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6.52.1 Introduction

The extent to which humans have modified fluvial systems through changes in land use is difficult to overestimate. Changes in
land use have impacted the delivery of water, sediment, nutrients, contaminants, and other materials downstream, and can
alter water and sediment quality, aquatic habitats, and channel and floodplain morphology over short to intermediate time-
scales (10�1

–10�3 year). To some extent, this was known to Greek philosophers (Glacken, 1967), and it has been known to
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modern science since George Perkins Marsh (1864) described the decreased permeability of Earth and the erosive effectiveness
of runoff:

The face of the earth is no longer a sponge, but a dust heap, and the floods which the waters of the sky pour over it hurry swiftly along its slopes, carrying
in suspension vast quantities of earthy particles which increase the abrading power andmechanical force of the current, and, augmented by the sand and
gravel of falling banks, fill the beds of the streams, divert them into new channels and obstruct their outlets.

(Marsh, 1864: 215).

Various topics of land-change science have been covered by several books (Turner et al., 1990; Anderson et al., 2013; Goudie,
2019), symposia proceedings (Thomas, 1956; Brierley and Stankoviansky, 2002, 2003; James andMarcus, 2006), and review papers
(Turner et al., 2007; Downs and Piegay, 2019; Goudie, 2020). Where land-use change increases runoff or sediment supplies, flood-
ing and sedimentation can increase and stream habitats can be severely altered (Jacobson et al., 2001). Where past land uses have
generated a large sediment pulse, the storage of sediment in the system may explain modern patterns of sediment remobilization
(Fryirs and Brierley, 1999; Brierley, 2010; Lyons et al., 2015; Sims and Rutherfurd, 2017). Legacy-sediment deposits associated with
human activities can also contain nutrients or toxic pollutants (Miller and Orbock Miller, 2007; Pavlowsky et al., 2017). Modern
and historical land uses in watersheds should be understood to develop a spatially distributed watershed perspective of the river and
a sense of the temporal dynamics of the system. These are important considerations for river rehabilitation and management (Wohl
et al., 2015).

Land use generally refers to Earth’s terrestrial surface as modified by human activities, whereas land cover may refer to natural
biophysical attributes of Earth’s surface. This chapter addresses the indirect impacts of upland and floodplain land use on fluvial
systems, but not direct alterations within river channels. Human impacts on rivers have been classified as ‘direct changes’ within
channels or to riparian vegetation versus ‘indirect changes’ to land use, such as vegetation changes, agriculture, urbanization, and
mining (Brookes, 1994; Brierley and Fryirs, 2005). A broad view is taken here by considering changes in land use and land cover
(LU/LC) that may be driven by either human alterations or natural processes such as spatial and temporal variability in climate.
Although the emphasis is on the effects of human activities through land-use change, isolating those effects from natural
processes of land-cover change or from the effects of climate change is not always feasible. In many ways, watershed responses
to anthropogenic and climate changes are similar, and evaluations of changes in LU/LC are logically covered in tandem with
climate.

Separating the importance of anthropogenic and non-anthropogenic (i.e., climate, geomorphology, lithology, tectonic activity,
etc.) factors in explaining change in fluvial systems (e.g., sediment yields) can be extremely difficult and results vary with spatial and
temporal scales (Vanmaercke et al., 2015). For instance, Foster et al. (2003) concluded that sediment production rates in a small
watershed in France were dominated by land use over the late Holocene but that climate change and meteorological events become
more important over shorter timescales. Notebaert and Verstraeten (2010) argued that the linkage between sedimentation history
and driving forces are based primarily on synchronicity rather than evidence for a direct causal relationship. Moreover, the question
of ‘What is natural?’ arises with attempts to isolate purely human influences (Graf, 1996b; Wohl, 2001; Newson and Large, 2006;
Wohl and Merritts, 2007; Montgomery, 2008; Fryirs and Brierley, 2009; Brown et al., 2018). If the subtle effects of Paleolithic homi-
nids are considered to be a part of natural processes, then when do human impacts cease to be natural? Furthermore, accelerated
human activity coincides largely with substantial mid- to late-Holocene climatic adjustments, so it is difficult to identify watersheds
where either human activities or climate change did not occur, which are needed as controls for testing. These topics are explored in
Volume 13 of this treatise, which focuses on human impacts and climate change. This chapter examines how rivers are influenced by
changes in human LU/LC.

Anthropogenic transformations of the land not only have repercussions on fluvial systems but also have impacts on many
other systems. Land-use changes exacerbate climate change (Houghton, 1995; Bonan, 1997; Pielke et al., 2011), cause species
extinctions (Pimm and Raven, 2000; Murphy and Romanuk, 2014), introduce toxic pollutants to the environment, increase
the production and delivery of runoff, sediment, nutrients, and other pollutants to rivers (Poff et al., 2006), and generate geomor-
phic responses (Brierley and Stankoviansky, 2003; James, 2019). Land-use change poses a growing challenge for the coming
millennium with consequences that may exceed those of climate change (Sala et al., 2000; Vörösmarty et al., 2000; DeFries
and Eshleman, 2004). Unfortunately, the impacts of anthropogenic land-use change on hydrologic systems have received far
less attention than the impacts of climate change (Lambin et al., 2002; Brisset et al., 2017; Rogger et al., 2017), but a growing
movement in land-change science started to emerge by the advent of the new millennium (Turner II et al., 2003, 2007; DeFries
and Eshleman, 2004).

Factors driving global environmental change can be divided into four categories: hydroclimatic, sea-level rise, topographic relief,
and human activity (Slaymaker et al., 2009). Such a categorization isolates human agency, which, outside of high-latitude regions, is
the most effective and most rapidly varying cause of change. In Europe, the magnitude of human impacts over the past 2000 years
has exceeded those of climate change (De Moor et al., 2008; Hoffmann et al., 2009; Notebaert and Verstraeten, 2010), and similarly
over the past 200 years in many locations including fluvial sedimentation in the UK (Walling et al., 2003b) and the upper Midwest
of the USA (Knox, 2006).
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This chapter begins with a discussion of the factors that drive fluvial responses. This includes landscape sensitivity; that is,
what landscapes are sensitive to change, their resilience, differences between upland changes that propagate downstream to
rivers, and sensitivity to change by rivers themselves. It also addresses how spatial and temporal scales are linked in such
a way that broad global-scale studies may require a historical perspective. The effects of climate change change on fluvial systems
are briefly examined. Section 6.52.3 covers changes to flow regimes, soil erosion, and sediment yields that may result from land-
use changes such as those caused by agriculture, urbanization, or climate change. Section 6.52.4 focuses on downstream
responses of fluvial systems to the hydrological changes upstream. Rivers may respond to changes in upland water and sediment
production by experiencing channel and floodplain metamorphosis through a variety of forms, at gradual or punctuated rates.
River response depends on the nature of change to inputs and the character of the fluvial conveyance system. The emphasis of this
chapter is on upland land uses and the responses of channels and floodplains downstream. Changes in floodplain land uses, such
as vegetation clearance, are covered only peripherally. In-channel and floodplain changes, such as weirs, bypasses, channeliza-
tion, levees, bank protection, riparian vegetation clearance, ditching, leveling, wetland drainage, and chemical applications,
are not covered. The effects of dams and flow regulation are covered elsewhere in this volume and are not repeated here. Section
6.52.5 presents an overview of the history of human activities with an emphasis on the advent and spread of agriculture during
the Neolithic, the diffusion and intensification of agricultural technology into Northern and Western Europe, its relatively rapid
introduction into the Americas and Australia, resultant alluvial episodes, and the present state of legacy sediment stored in
affected watersheds. In some locations in the New World, contrary to common assumptions, pre-European agriculture was geo-
morphically effective, but this remains to be tested by stratigraphic evidence throughout the Americas and Oceania. Similarly,
episodic soil erosion and sedimentation following European colonization were not universal, and the hypothesis of rapid post-
colonial alluviation should also be tested.

6.52.2 Factors governing geomorphic responses to land-use change

Three general factors should be addressed before considering specific geomorphic processes and consequences of land-use change.
The sensitivity of systems to change and the spatial and temporal scales of change have a great bearing on the patterns that emerge.
Superimposed on these two factors are the effects of climate change that may not be easy to separate from the effects of land-use
changes. Recognizing these factors is essential to a full understanding of interactions between land use and responses of fluvial
systems.

6.52.2.1 Landscape sensitivity

The likelihood that LU/LC changes will generate substantial responses in runoff or sediment production varies greatly between
watersheds and through time depending on a variety of factors. A given change in one watershed may promulgate substantial
responses, whereas the same changes in another watershed may have no effect. Moreover, the effectiveness of changes in water
and sediment loadings in generating geomorphic responses downstream in rivers and floodplains may also vary greatly within
and between basins (Fryirs et al., 2009). To place geomorphic impacts of land use into a proper perspective, contemporary sensi-
tivities to geomorphic change should be considered. The concept of landscape sensitivity expresses variability in geomorphic
response to change and can improve explanations and predictions of the potential magnitude, frequency, and location of
responses to external influences, including both natural and human perturbations (Allison and Thomas, 1993; Notebaert and
Verstraeten, 2010). This involves the tendency for change and the ability of the system to absorb changes (Fryirs, 2017) as
well as rates of change (Reid and Brierley, 2015). The concept is important for communicating geomorphic risk among geomor-
phologists and between them and industry, river engineers, and the scientific community (Fryirs, 2017). Landscape sensitivity
may increase with human activities such as agriculture or deforestation because it measures the susceptibility to change by
frequently occurring events. Although definitions vary, this chapter adopts the definition expressed by Brunsden and Thornes
(1979) as the likelihood that changes in controls of a system will produce a ‘sensible, recognizable and persistent response’
(cf. Brunsden, 2001). They described sensitivity as reliant upon the resisting elements of the landscape (barriers) and disturbing
forces, both of which have strong spatial and temporal variabilities (cf. Brunsden, 1993). The concept includes at least three defi-
nitions (Allison and Thomas, 1993):

1. spatial variation in the ability of landforms to change (Brunsden, 1990),
2. susceptibility to disturbance or fragility (Huggett, 1988), and.
3. ability of landforms to resist change (Brunsden and Thornes, 1979).

The third definition may be regarded as a type of landscape resilience that has an opposite or inverse connotation (insensitivity).
Resilience may also include recovery from change. Sensitivity implies an element of instability in the system that may result in rapid,
irreversible change (Thomas, 2001). It varies with scale and is complicated by an intimate dependency on thresholds of geomorphic
stability that require consideration of the magnitude and frequency of events (Thomas, 2001). Landscape sensitivity is generally
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taken to mean susceptibility to frequent, moderate-magnitude events, but geomorphic changes to insensitive landscapes may be
extensive and enduring in response to large infrequent events (Evans, 1993). Note that the concept applies across a wide range
of scales from large basins to individual channel banks.

Sensitivity of channels and floodplains is highly variable and depends not only on geomorphic and structural elements but also
on their interactions and spatial patterns (Fryirs and Brierley, 2009). Antecedent conditions may also be important to river sensi-
tivity and have been characterized in terms of geologic, climatic, and anthropogenic memories that influence landscape processes
(Brierley, 2010). Land-use change is often associated with a substantial increase in sensitivity. For exampledprior to European set-
tlementdmany North American landscapes were relatively insensitive to change owing to thick forest cover and modest pre-
European human alterations relative to their Old World counterparts. Intense land clearance, tilling, and grazing practices
introduced by European agriculture, however, greatly reduced resilience and increased geomorphic sensitivity and generated severe
erosion and sedimentation in some cases.

Most studies of river metamorphosis have focused on areas of dramatic change, but those may be atypical. In the upper Hunters
watershed of southeastern Australia, Fryirs et al. (2009) found that less than 20% of the channel length experiencedmetamorphosis,
instead they found that transitions with a continuum of changes existed between stable and changed reaches. Many studies of land-
scape sensitivity have been concerned with perturbations to uplands or soil erosion (Boardman, 1993; Evans, 1993; Quine and
Walling, 1993). The concept of landscape sensitivity extends beyond the sensitivity of the landscape that is hydrologically contrib-
uting (the upper watershed), however, to also include the sensitivity of geomorphic systems in receiving areas such as channels, fans,
deltas, and floodplains. The inclusion of depositional areas is in keeping with definitions based on the likelihood that changes will
produce a sensible, recognizable, and persistent response. Several applications of the concept have been made to fluvial systems
(Downs and Gregory, 1993) and to interactions between upland systems and fluvial systems. Channel morphology and floodplain
sedimentation rates may be linked to changes in the sensitivity of uplands to runoff generation and soil erosion. For example, Knox
(2001) concluded that the introduction of agriculture in the upper Mississippi Valley during European colonization increased land-
scape sensitivity through reductions in infiltration and increased runoff generation and flood magnitudes that resulted in tributary
channel enlargement. Based on 14C inventories in eastern Mediterranean watersheds, Dusar et al. (2012) concluded that initial
human land-use changes generated high rates of sediment production, which decreased when hillslope erosion left thin soils insen-
sitive to erosive forces.

6.52.2.2 Scales of space and time

Careful evaluations of river responses to land-use change inevitably bring up questions of scale. Responses to LU/LC change vary
with spatial scale. Small perturbations that are effective locally may be imperceptible or missing in larger systems at a broader scale.
For example, early human impacts in the Rhine Basin were substantial in certain small watersheds but negligible in larger rivers until
the nineteenth century (Lang et al., 2003). Temporal scales are also important. At Quaternary time scales Milankovic cycles may be
involved and intermittent storage, which can dominate modern sediment budgets, is of less importance (Hinderer, 2012). Although
the traditional focus on fluvial change has been on catastrophic (rapid) responses, the concept extends to protracted, gradual change
(Allison and Thomas, 1993). For example, periods of subtly increased but persistent erosion and sedimentation during the late-
Holocene may appear in the geologic record as a sudden episode of substantial sedimentation.

In a general sense, spatial scale is a governing factor in many of the Earth sciences. Relationships that are recognized at one scale
may not hold at another scale, imposing a scale dependency recognized in many fields of science (Goodchild and Quattrochi,
1997). In geomorphology, spatially extensive approaches are needed to address global-scale concerns or to assess the implications
of broad land-use changes. Schumm (1991) argued that the dimensions of time and space are linked. As the geographic extent of
events increases, the average rates of effective change decrease and the time span to be considered increases; that is, as spatial scales
of land-use change increase, more information is needed from historic (or prehistoric) reconstructions (Fig. 1):

As the size and age of a landform increases, fewer of its properties can be explained by present conditions and more must be inferred about the past.
(Schumm, 1991: 52).

Thus, the geomorphic dimension of global change must include historical perspectives of geomorphic science.
Geomorphology has a strong geologic-science component, and therefore, concepts of time and history have long been an essen-

tial part of understanding geomorphic features and processes (Thornes and Brunsden, 1977; Albritton, 1980). Depending on the
purpose of an investigation, hillslope and river systems may need to be understood at a variety of timescales including Cenozoic
(106–107 year), Holocene (103 year), historical (102–103 year), or steady time (100–101 year). The practices of geomorphology and
engineering tend to part over the concept of time, which can be historic or evolutionary to geomorphologists but tend to be steady
time to the engineer (James, 1999). In fact, geomorphologists recognize the potential for causality to shift on the basis of the time-
scale considered (Schumm and Lichty, 1965); that is, a dependent variable at short time scales (e.g., erosion depends on slope) may
become an independent variable over geologic time (erosion determines slope). Geomorphologists have an arsenal of intellectual
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and analytical methods to deal with geologic time such as ‘ergodic’ reasoning (Paine, 1985), geomorphic equilibrium (Gilbert,
1877; Thorn and Welford, 1994), effective discharge (Wolman and Miller, 1960), and thresholds of stability (Schumm, 1979).

