

The potential for nuclear weapons to do instantaneous

geomorphic work is tremendous and may exceed all other

rates of human geomorphic change when considered over

short time periods and restricted areas. A simple linear ex-

trapolation of the energy released by the 104 kt Sedan det-

onation to larger 10 Mt events that could be used in

thermonuclear warfare suggests that each device could move

B108 tons of material. The product of 100 such nuclear war-

heads and the geomorphic work done by each bomb yields a

potential mass of 1010 tonnes of earth material that could be

moved. The total movement of earth material by this process
is roughly equivalent to the total combined movement of

material by mining, agricultural, road building, and other

human activities each year. An estimated 3.8�109 tons of

material are moved by mining each year in the US alone

(Hooke, 1994; see Chapter 13.6). However, many nuclear

devices could disrupt geomorphic systems in ways that could

initiate on-going geomorphic changes. For example, removal

or closure of dams, lake sills, harbors, and river mouths, and

destabilization of vegetation and ground cover, could initiate

catastrophic geomorphic responses beyond the work of the

initial explosions. Clearly, the capacity for instantaneous

geomorphic change concentrated in specific places is a

frightening aspect of human geomorphic potential and the

proliferation of nuclear weapons should be avoided at

all costs.
13.1.7 Restoration, Stabilization, Rehabilitation,
and Management

The disruption of geomorphic systems by human activities

or climate change may call for remediation to stabilize

the system or to return part or all of it to a previous

state. Remediation is likely to be an important area of growth

in the future of anthropogenic geomorphology as the impacts

of humans become better understood. Before remediation

programs are undertaken, however, careful attention should

be given to identifying alternatives, clearly defining the ob-

jectives, and reaching an agreement on the limitations to a

project. Various approaches to treating disturbed geomorphic

systems are available for consideration, and the costs and

implications vary widely. Definitions of such terms as ‘res-

toration’ also vary widely, so a first step toward developing a

program to treat a disturbed system should be to establish a

common set of definitions, such as those presented in Table 2.

Each of these approaches has different goals, yet the termi-

nology is commonly used interchangeably, which can cause

great confusion.

MAC_ALT_TEXT Figure 4
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Table 2 Strategies for remediation of geomorphic change

Restoration Reestablish structure and function of environmental systems to a predisturbance condition
Rehabilitation Improve some structures and functions but not to predisturbance or stable conditions
Substitution or mitigation Create or alter features to compensate for human changes, often in a different location
Reclamation Alter a natural system to a different state; for example, wetland drainage or flood-protection projects
Stabilization Reducing geomorphic change by protective engineering measures

Adapted from definitions used in aquatic restoration.

Source: FISRWG (1998), NRC (1992, 1999).
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‘Restoration’ may imply many different strategies with en-

tirely different goals, including stabilization, enhancement, or

substitution projects. A common definition applied to aquatic

restoration requires the return of a system to a predisturbance

state:
[R]estoration is defined as the return of an ecosystem to a close

approximation of its condition prior to disturbancey Merely re-

creating the form without the functions, or the functions in an

artificial configuration bearing little resemblance to a natural re-

source, does not constitute restoration. The goal is to emulate a

natural, functioning self-regulating system that is integrated with

the ecological landscape in which it occurs. Often, natural resource

restoration requires one or more of the following processes: re-

construction of antecedent physical hydrologic and morphologic

conditions; chemical cleanup or adjustment of the environment;

and biological manipulation, including revegetation and the re-

introduction of absent or currently nonviable native species. (NRC,

1992).
Restoration, therefore, may require identification of a refer-

ence system that is regarded as undisturbed or ‘natural’. This

calls for an understanding of geomorphic change and histor-

ical reconstructions.

Rehabilitation seeks to recover functionality of part a sys-

tem without returning it to a previous condition is (FISRWG,

1998; NRC, 1999). For example, a beach may be rehabilitated

by replenishing sand and protecting against erosion with

groins, without restoring the natural sediment budget. Sub-

stitution or mitigation creates a new system, characteristically

in a different location. For instance, a coastal dunefield may

be created to replace one that has been developed. In

contrast, reclamation projects that alter natural systems

from their natural condition for practical purposes, such as

wetland drainage, are commonly antithetical to restoration.

Similarly, stabilization projects seek to reduce geomorphic

change by protecting against erosion or sedimentation.

These approaches tend to resist natural processes to enhance

the human utility of systems, so they may be related to

reclamation.

An important beginning in remediation of a disturbed

system is to halt the disturbance processes to allow recovery.

Once the disturbances are arrested, passive or natural restor-

ation may be sufficient to repair the system (FISRWG, 1998;

NRC, 1999). Passive restoration methods, such as the cessa-

tion of grazing animals, tend to be slow but can be an in-

expensive method of restoration or rehabilitation. Active

restoration involves direct methods that assist in the recovery

process. In river restoration, for example, spawning gravels

and large woody debris may be reintroduced.
13.1.8 Conclusion

This volume examines the human dimension of geomorph-

ology, including anthropogenic geomorphology, climatic

geomorphology, climate change impacts, and natural hazards.

These diverse processes can be indirect and may involve lag

times caused by storage and transfer of energy and mass,

shifting thresholds of stability caused by changing landscape

sensitivities, and feedbacks caused by changes in human ac-

tivities prompted by geomorphic impacts. Rates of anthropo-

genic geomorphic change are accelerating in response to the

increasing technological potential to do work and to the

growing global population. The effects of climate warming are

superimposed on the geomorphic potential of humans and

also involve lag times, shifting thresholds, and feedbacks.

Climate change is an anthropogenic phenomenon by itself,

but it also has great relevance to human-induced geomorphic

change because it has widespread impacts on landscape sen-

sitivity and may alter the nature of impacts and response rates.

The effects of anthropogenic change can be traced back

into the Neolithic, but they accelerated greatly in the industrial

era. It is now commonly acknowledged that human activities

can change the Earth surface system at a global scale. These

changes are not confined to the atmospheric and biologic

spheres, but extend to global geomorphic systems through a

strong interconnectivity among systems. Natural hazards are

an example of geomorphic processes affecting society, rather

than the converse. Exogenic hazards may be intensified by

human activities, and vulnerability to all natural hazards tends

to increase greatly with population growth and dense settle-

ment in hazardous areas. Nuclear detonations are both an

effective geomorphic agent and a technological hazard that

have the greatest instantaneous potential for anthropogenic

geomorphic change. Environmental management will in-

creasingly require and seek methods to stabilize and restore

geomorphic systems and this will be an important growth area

in geomorphology.
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Syvitski, J.P.M., Vörösmarty, C.J., Kettner, A.J., Green, P., 2005. Impacts of humans
on the flux of terrestrial sediment to the global coastal ocean. Science 308,
376–380.
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