6.52.2.3 Effects of climate change on fluvial systems

Distinguishing the effects of past changes in land use from those of climate change can be difficult. Both may leave the same
response (equifinality), both often occur simultaneously (polygenesis), and both leave incomplete evidence in the strati-
graphic record. To the extent that a landscape may be geomorphically sensitive to land-use changes, it may also be sensitive
to climate change. Moreover, climate change can increase landscape sensitivity to LU/LC change (and vice versa) and can result
in land-use changes through such processes as migrations, adoption of new land-use practices, fire and flood frequencies, and
so forth.

Earth-surface modelers have been fairly successful at modeling global-change processes through simulations of atmospheric and
oceanic processes, but less successful with simulations of terrestrial systems that include lateral redistributions of water and sedi-
ment at Earth’s surface (Pelletier et al., 2015). Complexities and uncertainties arise from the fact that Earth surface systems are highly
non-linear, and that relationships between precipitation, vegetation, sediment production, and sediment transport capacity are
poorly understood. One can add to that the fact that climate variability and the frequency of extreme events is more important
to geomorphic change than are mean climatic values (Katz and Brown, 1992). The translation of abrupt climate change to geomor-
phic response involves the combination of several systems, which results in a non-linear process response. In addition, interactions
between climate change and LU/LC change complicate interpretations of the record of past geomorphic processes and forecasts of
future geomorphic change. Thus, applications of climate-change forecasts or hindcasts to geomorphic response is associated with
great uncertainty. Potential impacts of climate change on LU/LC are discussed further in Section 6.52.3.5.

6.52.3 Hydrogeomorphic changes caused by land use

Upland land use affects watershed processes that govern the production, transport, and storage of water, sediment, nutrients, metals,
and other pollutants. Human activities that disrupt vegetation and destabilize soils have the potential to decrease soil infiltration,
suppress groundwater recharge, and amplify runoff generation and flood magnitudes. Altered flow pathways often increase flood
frequencies, erosion, sediment production, and sedimentation, while degrading water quality and aquatic ecology. Increases in
runoff produced by land clearance are proportionally greatest in small watersheds and can be subtle in watersheds larger than
5 km2 in area (Potter, 1991; Jones and Grant, 1996; Jacobson et al., 2001). Hydrologic processes, such as infiltration capacities
and hillslope runoff pathways, can be changed over a wide range of spatial and temporal timescales and vary between the various
geomorphic systems that are covered in other chapters of this treatise.

6.52.3.1 Changes to flood regimes

Changes to runoff caused by land use generally generate changes in streamflow downstream that can be measured with hydro-
graphs. The area under a hydrograph represents the volume or yield of water. The shape of storm hydrographs may change with
hydrologic responses to land use. For a given yield, the shape can vary from a system characterized by gradually varying flows to

Fig. 1 Schematic diagram illustrating relevant timescales required to explain geomorphic processes at increasing spatial scales. To understand
geomorphic systems at spatial scales relevant to global change studies, processes will need to be understood at historical timescales. Adapted with
permission from Schumm SA (1991) To Interpret the Earth: Ten Ways to be Wrong. New York, NY: Cambridge University Press, 131 pp.
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a flashy system with high peaks and low base flows. Increased runoff generation contributes to larger storm flows and flood peaks
downstream. As infiltration decreases with land clearance, surface runoff increases and hydrologic response becomes more variable
with higher peak flows, shorter lag times, and lower base flows (Fig. 2).

Many studies have documented increases in water yield with deforestation (but not all, see Burt et al., 2015) using controlled
experiments in paired watershed studies (Bosch and Hewlett, 1982; Brown et al., 2005; Hung et al., 2018a). Less is known about
relationships between deforestation and extreme floods. Such an analysis should stratify events by magnitudes of storms and floods,
watersheds by size, and land-use change by type and extent. During extreme rainfall intensities and durations when the infiltration
capacity of forest soils is exceeded, saturated forested areas ultimately should produce as much runoff as their deforested counter-
parts, but such storm intensities may not be common. In general, high infiltration capacities and reduced runoff generation from
forests during storms reduces flooding (Rogger et al., 2017). In a study of 56 developing nations, Bradshaw et al. (2007) found
a positive correlation between flood frequencies and area of forest removal and a negative correlation between flood frequencies
and area of forest remaining. Other studies have found that the effects of land-use change on floods are most pronounced in small
watersheds with moderate-magnitude events (Tollan, 2002; Eisenbies et al., 2007). With regard to agricultural land uses, some crop
types generate substantially more runoff than others. Examination of more than 45 years of runoff from a small watershed in the
southeastern USA under changing land use indicates that row crops generated more runoff and higher peak discharges than kudzu,
rescue grass, or Bermuda grass (Endale et al., 2006).

Responding to the concern that flooding is becoming more frequent and severe, Hall et al. (2014) reviewed the current knowl-
edge on flood-regime changes in European rivers obtained through monitoring changes in the measured flood record andmodeling
of future flood scenarios. They suggest that a synthesis of these two approaches is needed to make progress in flood-change research.
Although climate change has received considerable attention in terms of its effect on the increased frequency of major floods, fewer
recent studies have examined the role of land-use change alone (Rogger et al., 2017). The effects of land-use change on floods
involve complex interactions between processes at different spatial and temporal scales that make analysis and prediction difficult
(Fig. 3). Plot-scale experimental studies suggest that compared to grassland, forest cover may reduce average discharge and lower
flood peaks, whereas the effects of forest cover on flood peaks at the basin scale are less well understood (Rogger et al., 2017).

The timing and magnitude of flood peaks are not simply affected by local hillslope processes such as decreased infiltration and
increased runoff. As the size of watersheds increases, floodwater storage and conveyance increase in importance. The factors that
influence flood timing and magnitude at the watershed scale include storage in ponds, lakes, reservoirs, wetlands, floodplains,
and broad valley bottoms. In large rivers, hydrograph shapes are determined by the arrival times of individual flood peaks from
various tributary sources, each of which is influenced by storage elements. At this scale, processes can be greatly influenced by
valley-bottom land-use practices that may alter floodwater storage. For example, wetland drainage, channelization, and levee
construction decrease flood storage, accelerate down-valley conveyance, and shift downstream hydrographs toward a flashier
response with high flood peaks (Opperman et al., 2009). Conversely, construction of dams or other storage reservoirs increases
storage, decreases down-valley conveyance, and attenuates hydrographs downstream. In spite of these complexities, increased flood
volumes from hillslopes and small watersheds generally produce higher flood peaks downstream. As larger floods are generated, the
frequency of occurrence of a given size flood increases and its recurrence interval decreases. Thus, intensified land use in forested

Fig. 2 Idealized infiltration curves and storm hydrographs for two contrasting small watersheds. Natural woodland (left) has high infiltration rates
and generates hydrographs with low peak discharge, long lag-to-peak, and high base flows. An urban watershed (right) has low infiltration rates and
generates Hortonian flows that cause flashy hydrographs with high peak discharges, short lag-to-peak, and low base flows.
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areas tends to involve deforestation that increases both the magnitude and frequency of flooding. Conversely, decreased intensity of
agricultural land use is often associated with reforestation, the recovery of forests by planting (afforestation), or natural succession,
which may reverse the changes in flood magnitudes and frequencies. The magnitude of these changes, however, depends on both
the size of the watershed and the magnitude of the flood; large watersheds and large floods tend to be less affected (Benson, 1964;
Knox, 1977; Pitlick, 1997; Wohl, 2000; Lecce and Kotecki, 2008).

The impoundment of streams by dams has a considerable effect on the flow regimes of large rivers through the storage and
gradual release of peak flows (Williams and Wolman, 1984; Graf, 1999). This topic is covered elsewhere in this volume. The hydro-
logic effect of numerous small impoundments on headwater streams is far less well documented. The large number of farm ponds
and other impoundments in the USA (Smith et al., 2002) plays a substantial role in reducing flood discharges when flood storage is
increased in many small tributaries. The influence of small impoundments on sediment and nutrient deliveries in small watersheds
is discussed at the end of Section 6.52.3.3.

The geomorphic effects of increased flood magnitudes can be substantial and enduring, although this varies greatly with scale,
topography, types of channels, and duration of flooding. Magnitudes of peak discharge are not the only factor. Costa and O’Connor
(1995) concluded that short-duration floods of a given stream power were much less geomorphically effective than floods of long
duration, although short floods with extremely high peak flows can have very large effects (Magilligan et al., 2015). In mountain
rivers, extreme floods can have devastating effects to geomorphic and aquatic ecological systems that are governed not only by
stream power but also by valley-bottom configuration (Stoffel et al., 2016; Surian et al., 2016). Similarly, Thompson and Croke
(2013) found that flood power for an extreme flood (�2000-year recurrence interval) in southeast Queensland, Australia, was
2–3 times lower in an unconfined valley reach (net depositional) than in a confined reach (net erosional).

6.52.3.2 Soil erosion

In addition to increased flood magnitudes downstream, reduced infiltration capacities may cause a shift toward Hortonian flows
that can be highly erosive on uplands. The same land-use changes that decrease infiltration rates and magnify runoff leave soils
vulnerable to severe erosion. Vegetation removal, agriculture, overgrazing, mining, road building, and construction tend to accel-
erate erosion by sheet flow, rills, and gullies (Poesen, 2018). Rills and gullies not only represent volumes of eroded sediment but
also increase drainage densities by extending channel networks that concentrate flows and deliver water and sediment more effi-
ciently downstream. Thus, changes in LU/LC may initiate severe episodes of soil erosion on uplands and sedimentation down-
stream. Historically, extensive land-use changes associated with colonization and deforestation have generated periods of
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accelerated erosion, sediment deliveries, and channel filling, followed by reforestation, decreased upland erosion, reduced sediment
deliveries, and channel incision. This sequence can be described as an aggradation–degradation episode (ADE) (James, 2010; James
and Lecce, 2013). The nature of ADEs and the legacy sediment that they may leave behind are described in Section 6.52.4.2.

Erosion by water results where and when forces applied by the fluid exceed the forces resisting erosion. The dominant applied
fluvial forces are exerted by raindrop impacts and flows in sheets or channels. In modern terminology, especially in agricultural
settings, raindrop splash and sheet erosion are often referred to as ‘interrill erosion’ (Nearing et al., 1989). Rill and interrill erosion
have received the most research attention (Poesen, 2018). Although classic hydrologic theory emphasized sheetflow as the primary
process in soil erosion (Horton, 1933), the importance of raindrop splash (Fernández-Raga et al., 2017) and the kinetic energy of
precipitation was recognized later (Wischmeier and Smith, 1965, 1978). Raindrop splash dominates on interrill areas where it
causes soil detachment and transport in all directions but with net movement downslope (Muchler and Young, 1975; Meyer,
1981; Ma et al., 2015; Zhang, 2019). Raindrop splash and sheetwash erosion may work together, but their relative importance shifts
with increasing depths of overland flow. The translation of raindrop energy to soil particles is greatest in the absence of sheet flows,
although transport of dislodged particles is facilitated by sheet flows. As the depth of sheet flow increases, erosion induced by rain-
drop splash may increase as dislodged particles are removed by sheet flow. As sheet-flow depths increase further, however, less
energy from the raindrops reaches the soil surface and erosion by sheet flow begins to dominate. Raindrop splash is also minimized
at a critical ponding depth (Gao et al., 2003). The effectiveness of raindrop splash and sheet flow to entrain and transport particles
depends on the raindrop size, depth and velocity of sheet flows, vegetation cover, slope, grain size, grain cohesion, and organic
matter. Land-use changes may substantially decrease resistance to erosion by removing vegetation, compromising root mats,
and reducing organic matter. They may increase the applied forces by increasing runoff generation and concentrating flows into
channels.

Several soil-erosion models have been developed to predict erosion or design mitigation strategies. Many models predicting soil
erosion from land use are based on parameters of the Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1965, 1978),
such as the RUSLE model (USDA, 2013). This approach indicates that conversion of LU/LC from natural woodland to bare soil
could result in three orders-of-magnitude increase in erosion for some soils (Fig. 4). Most of the sediment produced from such
accelerated erosion is likely to remain near the site but it may reside in unstable deposits on over-steepened slopes from where
it may be remobilized and conveyed farther downslope by subsequent erosional events. Alternatively, process-based soil-erosion
simulation models such as WEPP (Flanagan et al., 2012) or EUROSEM (Morgan et al., 1998) are available that may be spatially
distributed and modular in design (cf. Jetten et al., 1999) and may be used to estimate sediment production and yield at the catch-
ment scale (de Vente et al., 2013).

6.52.3.3 Sediment yields and delivery ratios

River restoration and management programs tend to emphasize the effects of modified flow regimes on channel morphology and
stability and neglect the importance of sediment regimes; i.e., the magnitude and frequency of sediment loadings over time (Wohl
et al., 2015b). Human-altered sediment regimes are ubiquitous and knowing previous or future natural sediment regimes is difficult
if not impossible, so river and environmental management should plan for sediment loads affected by human land use and other
alterations. For geomorphic stability without long-term aggradation or degradation, a balanced sediment regime with yields close to
transport capacity should be the target. Yet, understanding this balance requires recognition of complex non-linear sediment
dynamics over a range of time scales. This section examines relationships between the amount of sediment generated by changes

Fig. 4 Soil erosion can increase up to three orders of magnitude when land use is converted from natural woodland to more erodible land uses.
Values are based on changing parameters in the Universal Soil Loss Equation. Adapted from Jacobson RB, Femmer SR, McKenney RA (2001) Land-
use changes and the physical habitat of streams: A review with emphasis on studies within the US Geological Survey Federal-State Cooperative Program/

USGS Circular No. 1175, with permission from USGS.
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in land use and downstream sediment yields. Processes associated with the mechanics of suspended sediment and bedload trans-
port are covered elsewhere in this treatise.

6.52.3.3.1 Sediment delivery ratios
The amount of sediment eroded from hillslope systems; i.e., sediment production, is usually different than the amount of sediment
passing a downstream point on the stream; i.e., the sediment yield at that point. Typically over the short term, only a small proportion
of sediment produced by upland soil erosion reaches large river systems downstream (Walling, 1983; Fryirs, 2013). Much of the
eroded soil is stored nearby as colluvium or as alluvium in fans, floodplains, wetlands, channels, or reservoirs behind dams (Wall-
ing, 2006). The relationship between sediment yield and production can be expressed as the ‘sediment delivery ratio’ (SDR):

SDR ¼ SY=SP (1)

where SY is the sediment yield and SP is sediment production, which may be computed from soil erosion estimates and excludes
lowland erosion of channels and floodplains. As so defined, the SDR represents the proportion of eroded upland soil that reaches
the outlet of a watershed.

In most studies SDRs are less than unity, indicating sediment storage, which depends on factors controlling sediment transport,
accommodation space, and the time since sediment pulses were generated (Sims and Rutherfurd, 2017; James et al., 2019). The
large proportion of sediment stored in small watersheds carries several possible implications:

1. Large sediment repositories may be available for reworking. The stored sediment may be in colluvial deposits, floodplains,
channels, wetlands, lakes and ponds. Reworking depends on factors that are highly variable, idiosyncratic, and related to
connectivity. (Connectivity is described in Section 6.52.4.1.)

2. Low SDRs may reflect suspended sediment measurement errors, in particular underestimates of yields based on low measure-
ments at stream gauges on large rivers. This is problematic because a large proportion of sediment is carried by extreme floods
that are difficult to measure.

3. Low SDRs may be a transient condition in response to local storage in response to intensified land use that generated a pulse of
sediment. Where this has occurred, increasing SDRs might be anticipated after conservation practices, agricultural field aban-
donment, and reforestation reduce sediment production and remobilization of stored sediment sustains high yields.

4. Values of SDR <1 reveal a shift of sediment from hillslopes to adjacent lowlands that reduces local relief and gradients and
represents a disequilibrium between hillslopes and fluvial systems. Under geologically stable conditions over millennial time
scales–without substantial tectonic, sea level, or climate changedSDR should approach unity (Lu et al., 2005).

The SDR, in conjunction with erosion estimates, can be used to compute sediment yields in ungauged basins by rearranging Eq. (1)
(Roehl, 1962; Renfro, 1975). The SDR, however, is essentially a black-box model that must account for all of the sediment storage
and conveyance variability throughout the watershed; but it is governed by multiple variables and nonlinear processes. It is well
known, for example, that SDR is scale dependent and often decreases downstream with increasing drainage area (e.g., Vanoni,
1975; Novotny and Chesters, 1989; Dendy and Bolton, 1976; Milliman and Meade, 1983; Walling, 1983; Lu et al., 2005; Worrall
et al., 2014). In the USAdbased on sediment yield data from the twentieth centurydSDRs varied from >50% in small watersheds
less than 1 km2 in area to 10% or less in watersheds greater than 100 km2 (Fig. 5). However, numerous studies have shown that that

Fig. 5 Sediment delivery ratios as a function of drainage area. Most sediment produced in uplands does not leave small watersheds. Adapted from
Novotny V and Chesters G (1989) Delivery of sediment and pollutants from nonpoint sources: A water quality perspective. Journal Soil and Water

Conservation 44(6): 568–576; cf. Vanoni VA (ed.) (1975) Sedimentation engineering. Manuals and Reports on Engineering Practice No. 54, New York:
ASCE.
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the relation between drainage area and SY can be negative, positive, or both (see review by de Vente et al., 2007) and that consider-
able scatter occurs in plots of SY and drainage area, which indicates the importance of other factors, such as LU/LC. For example,
Dedkov (2004) found a positive relation between drainage area and SY can be attributed to well-developed vegetation cover, limited
human disturbance, and channel erosion as the dominant source of sediment, whereas a negative relation was found for intensely
cultivated basins (de Vente et al., 2007).

A standard metric for suspended sediment yields that is adjusted for scale is the area-weighted specific sediment yield (SSY; t
km�2 year�1). Yet, many studies have shown that even SSY is scale dependent (Milliman and Syvitski, 1992; de Vente et al.,
2007). Church (2017) noted that the effect of drainage area on SSY is often not recognized, so many comparisons of sediment yields
are invalid. He proposed that a rational SDR could be constructed using upscaled sediment yield data. The dependency of SDR and
SSY on spatial scale is highly variable when international studies are considered (de Vente et al., 2007). For example, Diodato and
Grauso (2009) computed SDRs for 25 basins in Italy and 11 international basins and found no correlation with drainage area. The
high variance in SDR may result from variations in climate, tectonics, soils, vegetation, or land use (James, 2018). Charts such as
Fig. 5 can provide guidance for interpreting the values of SDR, although this is an imprecise practice that provides, at best, a first
approximation (Parsons et al., 2006).

LULC conditions and human activities often determine whether hillslope erosion or channel erosion is the dominant source of
sediment (de Vente et al., 2007). Where hillslope sediment sources are dominant, SDRs are likely to decrease with drainage area, but
where channel erosion is dominant, SDRs may increase with increasing drainage area. Shi et al. (2014) found that variables express-
ing land-use composition and patterns were important determinants of SDR in the 8973 km�2 upper Du River watershed of China.
Time scale is also a factor that drives SDR values. Although SDR was originally a short-term, interannual concept (Parsons et al.,
2006), it is often applied to centennial or longer periods, so they should be scaled to time (Lu et al., 2005). Moreover, SDR values
have been shown to decrease through time following major sedimentation events (James et al., 2019). Low SDRs maintained over
geologic time would have implications to geomorphic theory. Storage of most sediment production in nearby small watersheds
indicates a state of disequilibrium between hillslopes and the fluvial systems to which they are coupled (Trimble, 1977; Walling,
1983). An equilibrium was commonly assumed in early long-term denudation studies that assumed present sediment yields could
be used to hindcast rates over geologic time (Judson, 1968). If SDRs had been continuously low over geologic time, however,
upland erosion and valley filling ultimately would have reduced local slopes and relief to zero. Theoretically, low SDRs are not
sustainable over geologic time if hills and valleys are to be maintained.

Traditional views of the SDR have received criticism in recent years as being flawed for a number of reasons (Parsons et al., 2006;
de Vente et al., 2007; Worrall et al., 2014; Hoffmann, 2015; Church, 2017). Parsons et al. (2006) argue that although the SDR is
useful for estimating sediment storage at the spatial scale of drainage basins and the temporal scale of a year, it is not conceptually
sound because it is not supported by observations at larger and smaller temporal and spatial scales. They argue further that the
decline of the SDR with drainage area is not because of increased storage in larger basins, but that it simply takes longer for sediment
to travel greater distances. Similarly, Worrall et al. (2014) suggest that the negative relation between the SDR and drainage area is not
necessarily caused by downstream reductions in upland sediment deliveries, but may represent a lack of independence between SSY
and drainage area (self-correlation) or changes in the production of sediment from channels.

6.52.3.3.2 Importance of storage to long-term sediment budgets
Sediment budgets and computations of sediment yields in ungauged basins require estimates of sediment storage that vary greatly
through space and time. Sediment storage potential is not well understood, so this is an area where research is needed. The impor-
tance of geologic controls on accommodation space (e.g., valley width) is one important factor (Magilligan, 1985; Lecce, 1997; Bri-
erley, 2010). The importance of local sediment storage introduces a great deal of uncertainty to sediment yield estimates and
sediment storage potential on valley bottoms firmly weds watershed hydrology to fluvial geomorphology. Recognizing spatial vari-
ations in storage and differentiating temporary storage sites from sediment sinks are essential to river management (Fryirs and Brier-
ley, 2001).

An implication arising from the common dominance of sediment storage in small watersheds is that anthropogenic sediment
production has beenmuch greater than previously estimated. A central thesis of this chapter is that the impacts of land use on fluvial
systems during colonization and industrialization involved major increases in runoff and sediment production. Understanding
these impacts over a variety of spatial and temporal scales requires a sophisticated appreciation for sediment storage. Early recog-
nition of the importance of human impacts on sediment production was based largely on suspended sediment data (Douglas,
1967; Meade, 1969; Milliman and Meade, 1983). These computations tended to compensate for large dams, but they did not
adequately compensate for storage in small watersheds (Trimble, 1977). Thus, initial estimates of human-induced sediment
production may have been grossly underestimated.

Local storage of anthropogenically accelerated sediment production may explain much of the disequilibrium indicated by low
SDRs and supports the implication that widespread low SDRs are a geologically recent and transient condition. Land-use changes,
generally in conjunction with late-Holocene climate change, introduced vast amounts of sediment that have not yet worked through
fluvial systems (e.g., Hoffmann, 2015). Where land-use change and local storage cause low SDRs, a shift toward increasing SDRs
might be anticipated as conservation practices and reforestation reduce sediment production and channels increasingly exploit
reservoirs of stored sediment on valley bottoms. Fryirs and Brierley (2001) described a case in the Bega catchment, New South
Wales, Australia, where SDRs to the lowlands are relatively high (almost 70%), yet most of the sediment remains stored there
and has not made it through the estuary to the ocean. The importance of local storage of large sediment pulses suggests that forecasts
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and management of sedimentation rates, reservoir infilling, stream habitats, water quality, and other sediment-related phenomena
should anticipate spatially and temporally complex processes that govern the gradual release and downstream arrival of sediment
(Sims and Rutherfurd, 2017).

6.52.3.3.3 Calculating and modeling sediment yields and budgets
Many models predict soil erosion and sediment yield (see reviews in de Vente and Poesen, 2005; de Vente et al., 2013; Vigiak et al.,
2015; Pandey et al., 2016). Spatially distributed simulations of land-use effects on erosion and sediment deliveries in moderately
large watersheds (500–2000 km2) can be made with models that include sediment storage allowances and can be calibrated with
large available data sets. For example, the Soil Water Assessment Tool (SWAT) model was developed by the US Department of Agri-
culture Agricultural Research Service for use with broad-based data sets. The SWAT model was developed to predict impacts of land
management on water, sediment, fertilizer, and pesticide yields in large ungauged basins (Arnold et al., 1998). It can use State Soil
Geographic Database (STATSGO) (1:250000 scale) or Soil Survey Geographic Database (SSURGO) (1:250,000 scale) soil data from
the USDANatural Resources Conservation Service (NRCS) with land-use data from the USDANational Agricultural Statistics Service
(NASS) or from the US Geological Survey (USGS) National Gap Analysis Program (GAP). It uses the Soil Conservation Service
(SCS) curve number method to estimate runoff from daily precipitation, and simulates infiltration, evapotranspiration, channel
routing, and groundwater flows. The model is spatially distributed to the sub-basin scale (Leavesley et al., 1983), but lumped within
sub-basins. At broad scales of study, the quality of land-use and soil data is not ideal, and much of the uncertainty associated with
runoff modeling at this scale arises from estimates of input parameters derived from soil and land-use data (Heathman et al., 2009).

The time scale of concern has a great bearing on estimates of sediment yields. Methods intended for annual fluxes may not be
appropriate for analysis of longer periods and vice versa, so sedimentologic evidence of long-term sedimentation events is of greater
importance. Over long periods of time, uncertainties are introduced by dating techniques, but with the proper use of isotope
concentrations and other methods, accurate histories of sediment production and deposition can be constructed. For example, rela-
tive and absolute dating of sedimentary deposits can be used to constrain past rates of soil erosion. Over the long term (103–
105 year), methods include cosmogenic nuclides such as 10Be and 26Al (McKean et al., 1993; Small et al., 1999; Heimsath et al.,
1999, 2005), optically stimulated luminescence (Wallinga, 2002), and traditional dating tools such as 14C and correlations with
cultural artifacts. For erosion and sedimentation rates over historical time periods, fallout radionuclides can be used (Quine and
Walling, 1993; He and Walling, 2003). The use of 137Cs isotope concentrations in erosion studies can identify stable surfaces as
well as distinguish and partition surface soil from subsoil as sediment sources in young deposits (Ritchie et al., 1974; Walling
and Woodward, 1992; Wallbrink and Murray, 1993). This method may allow historical reconstructions of the onset and cessation
of gullying in a watershed during the historic period (Olley and Wasson, 2003). Radionuclides may also be used to identify sedi-
ment sources. Wilson et al. (2008) used a mixing model based on 7Be and 210Pb radionuclides in small watersheds to determine the
relative contributions of upland versus channel sources in suspended sediment. They found that sediment from soil erosion was
prevalent early in runoff events, but, later in storm events, channel contributions became dominant. Hillslope sediment production
can be quantified under various land uses, along with rates of storage in colluvial deposits along valley margins, in alluvial deposits
on floodplains, and within channels (Vandenberghe and Vanacker, 2008).

Dams may have a tremendous effect on downstream sediment deliveries in fluvial systems by storing sediment and, in some
cases, negating the effects of accelerated anthropogenic erosion. Many global-scale studies of sediment yields are based on deliveries
to the oceans or to coastal zones and, therefore, include large reductions in yield caused by storage in reservoirs (Syvitski, 2003;
Syvitski et al., 2005; Walling, 2006). This may result in sediment yields prior to human disturbance being greater than modern
yields near coasts (Syvitski et al., 2005), in spite of substantially higher modern upland production. From an upland land-use
perspective, the proliferation of small ponds can also reduce sediment and nutrient deliveries (Smith et al., 2002; Renwick et al.,
2006; Verstraeten and Prosser, 2008). Whereas previous studies concluded that colluvial and alluvial deposits are the primary sinks
for sediment eroded from uplands, small farm ponds can be a major sediment sink. For example, Renwick et al. (2005) showed that
small impoundments in the USA are important components of sediment budgets, capturing an estimated 25% of sediment
produced by sheet and rill erosion.

6.52.3.4 Impacts of urbanization

Urbanization is a particularly intensive land-use change resulting in a suite of environmental alterations associated with industrial,
commercial, and residential developments on previously undeveloped or agricultural lands. Urbanizing watersheds involve
increasing population densities, built areas, infrastructure, and hydrologic alterations (Alberti, 2005; Booth and Bledsoe, 2009; Kau-
shal and Belt, 2012), which all contribute to geomorphic changes and contributions of contaminants. Historically, studies of urban
impacts on hydrologic and geomorphic systems have focused on development concentrated in urban or suburban centers. Land-use
change often involves geographically extensive application of urban development processes, such as construction, pavement, and
storm sewers, in a diffuse manner that is not concentrated in urban centers. Understanding the processes and impacts of urbaniza-
tion on geomorphic systems applies, therefore, not only to urban areas but also to more widespread land-use changes.

6.52.3.4.1 Hydrologic effects of urbanization
Hydrological alterations in urban streams may produce increases in flow depth, velocity, and sediment transport capacity far
beyond pre-development conditions, resulting in bed scour, channel incision and enlargement, and reduction of channel
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complexity (Wolman, 1967; Chin, 2006; Russell et al., 2017, 2020). The “urban stream syndrome” has been used to describe the
overall degraded conditions common to many urban streams, including ecological impacts as well as geomorphic changes (Walsh
et al., 2005). Although urban disturbances and channel impacts are often similar between systems, specific geomorphic responses to
urban land use can vary because of differences in hydrologic and geologic controls even among streams in the same watershed
(Booth et al., 2016). Urbanization increases runoff rates and flood peaks by several times the predevelopment condition because
of the combined effects of increased impervious cover, which dramatically reduces precipitation infiltration rates, and expansion of
artificial drainage networks, which rapidly concentrates and deepens flows downstream in a watershed (Leopold, 1968; Li and
Wang, 2009; Hung et al., 2018a). The style of urbanization can also determine magnitudes of runoff increase. For example, Brander
et al. (2004) found that urban cluster development of residential subdivisions generated a lower volumetric increase in runoff than
in curvilinear, coving, or new urbanism styles of suburban development owing to a greater area of natural permeable surfaces
retained in neighborhood design.

A common measure of the degree of urbanization in a watershed is the “percent impervious area” (PIA) covered by roads, roofs,
parking lots, sidewalks, and other built surfaces, which is generally related to population density (Stankowski, 1972; Reilly et al.,
2004). In general, when PIA exceeds 10% of the watershed, negative effects on riparian ecology (including channel alterations)
begin to appear, and at percentages greater than 30% the impacts become acute and widespread (Klein, 1979; Arnold and Gibbons,
1996; Goetz et al., 2003; Cianfrani et al., 2006). Impervious area is a sensitive predictor of urban hydrology in smaller watersheds
with steep hillslopes that originally contained highly permeable soils and denser vegetation compared to larger watersheds (Bledsoe
and Watson, 2001; Hung et al., 2018a; Ress et al., 2020). However, PIA is not always a good predictor of urban channel response
(Vietz et al., 2014, 2016a,b; Russell et al., 2018; Taniguchi et al., 2018). A better indicator of urban hydrologic response combines
the effects of drainage connectivity and impervious area by using percent “effective impervious area” (EIA), which quantifies the
relative amount of impervious areas directly connected to storm drain systems in a watershed (USEPA, 2000). Compared to the
more general total impervious area, EIA was found to be a better predictor of hydrologic disturbance in urban watersheds with
the threshold of geomorphic response reported to be 2–3% (Vietz et al., 2014). Moreover, infrastructure connections to channels
such as storm drains, concrete-lined channels, and road crossings that deliver runoff to the channel system can provide a framework
for the identification of channel disturbances and selection of management options for urban streams (Gregory and Chin, 2002).

New stormwater management methods and technologies can greatly reduce the hydrologic impact of urban land use. These prac-
tices, generally known as ‘low impact development’ (LID), include the use of permeable paving materials and the diversion, deten-
tion, or retention of storm water to permeable areas. Permeable materials can reduce surface runoff to almost zero (Brattebo and
Booth, 2003). Impervious areas may also be reduced by the use of vegetated (green) rooftops, landscaping with ‘rain gardens,’ and
other on-site collection methods that detain stormwater and encourage infiltration. Conventional urban development conveys
runoff away from the site, whereas LID projects integrate landscaping and green space to mimic natural infiltration processes onsite.
By encouraging infiltration and groundwater recharge, LID canmitigate the harmful effects of urban runoff generation. LIDmethods
may also cost less than conventional development by reducing the need for storm sewers and culverts. Simulating the effects of
urban development on runoff with spatially distributed models may require special adjustments for diversions of runoff from
impervious surfaces to rain gardens or detention structures (Moglen, 2000; Holman-Dodds et al., 2003). Although LID systems
are effective for controlling flood waters from frequent, less-intense storms, local and regional detention systems may more effec-
tively control larger floods with high peak flows (Giacomoni et al., 2014).

6.52.3.4.2 Geomorphic effects of urbanization on fluvial systems
Research on the effects of urban land use on channel form and stability and sediment yields in the USA began in the 1960s (Wol-
man, 1967; Leopold, 1968; Guy, 1970). Wolman’s (1967) seminal work described how land-use changes through the transition of
forested, agricultural, and urban phases in the Maryland and Pennsylvania Piedmont affected runoff, channel form, and sediment
loads. Urban land use greatly increased sediment loads and rates of channel widening during and immediately following the
construction period. Yields returned to moderate levels following urban landscaping, revegetation of abandoned farmland, and
increase of channel widths enough to convey the additional runoff (Wolman and Schick, 1967). In an innovative study, Hammer
(1972) used a detailed sampling approach and regression analysis to analyze the effects of land use and topographic characteristics
on channel enlargement for 78 small urban and 28 rural watersheds in the Pennsylvania Piedmont. Using a “channel enlargement
ratio,” he found that channel cross-section areas had increased by >5 times in reaches with higher basin slope, greater proximity of
impervious surfaces to the channel, and more frequent artificial channel improvements. Little channel enlargement occurred below
developments younger than 4 years old, presumably indicating a lag time for incision and head-cutting to occur, or greater than
30 years old, suggesting that older developments had less efficient drainage systems and were covered with more vegetation
(Hammer, 1972). In Denver, Colorado, USA, Graf (1975) used aerial photography and field data to describe the geomorphic
response of ephemeral streams draining urbanizing watersheds, reporting an initial phase of aggradation and lateral expansion
of inundation and deposition on floodplains followed by channel incision and transport of excess sediment downstream.

Fluvial geomorphologists provided important contributions to improve the understanding of channel response and sediment
supply/transport in urban watersheds. Calls for more research on urban discharge and sediment problems to address environmental
planning concerns were made in the early 1970s (Guy, 1970; Leopold, 1973). Almost a decade later, Graf et al. (1980) presented
several new opportunities for research in fluvial geomorphology focused on human interactions with stream channels including
urban systems. Almost 30 years later, a large multi-disciplinary panel published a list of key research questions to address knowl-
edge gaps in urban stream ecology including several geomorphological topics: (i) hydrologic budgets, responses, and relationships
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to specific urban land-use and management practices; (ii) channel and sediment responses at different stages of development
including potential for a new stable state; (iii) downstream effects of artificial infrastructure including piped and concrete-lined
channels on flows and channels; and (iv) response of urban channels to climate change (Wenger et al., 2009).

Geomorphologists have contributed greatly to understanding the spatial and temporal variability of channel form and sediment
responses to urbanization and imposed hydrologic alterations. In England, streams draining urbanizing areas had bank erosion
rates 3.6 times greater and head-cut migration rates 2.4 times greater than rural streams (Neller, 1988). Channel enlargement
was greatest in reaches with higher channel slope and more road crossings (Neller, 1989). Channel capacity enlargements can
be spatially discontinuous and can involve widening, deepening, or a combination of the two (Gregory et al., 1992). In the Pacific
Northwest, steeper channel slopes and weaker geologic substrates were associated with higher rates of channel incision and head cut
migration in streams draining urban areas (Booth, 1990). In the same region, relatively stable streams typically drained more
forested area, intact riparian buffers with forest or wetland, and reaches without road crossings (McBride and Booth, 2005). In Ken-
tucky, channels in urbanizing watersheds became wider and deeper, pools became longer and deeper, riffles got shorter, and bed
material became coarser in the early stages of development (Hawley et al., 2013). In southern California and nearby Mexico, the
cross-section area of semiarid channels increased up to 64 times the pre-development condition in response to urban development
(Trimble, 1997; Hawley and Bledsoe, 2013; Taniguchi et al., 2018). Natural restabilization of stream channels in urban watersheds
can take 10–20 years, but recovery does not always follow trends in magnitude or expansion of urbanization (Henshaw and Booth,
2000; Booth and Fischenich, 2015). Local resistance factors including bedrock control, cohesive substrates, and riparian vegetation
can mitigate the effects of urbanization on stream channels (Kang and Marston, 2006).

Local factors can exert significant control over the location of channel disturbances in urban streams. For example, in southern
California the relative degree of channel enlargement increased upstream from channel hard points such as grade controls and
bedrock outcrops (Hawley and Bledsoe, 2013). In Tijuana, Mexico, however, channel enlargement increased greatly downstream
from channel hard points (Taniguchi et al., 2018). In general, channel morphology and bed sediment characteristics differ among
forested, agricultural, and urban watersheds with similar geology and climate (Wolman, 1967; Shepherd et al., 2010; Laub et al.,
2012). However, all channels in an urban watershed may not respond in a similar manner (i.e., head-cutting and enlargement).
Indeed, studies comparing urban and rural channel conditions typically find some overlap in form and sediment properties because
of similarities in local slope, substrate, vegetation, and management factors (Pizzuto et al., 2000; Bledsoe and Watson, 2001; Hes-
sion et al., 2003; Niezgoda and Johnson, 2005; Cianfrani et al., 2006; Galster et al., 2008). Relationships between land use and
stream response can be complicated by: (i) covariation of anthropogenic and natural gradients; (ii) existence of multiple, scale-
dependent processes; (iii) nonlinear responses; and (iv) influence of historical factors on present conditions (Allan, 2004).

Geomorphic models of stream-channel response in urban watersheds can be improved by including variables other than imper-
vious area, such as the ratio of disturbing to resistive forces, proximity to geomorphic thresholds, and channel evolution trajectory
(Bledsoe et al., 2012; Taniguchi et al., 2018). Indeed, channel evolution models for urban streams typically describe a single-
channel response initiated by erosive runoff with subsequent incision, bank erosion, widening, and formation of a lower re-
stabilized channel. However, other less-studied channel responses also occur in urban watersheds because of the influence of
(i) higher sediment loads causing bed aggradation, (ii) vertical and lateral confinement on channel activity, (iii) multithreaded
channel systems, and (iv) riparian vegetation controls (Booth and Fischenich, 2015).

6.52.3.4.3 Urbanization and sediment yields
The effect of urbanization on sediment inputs to stream channels has been a traditional subject of inquiry by geomorphologists
(Wolman, 1967; Wolman and Schick, 1967; Graf, 1975; Trimble, 1997). Sediment transport capacity can be up to three orders
of magnitude higher in urban streams compared to those draining forests (Russell et al., 2020). Typically, bank and bed erosion
is the major source of sediment in urbanizing streams (Trimble, 1997; Gellis et al., 2017; Taniguchi et al., 2018). More than
half of the annual sediment load to an urban stream can come from upland drainages, construction sites, and channels (Wolman
and Schick, 1967; Trimble, 1997; Gellis et al., 2017; Russell et al., 2019a; Malhotra et al., 2020). In an urban watershed (31 km2) on
the southern Piedmont in Alabama, sand from bank erosion was the major source of the sediment load in the upper segments,
whereas silt and clay from construction sites was the major source to the lower segment (Malhotra et al., 2020).

The prevailing model of the timing of sediment responses to urbanization holds that suspended sediment loads are extremely
high during the construction period, but decrease to near background levels within a decade or two (Wolman, 1967). According to
this model, supply rates decay with increasing impervious surface cover, maturing landscaping, and channel adjustments to a new
quasi-stable state. A review of urban sediment-load data from 48 studies with 334 data points generally validated the Wolman
(1967) model, but found that sediment yields from established urban areas tended to remain high and above background levels
because of erosion of available sediment from artificial and local substrates and increased transport by stormwater runoff from
impervious surfaces (Russell et al., 2017).

Recent studies in urban and suburban watersheds inMelbourne, Australia, provide new insights into the sources and transport of
bed sediment. Construction sites produced 32% of coarse (>0.5 mm) sediment load from only 0.5% of the urban watershed area.
However, the ratios of the sediment yield from different urban surfaces to the yield from impervious areas (2.1 Mg km�2 yr�1)
increased in the order: impervious area (1), grass-mulch area (4), gravel surfaces (35), and infilled construction sites (133) (Russell
et al., 2019b). Bedload yield and particle size increased with intensity of urbanization and more specifically with effective imper-
viousness and drain-pipe density (Russell et al., 2018). A substantial source of bedload to the stream was from imported fill mate-
rials and artificial surfaces. Interestingly, there was no evidence that urban land cover severely limited sediment supply. A coarse
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sediment budget for a suburban watershed (5.5 km2) showed that 36% of the sediment delivered to the stormwater network was
exported downstream out of the watershed with the rest being deposited in the sediment cascade and either stored or removed from
the catchment by sedimentation ponds (Russell et al., 2019a).

Only a few studies have been conducted of large wood recruitment, load, and transport in urban streams. Workers in north-
eastern Ohio, USA, observed that increasing PIA resulted in smaller wood size, lower wood abundance, fewer jams, and increased
wood mobility of up to hundreds of meters in urban streams (Blauch and Jefferson, 2019). Further, the supply of wood in urban
streams was lowest in confined and modified stream corridors, with narrow forested buffers generally unable to maintain stable
wood structures in the channel (Blauch and Jefferson, 2019). The reduction of wood loads in urban streams compared to rural
streams is partially related to removal by managers as well as lower recruitment rates. Efforts to increase the density of large woody
debris (LWD) in urban streams can improve geomorphic stability of the channel over periods of 2–10 years (Larson et al., 2001). In-
stream log placement in urban streams in the Pacific Northwest increased the number of stable wood structures, lowered pool
number, shortened pool spacing, and had little effect on controlling sedimentation (Larson et al., 2001). Moreover, to reduce
the need for wood removal programs in California, the practice of modifying culverts and bridges to allow wood passage during
floods was assessed based on economic and engineering feasibility and geomorphic effects (Lassettre and Kondolf, 2012). Overall,
passage modifications were similar in cost to wood removal in the short-term (1–50 years) but became less expensive in the long-
term (51–100 years) as the lower need for infrastructure replacement reduced flood costs and habitat loss (Lassettre and Kondolf,
2012).

6.52.3.4.4 Remote assessment and management of urban streams
Efforts to standardize methods to improve the precision and accuracy of geomorphic channel assessments in urban watersheds
increased after 2000 (Montgomery and MacDonald, 2002). Although there were a few previous contributions (e.g., Gregory
et al., 1992), advanced field and remotely-supported protocols were developed to evaluate various channel form and process prop-
erties including channel stability (Doyle et al., 2000), erodible river corridor widths (Piegay et al., 2005), physical heterogeneity
(Reid et al., 2008), and susceptibility to hydromodification (Bledsoe et al., 2012). Further, hydrologic and geomorphic studies
were expanded in scope to cover multiple sites across regions (Poff et al., 2006; Fitzpatrick and Peppler, 2010; O’Driscoll et al.,
2010). Even though aerial photographs were used early on (e.g., Hammer, 1972; Graf, 1975), remote-sensing methods, such as
digital processing of multispectral imagery, improved the accuracy of land-use classifications and mapping of impervious surfaces
(Fankhauser, 1999). Several types of remote-sensing imagery have been utilized for this purpose, and methods were improved by
combining multi-sensor or multi-image analyses (Carlson and Arthur, 2000; Wu and Murray, 2003). For example, the combination
of aerial photography and Light Detection and Ranging (LiDAR) data greatly improved impervious mapping, especially with the
addition of vegetation cover heights derived from LiDAR (Hodgson et al., 2003; Hung et al., 2018b). In addition to directly
mapping impermeable surfaces such as rooftops and roads, surrogate parameters that influence impervious surfaces in residential
areas can be measured, such as lot size, residential capacity, street width, and intersection density (Stone, 2004). Structure-from-
Motion photogrammetry is also becoming more common for use in urban channel assessments (Taniguchi et al., 2018).

Attempts to reduce urban impacts by treating the channel (i.e., channel reconfiguration) to convey and resist the imposed runoff
are not typically effective in reducing channel network instability, improving water quality, or restoring channel habitats and biota
(Vietz et al., 2016b). Further, a restoration framework that relies only on generalized geomorphic assumptions and a “one size fits
all” approach to hydrological assessments, stormwater improvements, and channel management is not sufficient (Laub et al., 2012;
Giacomoni et al., 2014; Booth et al., 2016; Vietz et al., 2016a). The causes of excessive urban runoff and alteration of the sediment
regime should be addressed using watershed-wide practices and not by treating the symptoms with armored channels (Vietz and
Hawley, 2019). Channel controls based on geomorphic principles such as channel widening, grade control, increasing roughness,
and sediment augmentation might be effective in reducing the negative effects of urban runoff but can be difficult to design, install,
and maintain (Russell et al., 2020).

Urban channel management and restoration is challenging. In Maryland, streams draining urban catchments had channel
complexity metric scores that were higher or equal to nearby forested catchments and generally exceeded scores from restored
stream channels (Laub et al., 2012). In the southeast Piedmont of North Carolina, the condition of restored streams was not
any better than nearby degraded urban streams, with forested streams in the best condition (Violin et al., 2011). In the southern
Appalachian Mountains, suburban stream conditions were similar to surrounding agricultural streams prior to development
(Burcher and Benfield, 2006). In general, geomorphic conditions of streams in urbanizing watersheds, particularly those of ecolog-
ical importance, can only be maintained if excess stormwater flows are kept out of streams through retention, infiltration, or harvest-
ing (Hogan et al., 2014; Vietz et al., 2014).

6.52.3.4.5 Urbanization and contaminants
Urban watersheds can have unique channel, sediment, and contaminant characteristics (Douglas, 1985; Taylor and Owens, 2009;
Booth and Fischenich, 2015; Dijkstra et al., 2019). Large-scale assessments of urbanized basins have stressed the role of human
activities in influencing sediment geochemistry and chemical budgets. A comprehensive study including 51 river basins, 1200
bed sediment samples, and analyses of a variety of major and trace elements in the <63 um fraction, reported that bedrock type
had a limited influence on background geochemistry. Only the percent urban land and population density in the watershed
were related statistically to trace metal concentrations in river sediments (Horowitz and Stephens, 2008). Moreover, sediment metal
concentrations in urban-industrial centers in the Seine River Basin were three orders of magnitude greater than those in relatively
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undisturbed headwater drainages (Horowitz et al., 1999). Each metal exhibited its own specific source, pathway, and storage modes
(Thevenot et al., 2007). However, metal budgets for the Seine region indicated that (i) waste-water discharges constitute a small
portion of the total metal burden released to the basin, (ii) storage of particulate metals in reservoir sediments, floodplains, and
dredged spoils were relatively minor compared to storage in soils, landfills, and structures, and (iii) the control of stormwater runoff
is important to reduce metal concentrations in the river (Thevenot et al., 2007). Landfill leachates and cover erosion can provide
a substantial source of metal pollution to local streams (Mantei and Coonrod, 1989), and high concentrations of metals can accu-
mulate in bed sediments in streams below urban developments less than 30 years old (Thoms and Thiel, 1995).

Three types of pollution sources are generally found in urban areas: (i) nonpoint contaminants deposited on impervious surfaces
and accumulated as salts, organic residues, and particles until released to stream channels during runoff events with little oppor-
tunity for natural filtering; (ii) point-source inputs of wastes released directly by commercial, industrial, and water-treatment facil-
ities; and (iii) contaminated sediment from erosion of contaminated soils, particles from the weathering of artificial surfaces, and
remobilization of previously contaminated fluvial deposits (Rhoads and Cahill, 1999; Sutherland, 2000; Martin, 2004; Bain et al.,
2012; Pavlowsky, 2013). Particulate metal deposition in urban streams tends to occur within the active channel and along adjacent
channel banks reflecting the limited extent of deposition of pollutants from point source discharges during low flow periods and
first-flush sediment pulses (Martin, 2004; Taylor and Owens, 2009; Matys Grygar et al., 2013). Further, artificial fill materials
dumped along and within valley floors for development purposes can be subjected to erosion by channel and overbank flows
and thereby release contaminated sediment to urban streams (Bain et al., 2012). Reduction of floodplain area available for over-
bank deposition through confinement by artificial fill and structures along urban streams can increase in-channel contamination
levels and downstream transport rates.

Road-deposited sediment (RDS) provides a unique source of contaminated particles to urban streams. RDS is created by the
weathering and breakdown of artificial surfaces composed of material like asphalt, cement, and mixed fill materials (Taylor and
Owens, 2009). In a highly urbanized area within the Aire-Calder River watershed in West Yorkshire, England, Carter et al.
(2003) used sediment fingerprinting to identify the distribution of five fluvial sediment sources: channel bank erosion (18–
33%), uncultivated top soil (4–7%), cultivated topsoil (20–45%), road deposited sediment (19–22%), and sewage input (14–
18%). Calcium from the erosion and dissolution of cement and other pavement sources was found to be enriched in urban stream
sediments, compared to rural streams, in Baltimore, Maryland (Bain et al., 2012). Sand-sized particles in road sediment may contain
more residual phase metals that are less available to biota, but finer particles or organic matter can bind metals in higher concen-
trations in more available phases (Dong et al., 1984; Sutherland, 2000; Sutherland et al., 2000).

Polycyclic aromatic hydrocarbons (PAH) are a particular problem in some urban areas. Surfaces coated by coal-tar sealants can
break down in response to traffic and runoff abrasion, which increases total PAH concentrations in sediments to levels of concern in
nearby streams and drainage systems (Mahler et al., 2005). Parking lots covered with coal-tar sealants supplied at least 80% of the
total PAH concentration in urban stream and pond sediments in the Galloway Creek watershed in southwest Missouri (Pavlowsky,
2013). Sediments from below coal-tar treated lots had PAH16 concentrations 35 and 480 times greater than those of unsealed
asphalt and concrete lots, respectively. Using a drainage area-scaled, dilution-based regression approach, sediment PAH concentra-
tions in multiple sub-watersheds were found to be highly correlated with the percentage of sealed parking lot area within the
upstream drainage area of the sampling site, but poorly related to total parking lot area, sediment size, and sorting influences.
In south-central Pennsylvania, sediment PAH concentrations were three times higher in urban compared to rural streams and highly
correlated with combined residential/commercial/industrial land use (Witter et al., 2014). Further, source signature tracing indi-
cated a strong relationship between coal-tar sealcoat dust composition and the distribution of sediment PAH concentrations in
urban streams (Witter et al., 2014). Although reservoir sediments have yielded important PAH pollution records (Van Metre and
Mahler, 2004), few studies have evaluated PAH profiles in floodplain deposits for the purposes of historical or hydro-
geomorphic evaluation. The spatial variability of PAH concentrations in core profiles collected from one floodplain site was caused
by the metabolization and mobilization of previously deposited PAHs and the effects of differential sedimentation and erosion
rates of the floodplain (Witter et al., 2003).

6.52.3.5 Impacts of climate change on land use

Regional climates have rarely been static over centennial or millennial timescales, so evaluations of the effects of land use on fluvial
systems should consider that past and future climates might be quite different from the present. Global temperatures have risen
approximately 1.0 �C from pre-industrial levels and are likely to rise another 0.5 �C between 2030 and 2052 (IPCC, 2018). Since
1850, mean air temperatures over the global land surface have risen almost twice as much as the mean global air temperature (IPPC,
2019). Many studies have been conducted on potential watershed responses to the combined effects of global environmental
change and climate change (Boardman et al., 1990; Walling, 1990; Pelletier et al., 2015). This section presents a few examples
to illustrate the nature of some of the work that needs to be done. The topic of climate change effects on rivers is covered by other
chapters in this Treatise.

Relationships between land use and climate can be considered in at least three ways:

1. effects of land use on climate,
2. effects of global regional climates on land use, and
3. how climate and climate change affect interactions between land use and erosion and sedimentation.
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Land use can affect microclimates through changes such as shading at ground level by canopy, albedo, and water budgets. Shading
and albedo directly govern local energy budgets, whereas moisture drives latent heat exchanges associated with water vapor flux
(evapotranspiration). Advection may geographically extend these effects to neighboring areas by the transfer of energy andmoisture
through air temperature and humidity. Until the mid-twentieth century, however, the effects of land use on global climate were
largely dismissed on the premise that the perceived impacts of human activities were restricted to local microclimates and ineffective
to the global climate system (Thornthwaite, 1956). This changed quickly, however, as the importance of atmospheric chemistry to
surface warming became apparent (Plass, 1956; Landsberg, 1970). An early anthropogenic climate-change hypothesis recently
extended links between anthropogenic forest clearance, atmospheric CO2 and methane, and global warming back as much as seven
millennia (Ruddiman, 2003, 2007). Subsequent studies estimated that carbon emissions generated by LU/LC change were insuf-
ficient to generate such an early rise of CO2 (Pongratz et al., 2008, 2009) because CO2 increased at a linear rate whereas population
growth was exponential (Fig. 6). An explanation for this apparent discrepancy was advanced based upon formerly higher per capita
land clearance rates (Ruddiman and Ellis, 2009); land use was formerly less intensive but much more geographically extensive. The
use of fire and shifting agriculture was widespread, so relatively small groups of hominids could clear large areas of land. Ruddiman
and Ellis (2009) suggested that slash-and-burn and other forms of extensive land use release much more carbon than their modern
counterparts on a per capita basis, so atmospheric carbon increased faster than population growth as early agriculture spread.

Regional climates clearly affect land use and geomorphic processes. For example, monocrop agricultural systems that work well
in mid-latitude regions generally fail in the tropics, and slash-and-burn agricultural systems do not function well in perennially
moist climates. Relationships between climate and geomorphic processes have long been a topic of climatic geomorphology, which
is covered elsewhere in this treatise. Several nonlinearities exist in the relationships between climate, vegetation, soil erosion, and
sediment yields. Some of these relationships have been explained on a conceptual basis. For example, Langbein and Schumm
(1958) presented an empirical analysis of effective precipitation and sediment yield data for the USA that indicated maximum sedi-
ment yields occur in semi-arid environments (Fig. 7). This implies that decreasing precipitation in a subhumid forested region that
causes a shift toward prairie or desert shrubland is likely to result in an increase in sediment yields. A further decrease in precipi-
tation to full aridity may result in decreased sediment yields. Knox (1972) presented a theoretical biogeomorphic response model in
which a simple sudden increase in precipitation can generate an episodic pulse of sediment that ceases once vegetation is estab-
lished (Fig. 8). Such non-linear responses of sediment production to a simple change in precipitation depend on pre-existing
climate and vegetation conditions. Furthermore, modern sediment responses to simple climatic shifts are complicated by human
activities such as agricultural practices, deforestation, wetland drainage, storage in farm ponds and reservoirs, etc.

6.52.3.6 Impacts of water transfers and allocations on fluvial systems

Changes in LU/LC may have indirect effects on rivers through regional transfers of water resources. Numerous examples have been
noted where water use has altered the hydrologic regimen of rivers downstream, resulting in morphologic changes. For example,
streamflow in the lower Platte River decreased dramatically after the 1930s, which led to channel narrowing and floodplain

Fig. 6 Time-series plots over the past 7000 years. (a) Atmospheric CO2 and methane increased at different rates. CO2 increases were almost linear
with time, whereas methane increased at closer to an exponential rate. (b) Population growth shows exponential growth with a strong acceleration in
the past millennium. If areas of forest clearance were proportional to population, then increases in greenhouse gases were not proportional to
deforestation. If, however, early hominids cleared more land per capita than later societies, then increases in greenhouse gases may have been
caused by deforestation. Adapted from Ruddiman WF, Ellis EC (2009). Effect of per-capita land use changes on Holocene forest clearance and CO2
emissions. Quaternary Science Reviews 28(27–28): 3011–3015.
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expansion (Eschner et al., 1983; Simons and Simons, 1993). By 1979, channel top widths for most of the lower river were only 8–
50% of the widths recorded by surveys in the 1860s. Interbasin transfers and groundwater pumping may augment surface water
supplies, enough to substantially influence low flows, mean annual flows, aquatic ecosystems, and upland LU/LC. These water
transfers may support major irrigation works or municipal supply systems that result in changed land use over large areas. Large
interbasin transfers in the western USA include the Los Angeles Aqueduct, the Colorado Aqueduct, the Central Valley Project of Cal-
ifornia, the California Water Project, and the Central Arizona Project (NRC, 1992). A plan to transfer 25–50 km3 year�1 of water
south from the Ob River in Siberia to the Aral Sea was abandoned following dissolution of the former Soviet Union (Golubev and
Biswas, 1984). Ironically, smaller-scale interbasin diversions via the KaraKum Canal that carried water away from the Aral Sea into
the KaraKum Desert initiated regional desiccation (Micklin, 1988). Large withdrawals for irrigation between 1960 and 1990 caused
the Aral Sea to drop 13 m (43 ft), lose two-thirds of its volume, and increase in salinity threefold (Clarke, 1993). The physical and
environmental changes associated with desiccation of the Aral Sea and irrigation of the surrounding area are extreme (Tsytsenko,
2003). Major storage and conveyance facilities (e.g., reservoir and canal systems) may have additional impacts on fluvial systems.

Water transfers are common in small urbanizing watersheds where domestic water supplies provide water for domestic irriga-
tion, thus increasing base flows during dry periods. Even if these changes in water supply can be critical to the management of local
watersheds, water resources, and aquatic ecosystems, their direct influence on fluvial geomorphology is largely constrained to
changes in vegetation that influence flood magnitudes and sediment loads. Although water resources allocations go beyond the
scope of this chapter on land use, their potential should be considered for a full understanding of the extent of hydrogeomorphic
influences of human activities.

Fig. 7 Mean annual sediment yields in the USA are related to climate through interactions with land cover. Maximum yields occur in regions with
small effective precipitation where vegetative cover is sparse. In more humid regions, higher precipitation is moderated by thicker vegetation
protecting soils from erosion. Adapted from Langbein WB, Schumm SA (1958) Yield of sediment in relation to mean annual precipitation. EOS,
Transactions. American Geophysical Union 39: 1076–1084, with permission from AGU.

Fig. 8 The biogeomorphic response model explains how an episode of high sediment yields may be generated by a simple step-functional increase
in precipitation. Time lags between moisture availability and vegetative cover and soil erodibility can be translated into an episodic increase in
sediment yields with increased precipitation and a moderate increase in yields when precipitation decreases. Adapted from Knox JC (1972) Valley
alluviation in Southwestern Wisconsin. Annals of the Association of American Geographers 62: 401–410, with permission from Association of American
Geographers.
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6.52.4 Human impacts on fluvial systems

Fluvial systems are highly responsive to the water and sediment loadings from their watersheds. Linkages between hillslope erosion
and sediment deliveries to channels can be weak or lagged in time, but high rates of upland erosion will ultimately result in down-
stream adjustments. The nature of these adjustments will depend, in part, on the longitudinal connectivity between uplands and
fluvial systems. Given the extensive hydrologic impacts that land-use changes may have on water and sediment production,
drainage systems downstream often display remarkable responses to changes in LU/LC.

6.52.4.1 Morphologic changes caused by changing flood magnitudes and sediment production

Hydrologic and sedimentologic changes induced by land use can generate substantial responses in channel morphology. These
changes and their precursors have been highly variable. For example, stream restoration projects often assume that so-called
‘natural’ streams had meandering, single-thread channels, yet evidence indicates a great diversity of channel morphologies prior
to human disturbances (Brown et al., 2018; Lewin, 2010; Notebaert et al., 2018; Walter and Merritts, 2008). Downstream morpho-
logical responses to land-use change vary greatly with landscape sensitivity, increases in runoff and sediment deliveries, and non-
linear response of sediment dynamics to anthropogenic disturbance (Notebaert and Verstraeten, 2010; Verstraeten et al., 2017).
Increased storm runoff volumes and peak flows tend to enlarge channels, whereas increased sediment production tends to cause
channels to aggrade. To complicate matters, both of these processes may depend on the crossing of thresholds and are time trans-
gressive, so one part of a watershedmay be responding differently from another at a given time and responses may shift downstream
through time (Brown et al., 2013; Notebaert et al., 2018). Brown et al. (2013) showed that although two small catchments in the UK
had a similar dramatic discontinuity in the style and rate of floodplain sedimentation that was driven by agriculture, the response
was separated in time by 2300 years. These relationships are further complicated by variations in sediment texture, the partitioning
of sediment between in-channel and overbank deposits, and potential armoring of the channel bed. These factors also may be time
transgressive as fine-grained, in-channel deposits are rapidly delivered downstream while lag gravels and overbank deposits are
slowly conveyed. For example, a major land-use change, such as deforestation or urbanization that increases water and sediment
production may initially result in sediment storage and channel aggradation near the source accompanied by channel widening
as coarse materials are introduced to the bed (Gomez et al., 2004). Later, headwater channels may enlarge – especially by widening
if coarse materials were introduced – and downstream channels may aggrade as sediment and bed waves arrive (Gomez et al., 2003;
Sims and Rutherfurd, 2017). Such a sequence may explain entrenchment of streams in small mid-Atlantic watersheds (drainage
areas <25 km2), as evidenced by greater decreases in bankfull channel recurrence frequencies than larger channels (Costa, 1975;
Jacobson and Coleman, 1986; Jacobson et al., 2001). Many European studies have shown that Holocene channel pattern changes
and transitions between stability and instability were related to land-use and climatic change that altered hydrological and sediment
regimes (Foulds and Macklin, 2006; Lespez et al., 2008, 2015; Lewin and Macklin, 2010; Macklin et al., 2010; Morin et al., 2011;
Verstraeten et al., 2017; Brown et al., 2018; Candel et al., 2018; Stutenbecker et al., 2019).

Channel enlargement can involve a combination of vertical adjustment by incision or floodplain aggradation or widening by
lateral channel migration. Models of channel response to aggradation indicate that channel incision tends to evolve through a series
of stages that commonly involve degradation in a narrow zone, followed by widening, then by channel-bottom aggradation to
achieve a new equilibrium state (Harvey and Watson, 1986; Simon and Hupp, 1986; Simon, 1989; Lecce, 1997). Schumm
(1991, 2005) presented a model of channel incision in which initial deepening is followed by widening, bank undercutting,
and bank failures (Fig. 9). A similar model was advocated for arroyos along the Rio Puerco (Elliott et al., 1999). The remobilization
of sediment by widening results in a prolonged period of high sediment flux following aggradation so that sediment waves tend to
be asymmetrical with respect to time. Furthermore, channel vertical incision rates often decrease during the widening phase. Lisle
and Church (2002) presented a conceptual model of decreasing sediment-transport capacity for degrading alluvial storage reservoirs
consisting of two phases. The first phase is characterized by abundant sediment and a high sensitivity of local sediment storage to
changes in supply. The second phase of degradation is associated with channel armoring and form roughness that impede vertical
incision and lateral migration and determine spatial patterns of transport and storage.

Channel enlargement influences energy conditions that govern channel adjustment, the frequency of floodplain inundation, and
the delivery of water and sediment downstream. Thus, channel enlargement in upstream areas has downstream consequences. As
channels enlarge, they can contain larger flows that – if energy slopes are not decreased – may generate higher in-channel stream
powers and shear stresses, leading to further incision or channel widening. These morphologic changes can decrease the down-
stream attenuation of flood waves, further increasing flood peaks downstream (Woltemade, 1994). Larger, more frequent overbank
flows coupled with increased upland soil erosion can increase bank heights through vertical accretion on floodplain surfaces.
Continued channel widening decreases flow depths for a given flow frequency, requiring larger floodmagnitudes to generate a given
stream power. Several studies in the Driftless Area of Wisconsin, USA, have shown that channel enlargement began in tributaries
before propagating downstream (Knox, 1987; Lecce, 1997; Lecce and Pavlowsky, 2001). Channel enlargement in tributaries reduces
overbank flow frequencies and floodplain sedimentation rates. This sediment is more efficiently conveyed downstream by high-
energy channels that can contain larger flood flows. Thus, at the same time that tributary channels are undergoing declining sedi-
mentation on the original floodplain surface, valleys a short distance downstream may aggrade with sediment routed through the
enlarged tributary channels.
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Sediment deliveries are clearly related to channel bedforms, but the specific effects of the sediment must be scaled by the ability
of the stream to carry its load. Linkages between sediment production and specific bedforms inmountain rivers have been identified
by examining ratios of sediment transport capacity to sediment production (Montgomery and Buffington, 1997). In small moun-
tain tributaries where transport capacities are high relative to deliveries, valley bottoms can have abundant bedrock exposures and
boulder deposits and channel form is dominated by cascades (Fig. 10). Downstream within small watersheds, as sediment produc-
tion increases and gradients and transport capacities decrease, bedforms transition from step pools to upper-regime plane beds.
Farther downstream, where sediment supplies greatly exceed transport capacities, bedforms give way to pool and riffle sequences
with dunes and ripples. This conceptualization illustrates the importance of sediment production to river form. As sediment deliv-
eries to mountain rivers govern the nature of channel bedforms, so do changes in land use that alter these deliveries. Clearly, such
a dependency is not restricted to mountain rivers. In fact, rivers may be transformed from single-thread to braided with increased
sediment deliveries (Gilbert, 1917) or with an increase in the ratio of bed material to suspended material (Brice, 1982).

The lateral connectivity between channels and their floodplains can be influenced as a direct or indirect consequence of land use.
Levees constructed to protect floodplains from flooding and sedimentation for urban and agricultural land uses directly reduce
connectivity. Levees may cause an almost complete hydrologic isolation of the channel from its floodplain and a substantial
ecologic separation (Opperman et al., 2009). Channels may also become isolated from their floodplains as an indirect consequence

Fig. 9 Model of channel evolution in response to initial degradation (a, b), followed by bed widening, mass wasting of banks, and alluviation (c, d).
Adapted with permission from Schumm SA (2005) River Variability and Complexity. Cambridge: Cambridge University Press, 220 pp.

Fig. 10 Bedforms in upper Greehhorn Creek, Sierra Nevada, northern California. (A) View up cascade in bouldery bed materials. (B) View up planar
gravel-bed channel B200 m downstream of first photograph below abundant supply of relatively fine gravel from hydraulic mining sediment tailings
fan. Photo by LA James (December 2004).
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of land use that generates an ADE. As channels aggrade, the bed rises and the frequency of floodplain inundation increases. The
increased lateral connectivity may be accompanied by substantial changes to the floodplain. When aggradation ceases and degra-
dation begins, lateral connectivity decreases, often to less than pre-aggradation conditions. The tendency for channels to vertically
incise, prior to widening after an aggradation episode, was described in the previous section. The widening phase of readjustment
tends to proceed more slowly (Lisle and Church, 2002), so a narrow, entrenched channel may persist for a relatively long period. In
any case, the former floodplains constructed of anthropogenic sediment during the period of maximum aggradation are left as rela-
tively high terraces (Fig. 11). The frequency of flooding on the high terrace surfaces and the accessibility to aquatic organisms are
reduced if not eliminated.

6.52.4.2 Episodic erosion and sedimentation

Humans are environmental engineers who rearrange hydrologic and ecologic systems to garner resources and control their habitats.
The resulting changes to geomorphic systems can be gradual or punctuated, and purely anthropogenic or superimposed on effects of
climatic and tectonic change. Thus, the stratigraphic, sedimentologic, and geomorphic evidence of human influences can be abrupt
and clear, or diffuse and obscure. In accordance with fluvial theories of thresholds and complex response (Schumm, 1977, 1979),
even gradual changes may be manifested in the alluvial record as the sudden onset of a complex series of cut-and-fill features that
occur in response to a disruption of system stability. Alluvial responses that appear to be gradual on contemporary timescales may
also be considered episodic where observed in a longer stratigraphic record.

6.52.4.2.1 Time, episodicity, and neocatastrophism
Responses of watersheds and river systems to land-use changes can be relatively rapid when considered over long time periods, that
is, decadal to millennial change (101–103 year). A considerable body of geomorphic theory concerned with rapid change can be
applied to watershed responses to human activities over these timescales. Much of this theory emerged without consideration of
anthropogenic processes, but can be adapted for this purpose. Testing these theories with anthropogenic applications should
draw upon principles and methods of both geologic and cultural history (e.g., Brierley, 2010). Many alluvial events over the
past several millennia – a period germane to discussions of intensified land use and the emergence of civilization – have been decid-
edly episodic. The implication of these events should be considered in light of philosophical debates over uniformitarianism versus
catastrophism (Gould, 1987; Huggett, 1989, 1990). Rapid floodplain and channel changes may be characterized by an application
to geomorphic systems of the concept of ‘punctuated equilibria,’ borrowed from evolutionary biology (Eldredge and Gould, 1972).
This may seem antithetical to purely uniformitarian theories of gradualism (Playfair, 1802; Lyell, 1830; cf. Wolman and Miller,
1960; Romano, 2015). Nevertheless, it is fully compatible with modern concepts of neocatastrophism (Dury, 1980; Albritton,
1989; Huggett, 1990) that are clearly distinguished from the long-discredited religious dogma of classical catastrophism (Chorley

Fig. 11 Fluvial terraces along Greenhorn Creek, California, composed of hydraulic mining sediment. Arrow points to field assistant holding reflector.
Photo by LA James (May 2007).
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et al., 1964). In fact, even extreme examples of the episodicity of anthropogenically induced fluvial sedimentation pale in compar-
ison with the bolides and Spokanian floods of neocatastrophism (Bretz, 1923, 1925; Baker, 1973). The important point is that
fluvial landforms are generally formed by gradual ongoing processes, but large, rare events, such as a flood or period of severe aggra-
dation, may also be important to morphogenesis.

To the well-established neocatastrophist principles based on processes in natural Earth systems, we must now add human
agency, such as changes in land use. Humans may initiate highly effective and enduring episodes of geomorphic change and shifts
in environmental and geomorphic trajectories with substantially accelerated rates of adjustment. It has been argued that uniformi-
tarianism has severe limitations in the Anthropocene because it does not account for the important role of humans, which not only
can operate at different rates but can also be entirely different than non-human systems in geologic time (Knight and Harrison,
2014). Baker (2014) disagrees with that interpretation and argues that uniformitarianism, if understood properly, remains valid
and has operated across geologic Eras that were very different from one another (cf. Autin, 2016).

6.52.4.2.2 Aggradation-degradation episodes, bed waves, and sediment waves
The effects of major land-use changes on downstream river systems can occur over fairly large scales, namely, an entire drainage
basin may respond over the course of decades or centuries. On these timescales, sediment produced by a large erosion event can
be delivered downstream causing a period of channel aggradation, that is, a rise in the channel bed, and floodplain overbank depo-
sition. When the high sediment production rates decrease, the bed will ultimately degrade, thus defining an aggradation-degradation
episode (ADE) (James, 2010, 2018; James and Lecce, 2013). The well-known channel evolution model (Schumm et al., 1984; Simon
and Hupp, 1986; Simon and Rinaldi, 2006; Van Dyke, 2013; Thompson et al., 2016; Phillips and Van Dyke, 2017) describes a set of
possible stages that the degradation phase of an ADE may follow (James, 2018). Such episodes have been noted in many contexts
including stratigraphic and historical records of events ranging from prehistoric to post-colonial periods.

The rise and fall of channel beds during an ADE has been described as a ‘sediment wave,’ although this term has also been used
to describe a large episode of sediment flux. Some confusion surrounds the concept of sediment waves as a channel morphologic
response vs. a sediment flux. Gilbert (1917), who first demonstrated sediment waves by measuring changes in channel-bed eleva-
tions through time (Fig. 12), described the passage of a sediment wave as analogous to the passage of a sediment hydrograph. The
various uses of sediment wave terminology have been reviewed by Hoey (1992), Nicholas et al. (1995), James (2006, 2010), Lisle
(2008), and Sims and Rutherfurd (2017). Related terms include bed waves, bed material waves, bedload sheets, sediment slugs, and
sediment pulses (Wathen and Hoey, 1998; Lisle et al., 2001; Madej et al., 2009). Given confusion between concepts and important
potential differences in timing between the bed response and the passage of sediment stored above and within a channel reach,
James (2006, 2010) advocated a distinction between bed waves that are topographic changes in the bed and sediment waves
that represent the passage of a mass of sediment through a reach over time (sediment flux).

Many studies have been concerned with how bed waves evolve as dispersive or translational forms. The original description by
Gilbert (1917) was clearly of a series of migratory waves with down-valley translation more than 50 km. Several modern studies
indicate that bed wave evolution is dominated by dispersion, although some translation also takes place (Lisle et al., 2001; Cui
et al., 2003; Sklar et al., 2009). An alternative mode of response to the introduction of a large pulse of sediment is fragmentation,
in which discrete bed waves translate periodically from the initial site (Gaeuman et al., 2017).

The distinction between bed waves and sediment waves allows comparisons between the timing of these responses during an
ADE. Substantial changes in land use that generate massive sedimentation events may initiate an episode that is accompanied by
both a bed wave and a sediment wave, although they are not necessarily synchronous. Where sediment is stored on floodplains,
remobilization will likely be a slow process releasing sediment long after the channel bed has incised. In severe aggradational events
generated by land-use change, deforestation, or mining, the sediment introduced to the bed may be fine grained relative to preex-
isting channel lag materials. In this case, as sediment deliveries decrease from their elevated rates, the channel bed will incise back to
pre-aggradational levels relatively quickly (Fig. 9), possibly defining a relatively symmetrical bed wave. However, sediment rework-
ing typically remains high during the prolonged period of widening, maintaining high sediment loads and producing a skewed
sediment wave (Fig. 13). Recognizing the extended period of high sediment activity is an important dynamic to river management.

6.52.4.2.3 Legacy sediment
Alluvium deposited following human disturbances is generally referred to as ‘legacy sediment’ (James, 2013a). The term has been
applied to postcolonial alluvium in the Americas and Oceania; however, it can also be applied to older anthropogenic alluvium as
well as colluvium and human construction materials. Legacy sediment, such as post-settlement alluvium, is common on some
floodplains of North America where it overlies a pre-settlement soil (Knox, 1972, 1977, 1987) (Fig. 14). This sediment represents
sedimentation in response to episodic erosion induced by land clearance, mining, or other activities. Extensive historical alluviation
occurred in the Mid-Atlantic states (Costa, 1975; Pizzuto et al., 2016), the Southeast (Happ, 1945; Trimble, 1974; Jackson et al.,
2005; James, 2006; Donovan et al., 2015; Royall and Kennedy, 2016; Lyons et al., 2015; Dearman and James, 2019), the upper
Midwest (Knox, 1972, 2006; Magilligan, 1985; Lecce, 1997; Faulkner, 1998; Lecce and Pavlowsky, 2001; Pavlowsky et al.,
2017), and in the West (Gilbert, 1917; Singer et al., 2013; Nelson and Church, 2012). In Europe and Asia, legacy sediment was
generated by multiple ADEs, resulting in a complex anthropogenic alluvial stratigraphy (Lang et al., 2003; Dotterweich, 2005; Van-
walleghem et al., 2006; Macklin and Lewin, 2008). Legacy sediment in Europe is poorly documented relative to the USA and Aus-
tralia and is often obscured by reach-scale engineering projects, but may often be found behind groins and training walls (Vauclin
et al., 2020). Sediment from early metal mining has been documented in the UK (Lewin et al., 1977; Macklin et al., 2006), the USA
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Fig. 12 Original figure by Gilbert (1917) showing bed waves during the beginning of an aggradation–degradation episode generated by hydraulic
mining sediment at three locations in California. Channel beds rose 3–6 m (10–20 ft) and were degrading by 1900. (I) Lower Yuba River at the
Narrows. (II) Lower Yuba River near Marysville. (III) Sacramento River at Sacramento. Reproduced from Gilbert GK (1917) Hydraulic-mining debris in

the Sierra Nevada. US Geological Survey Professional Paper 105. Washington, DC: Government Printing Office, with permission from USGS.

Fig. 13 Two bed waves and a skewed sediment wave. Sediment waves represent the flux of sediment and are commonly skewed with respect to
time if long-term storage is involved. Bed waves represent the rise and fall of the channel bed and may be symmetrical or skewed depending on local
flow hydraulics and bed sediment characteristics. Adapted from James LA (2010) Secular sediment waves, channel-bed waves, and legacy sediment.
Geography Compass, doi: 10.1111/j.1749-8198.2010.00324.x and James LA (1999) Time and the persistence of alluvium: River engineering, fluvial
geomorphology, and mining sediment in California. Geomorphology 31: 265–290, with permission from Wiley.
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Southeast (Leigh, 1994; Lecce et al., 2008), Midwest (Knox, 1987; Lecce and Pavlowsky, 1997), and West, including the Rocky
Mountains (Hilmes and Wohl, 1995; Wohl, 2001; Dethier et al., 2018), the Sierra Nevada of California (Gilbert, 1917; James,
1989, 1991a), and Alaska (Van Haveren, 1991). Similar episodic deposition of sediment occurred in British Columbia (Nelson
and Church, 2012), Australia (Brooks and Brierley, 1997) and New Zealand (Gomez et al., 2004). Wohl (2015) advocates applying
the concept of legacy sediment to modern, on-going processes and expanding the definition to include not only enhanced sedimen-
tation rates and contaminated sediment, but also to reduced sedimentation rates.

6.52.4.3 Contamination from mining and industrial pollutants

High concentrations of sediment-borne pollutants can have severe impacts on water quality and ecological diversity (MacDonald
et al., 2000; Moran et al., 2017). Thus, the importance of sediment quality to river management can motivate geomorphic assess-
ments of contaminated sediment transport and its relationship to channel form and stability (Miller, 1997; Macklin et al., 2006).
Moreover, relationships between land-use patterns and fluvial landforms can be used to identify locations of contaminant inputs,
storage, and remobilization in streams. Some pollutants are soluble and tend to be transported in the dissolved form, so they are
only loosely linked to fluvial sediment transport and respond poorly to geomorphic controls (Salomons, 1985). However, other
contaminants are typically dispersed in suspended and bed sediments that can become deposited within specific floodplain and
channel features in a predictable and diagnostic manner. These pollutants may occur within the particle matrix like ore grains
and coal fragments or may be strongly bound to reactive substrates on particle surfaces including clay minerals, organic matter,
and iron-manganese oxides (Forstner and Wittmann, 1981; Horowitz, 1991; Kossoff et al., 2014). Sediment-associated contami-
nants generally include metals such as lead (Pb), zinc (Zn), copper (Cu), cadmium (Cd) and mercury (Hg), nutrients including

Fig. 14 Channel bank exposure of laminated historical silt and fine sand alluvium overlying a pre-settlement soil along the Blue River, Wisconsin.
Photo by S Lecce.
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phosphorus (P) and nitrogen (N), and hydrophobic organic compounds including some polychlorinated biphenyls (PCBs) and
polycyclic aromatic hydrocarbons (PAHs).

Because of strong connections between sediments and some pollutants, contaminated sediments are often used as stratigraphic
markers and transport tracers to evaluate landscape (or landform) history, transport processes, and sediment pathways in water-
sheds (Presley et al., 1980; Owens et al., 2001; Van Metre and Mahler, 2004). Downstream trends of metals, nutrients, and related
isotopes in channel sediments and floodplain deposits are used by geomorphologists to assess the spatial and temporal impacts of
land-use change on watershed hydrology, sediment sources and dispersal, and alluvial sedimentation (Miller and Orbock Miller,
2007). Conversely, interactions among geomorphic processes, sediment dynamics, and geochemical cycling can also govern flux
rates and distribution of sediment-associated contaminants in aquatic environments (Martin and Meybeck, 1979; Miller and
Orbock Miller, 2007; Ciszewski and Matys-Grygar, 2016). Understanding these geomorphological-geochemical interactions is
important to river science and watershed management in a way that goes beyond geomorphology through identification and moni-
toring of pollution sources and their distribution, understanding processes of sediment and pollution transfer, and assessing envi-
ronmental impacts and the ultimate fate of contaminants (Forstner, 1987; Miller, 1997; Macklin et al., 2006). Although nutrient
loadings and eutrophication are important impacts of land-use change, this section focuses on fluvial metal-sediment contamina-
tion mainly from mining sources with some attention to other urban, industrial, and agricultural pollutants.

Mining-affected watersheds are attractive for geomorphic studies because: (i) mine-production records are often available to
track input history, (ii) the high contrast between metal concentrations in tailings and background sediment allows the mining
signal to be detected far downstream, and (iii) the particle sizes of tailings can vary significantly reflecting interactions between
hydraulic processes of sedimentation of channels and floodplains (Miller, 1997; Macklin et al., 2006). Mining operations can
release large amounts of tailings to river systems through uncontrolled releases, tailings dam failures, or spills (Moore and Luoma,
1990; Salomons, 1995; Gallart et al., 1999; Macklin et al., 2006; Taylor and Little, 2013; Kossoff et al., 2014; Hudson-Edwards,
2016). Fluvial processes can disperse tailings from mines several hundred kilometers downstream (Brook and Moore, 1988; Lee-
naers, 1989; Horowitz et al., 1990). Further, the stratigraphic signal of mining inputs typically spans 100 years or more. Indeed,
some floodplain deposits contain records of mining pollution spanning 2000–4500 years BP, and therefore remain available for
reworking by channel erosion or weathering to contaminate watersheds for long periods (Hudson-Edwards et al., 1999a; LeBlanc
et al., 2000). For the most part, historical mining sites are available for study, being relatively numerous and distributed across
a range of climate and geological regions. For example, there are 557,000 abandoned mine sites in the USA alone. Of that amount,
38,991 are on 728,434 km2 of public lands controlled by the U.S. Forest Service with 34% having records of mineral and waste
production and 3.5% involving placer mining with direct physical disturbance of stream channels and floodplains (Carr, 2005).
Even Soda Butte Creek in Yellowstone National Park, Wyoming, has been contaminated by historical Pb and Cu mining (Marcus
et al., 2001).

Tailings inputs can contaminate river systems in two general ways depending on the degree of geomorphic disturbance. Passive
dispersal involves the transportation and deposition of mine wastes with little obvious geomorphic effect (Lewin and Macklin,
1987). The volume and texture of tailings inputs do not interfere substantially with the geomorphic state of the channel, but still
can cause contamination. Active transformation involves releases of tailings to the channel in sufficient amounts to cause substantial
changes in sediment composition and channel morphology (Lewin and Macklin, 1987; Moore and Luoma, 1990). Indeed, Lewin
(2013) reported that historical mining disturbances, including excavations, dump piles, and tailings releases, were a causal factor in
the geomorphic modification of floodplains in the UK over the past 400 years. In most situations, the texture and mineralogy of
tailings differ dramatically from the natural stream load. Therefore, studies of channel systems affected by active transformation
caused by extreme tailings loads or larger particle sizes can use grain counts and other bulk characteristics of the tailings materials,
rather than geochemical analyses, to evaluate sediment transport, storage, and channel effects (Adams, 1944; Knighton, 1989;
James, 1991b; Hudson-Edwards, 2003; Pavlowsky et al., 2017).

6.52.4.3.1 Early contributions to geochemical fluvial geomorphology
Research from different fields contributed to the development of the geomorphic-geochemical approach to river studies (Miller and
Orbock Miller, 2007). Initially, geochemical studies of rivers focused on the dissolved transport phase, largely ignoring particulate
or sediment-bound elements or contaminants (Forstner and Wittmann, 1981). Landscape denudation studies focused on the influ-
ences of geology and hydrology on dissolved load transport with some effort to understand the effects of land use (Meybeck, 1976;
Gunn, 1982; Walling and Webb, 1983). Some of the first studies of the transport of metals and radioisotopes in association with
suspended and bed sediment occurred in the early 1960s (Sayre et al., 1963; Glover, 1964; Turekian and Scott, 1967). Published
studies on the elemental composition of bedrock formations and soils provided a framework to better understand the spatial vari-
ability of lithogenic contributions of metals to sediment loads at the global scale (e.g., Turekian and Wedepohl, 1961; Taylor, 1964;
Shacklette and Boerngen, 1984). In the 1970s, the importance of suspended sediment and the solid phase of metal transport to
geochemical balances in watersheds was recognized (Turekian and Scott, 1967; Perhac and Whelan, 1972; Gibbs, 1973, 1977;
Martin and Meybeck, 1979).

Concepts from the field of exploration geochemistry greatly advanced the development of methods to separate background
(undisturbed) sources from anomalous (contaminated) inputs of metals in channel sediments and to quantify the dispersal
patterns of contaminants below their source (Levinson, 1974, 1980). Reach-scale variations in suspended sediment-metal transport
in streams were found to be controlled by discharge, sediment supply, and pollution source characteristics (Symader and Thomas,
1978; Symader, 1980). In undisturbed small watersheds in the southwestern USA, vegetation and bedrock characteristics were
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strongly linked to metal concentrations and nutrients in bank deposits and to channel sediments downstream in both the sand and
silt/clay fractions (Gosz et al., 1980; White and Gosz, 1983). By 1980, strong connections among land use, pollution inputs, and
river sediment contamination were recognized (Forstner and Muller, 1981). Calls were made to geomorphologists to complete
applied research on environmental problems concerning channel instability and sedimentation (Wolman, 1977; Graf et al.,
1980). Forstner and Wittmann (1981) published the first major book covering land-use impacts on sediment-metal transport
and deposition in aquatic systems.

6.52.4.3.2 Metal-sediment transport
Metal-sediment interactions tend to be relatively stable under most prevailing weathering and diagenetic conditions (Lewin et al.,
1977; Graf, 1996a, b). Sediments can bind metals to much higher concentrations than in the surrounding water column and yield
higher signal-noise ratios (Horowitz, 1991). For example, exploration surveys generally showed that stream-water anomalies
commonly extended as much as 3 km downstream, but that sediment anomalies were detectable up to 30 km below an ore
body (Levinson, 1974). Moreover, the downstream dispersal of dissolved metals was limited by physical dilution and well-
buffered pH, while dispersal trends of sediment metals in the channel and floodplain extended far downstream in the Danube
and Marisa drainage basins in Bulgaria (Bird et al., 2010). Natural metal enrichment of stream sediments can occur below ore
bodies (Fuge et al., 1991), but mining activities can increase metal concentrations in stream sediments by up to three orders of
magnitude compared to natural geochemical dispersion with mining contamination potentially extending 500 km downstream
compared to only 20 km for the natural trend (Helgen and Moore, 1996). However, assumptions regarding geochemical stability
in sediment studies need to be verified because metal dissolution and translocation during transport and within sediment deposits
can obscure transport pathways and reduce confidence in evaluating land-use relationships (Waslenchuk, 1975; Combest, 1991).
For example, age or depth relationships within floodplain deposits can be obscured by rapid sedimentation, bioturbation, changes
in water-table depth, and pedogenesis (Taylor, 1996; Hudson-Edwards et al., 1998; Ciszewski et al., 2008).

Geochemical characteristics of sediments contaminated by mine tailings depend on patterns of dispersion, such as distance of
transport below the mine, degree of floodplain reworking, solution effects of water chemistry (e.g., pH, dissolved oxygen), and sedi-
ment binding capacity (Lewin et al., 1977; Bradley and Cox, 1986; Macklin and Dowsett, 1989; Moore and Luoma, 1990; Horowitz,
1991). Therefore, metal concentrations are not uniformly distributed in fluvial sediments because hydraulic forces can differentially
sort tailings particles and background sediment by size and density downstream, across the valley floor, and among channel units
(Sear and Carver, 1996; Ladd et al., 1998; Pavlowsky et al., 2010, 2017; Szabo et al., 2020). Silts and clays tend to become stored in
vertically accreting overbank deposits, sands in laterally accreting point bar deposits, and gravels in floodplain splay and channel lag
deposits (Bradley and Cox, 1986; Knox, 1987; Lecce and Pavlowsky, 2001; Ciszewski and Matys-Grygar, 2016).

Grain size controls the capacity of sediments to bind, concentrate, and retain trace elements from the water column or pore water
with metal concentrations typically increasing with the percentage of fine particles (e.g., <63 mm) and organic matter in sediment
(Taylor, 2007). Metal concentrations increase because of larger surface areas, cation exchange capacities, and sorption densities of
fine-grained particles (Horowitz and Elrick, 1987). In general, geochemical substrates such as clay, organic matter, and iron oxides
also bind metals and tend to covary in fine sediments (Combest, 1991; Miller and Orbock Miller, 2007). As weathering and diagen-
esis proceeds, metals may become more concentrated over time in finer sediment fractions and geochemical substrates of fluvial
sediments in industrialized and urbanized rivers (Forstner and Wittmann, 1981; Combest, 1991).

In contrast to rivers where contaminants are concentrated in finer sediments, metal concentrations inmining-affected streams are
often poorly correlated with grain size and organic matter because of the episodic nature of mining inputs, detrital contamination
across a range of particle sizes, and a relatively short time available for geochemical dissolution and redistribution to more sorptive
substrates (Bradley and Cox, 1986; Brook and Moore, 1988; Leenaers et al., 1988; Moore et al., 1989; Graf et al., 1991; Taylor, 1996;
Lecce and Pavlowsky, 1997; Pavlowsky et al., 2017). The sand or fine gravel fraction may have higher contaminant concentrations
than the clay fraction, because of inputs of coarse tailings (Bradley and Cox, 1986; Brook and Moore, 1988; Pavlowsky et al., 2017).
Even the fine gravel fraction can be important for metal transport in mining-affected streams. For example, coarse tailings grains (2–
8 mm) from historical metal sulfide mines can contain residual metal concentrations of up to 22,000 ppm Zn (Pavlowsky, 1996)
and 4500 ppm Pb (Pavlowsky et al., 2017). Therefore, sediment mixing between tailings and background sediments can obscure
relationships between grain size and contaminant concentrations in mining-affected streams (Marron, 1989; Moore et al., 1989).

Density sorting can also influence transport and the resulting spatial distribution of metal concentrations on a stream bed
affected by mine tailing inputs. Tailings particles typically contain higher density “heavy” ore minerals including metal sulfides,
oxides, and carbonates with specific gravity >4 compared to host rock minerals with specific gravity values <3 (Taggart, 1945;
Lewin et al., 1977; Yim, 1981; Macklin and Dowsett, 1989). The hydraulic equivalent diameter, i.e., the grain size with the same
settling velocity, can be much smaller for heavy ore-enriched particles can be than for lower-density particles (Rubey, 1933; Ritten-
house, 1943; Tourtelot, 1968). It appears that the optimum size equivalent for density sorting in fluvial sediment is in the fine to
medium sand fraction (0.1–0.5 mm), and little density sorting is assumed to occur with particles smaller than coarse silt
(<0.05 mm) (Day and Fletcher, 1991). Sand-sized heavy particles can be deposited at concentrations up to eight-times background
in higher energy reaches with coarser gravel beds and within areas of flow separation in the channel (Best and Brayshaw, 1985; Pav-
lowsky, 1996). In general, channel units that concentrate heavy particles include riffle heads, tributary junctions, shallow pools,
runs, and breaks in channel slope (Yim, 1981; Fletcher et al., 1987; Day and Fletcher, 1989, 1991; Macklin and Dowsett, 1989).
Longitudinal density sorting occurs when less-dense sediment tends to be preferentially transported downstream.
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Where higher density particles have been introduced as tailings, the importance of the heavy mineral fraction as a source of metal
pollution generally decreases downstream because of dilution and selective deposition in channel deposits (Lewin et al., 1977;
Macklin and Dowsett, 1989). However, surprisingly, ore particles about 0.02 mm in diameter from tailings sources were found
in reservoir deposits 500 km downstream from the mine (Horowitz et al., 1990). Dense ore grains can contain very high metal
concentrations. For example, in the Upper Mississippi Valley Zinc-Lead District, Wisconsin, which mainly produced sphalerite
(Zn sulfide), the average Zn concentration and heavy mineral percentage (HM) in the <2 mm fraction increased in this order:
undisturbed channel sediments (n ¼ 31), 161 ppm Zn and 0.6% HM; mining contaminated channel sediments (n ¼ 103),
2319 ppm Zn and 1.8% HM; and dolomitic gravity mill tailings (n ¼ 17), 18,357 ppm Zn and 10.7% HM (Pavlowsky, 1996).
The Zn concentrations in HM concentrates averaged 13.5% for tailings (n ¼ 11) and 15.5% in contaminated sediments (n ¼ 45)
with pure sphalerite expected to contain about 64% Zn (Pavlowsky, 1996).

6.52.4.3.3 Dilution and tributary mixing processes
The combination of chemical and hydraulic processes often produces a logarithmic decrease in metal concentrations with distance
below the source caused by the dilution and mixing of contaminated sediment with increasing amounts of unpolluted sediment
supplied by tributary inputs and bank erosion downstream (Lewin et al., 1977; Wolfenden and Lewin, 1978; Yim, 1981; Leenaers
et al., 1988; Marcus et al., 2001; Leigh, 1997; Pavlowsky et al., 2010; Singer et al., 2013; Lecce and Pavlowsky, 2014). Area-based
dilution models were first used with some success to plan sampling schemes and locate ore bodies during geochemical exploration
surveys (Rose et al., 1970; Hawkes, 1976). These models describe the dilution process as a decrease in the source signal at a rate that
is exponentially proportional to drainage area (Phillips, 1988). Tributary sediment yields have also been used to calculate area-
weighted averages of metal concentrations from upstream and tributary inputs (Marcus, 1987, 1989).

Dilution-based models have been used to predict pre-mining dispersion trends for natural sediments and post-mining sediment
metal contamination to assess environmental impacts of mining for remediation purposes (Helgen and Moore, 1996). Regression
equations based on dilution modeling principles have been used to quantify the decreasing metal concentrations in stream sedi-
ments from multiple mining source points within the Galena River Watershed, Wisconsin (Pavlowsky, 1996). Regression analysis
was also used to account for the effects of both watershed-scale dilution and reach-scale sedimentation on the dispersal of Hg and
Cu concentrations in active bed sediments in the Little Buffalo-Dutch Buffalo Creek system below the Gold Hill mining district,
North Carolina (Pavlowsky et al., 2010). Not surprisingly, dilution models have also been developed using drainage density
and stream order to predict the locations and dispersion of geochemical anomalies because these network characteristics tend to
scale with drainage area and hydrologic output (Carranza, 2004; Shahrestani and Mokhtari, 2017).

6.52.4.3.4 Channel sediment longitudinal dispersal
Channel sediments can be analyzed to quantify the longitudinal dispersal characteristics of mining contaminants in streams (Lewin
et al., 1977). Generally, bed sediments are useful for water-quality studies and monitoring programs to identify pollution “hot-
spots,” establish a pollution history of an area, and provide a surrogate or alternative media for determining geochemical values
for suspended sediment (Horowitz and Elrick, 2017). Bed sediments were used to assess the spatial extent of contamination
from historical Pb and Ag mining within Coer d’Alene lake River-Lake system in northern Idaho (Maxfield et al., 1970; Reece
et al., 1978). An early bed-sediment survey of the Buffalo River, Arkansas, found that ore metal concentrations peaked below
tributaries that drain old mines (Steele and Wagner, 1975). Early research on sediment-metal concentrations, associations with
mineral and geochemical substrates, and dispersal was also completed in urban and industrial watersheds (Wall et al., 1978;
Dong et al., 1984).

One of the first geomorphic assessments of mining-contaminated sediment transport and deposition occurred in River Ystwyth
in mid-Wales (Lewin et al., 1977). Spatial trends of Pb, Zn, Cu, and Cd were related to channel hydrology, sediment characteristics,
and floodplain morphology. Lewin et al. (1977) concluded that the same mining activities in different fluvial environments were
unlikely to produce similar contamination patterns and that various metals may have different patterns. For example, downstream
trends over several kilometers exhibited a negative decay trend for Pb, but not for Zn because urban sources of Zn increased concen-
trations downstream. Attempts to use mining-related metal concentrations in bed sediments as tracers to determine sediment sour-
ces proved to be difficult because of temporal variations in sediment size, source availability, and chemical metal mobility (Lewin
and Wolfenden, 1978). Wolfenden and Lewin (1978) compared downstream trends in mining-metal concentrations in stream bed
sediments between Mid-Wales and the Colorado Front Range, applying a negative exponential regression curve to quantify the
longitudinal dispersal pattern.

Whereas dilution processes are clearly an important explanation of downstream reductions of metal concentrations (Lewin et al.,
1977; Yim, 1981), other factors can affect the spatial variability of metal concentrations in fluvial sediments. For example, depar-
tures from the expected logarithmic decline of metal concentrations in river sediments have been attributed to downstream varia-
tions of the hydraulic energy present along a stream (Graf, 1996a, b) and sediment slug-transport with little mixing by a dam break
flood (Graf, 1990). Similarly, Clement et al. (2017) found no downstream trend in Pb, Cu, and As concentrations in mining sedi-
ments deposited by a catastrophic flood in the Ohinemuri River of New Zealand. They concluded from the high variance in concen-
trations that catchment-scale hydraulic and geomorphic factors were overridden because the mine waste was dispersed downstream
by a single extreme flood, similar to that of a tailings dam failure. Locally, variations in metal concentrations tend to be related to
hydrodynamic conditions and the sedimentological characteristics of the particles in transport.
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A variety of fluvial processes can alter the smooth trend of decreasing sediment metal contamination downstream from sources.
Deposition of plutonium-contaminated sediments in Los Alamos Canyon, New Mexico, occurred where stream power was low,
hydraulic resistance was high, and geomorphic conditions provided space for storage (Graf, 1996a, b). Six fluvial attributes caused
sediment transport and plutonium storage to deviate from a smooth decay trend: (i) hydraulic sorting of contaminated sediment by
size; (ii) wave-like transport and uneven deposition of contaminants and background sediment in the ephemeral stream; (iii)
reworking of previously contaminated deposits creating secondary sources; (iv) preferential deposition in reaches of low stream
power related to local increases in valley-bottom width or bank height; (v) dilution by tributary inputs of clean sediment; and
(vi) geomorphic history that differentially affected patterns of valley-floor deposition and reworking (Graf, 1996a, b; Reneau
et al., 2004).

In summary, the longitudinal dispersal of sediment-borne metals from mining areas by fluvial processes generally results from
interactions between three variables: rates of mine wastes discharged to the channel, the texture andmineralogy of mine wastes, and
sediment transport characteristics of flows including the spatial variability of stream power and amount of floodplain reworking
(Lewin et al., 1977; Bradley and Cox, 1986; Bradley, 1989; Graf, 1990; Hudson-Edwards, 2003; Bird, 2016).

6.52.4.3.5 Floodplain contaminants
Floodplains play an important role as both storage reservoirs and secondary sources of metal contaminants in mined watersheds
(Bradley, 1989; Horowitz, 1991; Lecce and Pavlowsky, 1997, 2001; Coulthard and Macklin, 2003). Overbank deposits are easy to
access above the waterline, less disturbed than channel-bed sediments, and temporally and spatially integrate geochemical signals
from the upper watershed (Ottesen et al., 1989). Floodplain cores can yield a chemical sedimentary record of human activities with
the oldest deposits or deepest strata determining background or pre-disturbance concentrations (Hindel et al., 1996; Knox, 2006).
Although important for evaluating environmental history, interpretations of geochemical records in floodplain deposits need to be
considered within their geomorphological context, compared with independent dating where possible, and sampled adequately to
understand vertical and lateral core profile variability (Macklin et al., 1994).

Mining-metal stratigraphy andmarker beds were probably first used to correlate periods of mining contamination to the age and
development of floodplain features along the River Rheidol, Cardiganshire, Wales (Alloway and Davies, 1971; Davies and Lewin,
1974). In the same river, Wolfenden and Lewin (1977) contrasted the sediment texture and Pb, Zn, and Cu contamination trends
between point bar and overbank deposits and described the geochemical variability they observed by the effects of episodic flood-
plain reworking in relation to mining outputs, sedimentary environment, and metal chemistry. Macklin (1985) related the strati-
graphic “pulse” of mining-related Pb, Zn, and Cu contamination in a floodplain deposit to upstream mining history to determine
sedimentation rates over a 300-year period at one site on the River Axe, Mendip, England. Knox (1987) used Zn and Pb profiles in
floodplains at multiple sites to assess downstream channel response and sedimentation trends caused by agricultural land-use
changes and climate-driven flood events during the past 180 years in the Galena River watershed in the Driftless Area of southwest
Wisconsin. Macklin and Lewin (1989) used mining Pb and Zn metals dating and historical channel data to identify patterns of
channel and floodplain adjustments in five sedimentation zones during a 115-year period for a 22 km segment of the River South
Tyne, North Umbria, UK.

Lateral and vertical variations in mining-metal concentrations in alluvial deposits are generally linked to sorting by sediment size
and hydro-geomorphic factors. The nature of the mining process itself can affect the pattern of downstream dispersal of tailings and
metals in floodplain alluvia by determining the types of mine waste produced (Bradley and Cox, 1986) and the timing and intensity
of mining-sediment production (Lewin et al., 1977; Macklin, 1985; Knox, 1987; Rang and Schouten, 1989). During floodplain
formation and reworking, fluvial sorting processes tend to redistribute sediments based on grain size and channel hydraulics. In
general, fine sediments accumulate through vertical overbank accretion and coarse sediments by lateral accretion as point bars
or splays (Wolfenden and Lewin, 1977; Bradley and Cox, 1986; Knox, 1987; Lecce and Pavlowsky, 2001). Contamination fluctu-
ations related to alternating high and low periods of mining activity and waste output can be preserved in point bar deposits, as well
as overbank deposits (Lecce and Pavlowsky, 1997, 2001).

In addition to grain size and channel hydraulics, other geomorphic and hydrologic factors can influence the spatial patterns of
floodplain contamination. Factors often cited to explain variations in floodplain contamination by mining inputs include:
(i) distance of the deposit downstream from sources or away from the channel, (ii) age of the deposit, (iii) elevation of deposits
relative to flood-stage frequencies during active mining, (iv) paleo-topography, and (v) rate and nature of channel activity including
the date of floodplain reworking in relation to former mining (Alloway and Davies, 1971; Davies and Lewin, 1974; Leenaers and
Rang, 1989; Rowan et al., 1995; Brewer and Taylor, 1997; Benito et al., 2001; Lecce and Pavlowsky, 2001; Hurkamp and Raab, 2009;
Szabo et al., 2020). In some cases, metal concentrations lack obvious depositional trends because of uneven floodplain topography
or tributary pulses of contaminants or clean sediment (Lewin and Wolfenden, 1978; Bradley and Cox, 1990; Lecce and Pavlowsky,
1997, 2001). In tributary channels affected by rapid overbank sedimentation or channel widening, higher bank heights can develop
that decrease floodplain connectivity. The result is a “flume-like” channel that can convey flood waters and contaminated sediment
downstream and progressively shift the locus of deposition to lower portions of the watershed through time (Knox, 1987; Wolte-
made, 1994; Lecce and Pavlowsky, 2001).

Many published studies correlate mining history to fluctuations in floodplain metal profiles to assess spatial and temporal
contamination trends, date strata, and evaluate sedimentation rates. Studies from the UK include: England (Wolfenden and Lewin,
1977; Macklin, 1985; Bradley and Cox, 1986; Macklin and Lewin, 1989; Macklin et al., 1997; Hudson-Edwards et al., 1998, 1999b;
Dennis et al., 2009); Wales (Davies and Lewin, 1974; Wolfenden and Lewin, 1977; Taylor, 1996; Brewer and Taylor, 1997); and
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Scotland (Rowan et al., 1995). Studies from Europe include: Belgium and The Netherlands (Leenaers et al., 1988; Leenaers, 1989;
Rang and Schouten, 1989; Swennen et al., 1994); Spain (Gallart et al., 1999; Benito et al., 2001; Turner et al., 2008; Adanez-Sanjuan
et al., 2016); Poland (Macklin and Klimek, 1992; Ciszewski, 2003; Ciszewski and Turner, 2009; Wyzga and Ciszewski, 2010); and
Slovenia (Gosar and Zibret, 2011). Studies from Oceania include: New Zealand (Clement et al., 2017), and Australia (Taylor and
Little, 2013). Studies in the U.S. include: Montana (Brook and Moore, 1988; Axtmann and Luoma, 1991); South Dakota (Marron,
1989, 1992); Arizona (Graf et al., 1991); Nevada (Miller et al., 1996); Missouri (Owen et al., 2011; Pavlowsky et al., 2017); Wis-
consin (Knox, 1987; Lecce and Pavlowsky, 1997, 2001); Georgia (Leigh, 1994, 1997; Wang and Leigh, 2015); North Carolina (Lecce
et al., 2008; Lecce and Pavlowsky, 2014; Wang and Leigh, 2015); and Maryland (Bain and Brush, 2005).

6.52.4.3.6 Storage and remobilization of sediment-associated contaminants
Floodplains were recognized early on as an important component of the long-term dispersal process of mine tailings and metals in
watersheds (Bradley, 1989). Emphasizing floodplains as a contaminant sink, Bradley and Cox (1990) developed amining-sediment
metal budget for a floodplain in a segment of the River Derwent, England, and calculated annual metal storage rates of Pb, Zn, Cu,
and Cd belowmining areas. Rowan et al. (1995) developed a sediment budget for the main channel of Glengonnar Water, Scotland,
that emphasized floodplains as a source of Pb from historical mining and showed that channel bank erosion was the major source
of metals to the stream system. Methods and assumptions for calculating sediment-metal budgets for rivers affected by mining
inputs with a focus on floodplain contributions have been published (Dennis et al., 2009; Lecce and Pavlowsky, 2014; Pavlowsky
et al., 2017).

The incorporation of tailings and other mining wastes within alluvial deposits effectively decreases the short-term water quality
threat to downstream areas (Ongley, 1987; Macklin et al., 1997). However, the stored metals are still available for downstream
transport at some later date if remobilized by physical or chemical means. Moore and Luoma (1990) envisioned a three-step process
whereby the mine, mill or smelter site creates the primary sources of metal wastes including tailings, flue dust, or slag. Primary
contaminants are either “stored” on site or discharged to the environment to form secondary sources, including contaminated allu-
vial deposits and groundwater. Tertiary sources become active when contaminated sediments are reworked and dispersed down-
stream or chemical remobilization releases metals by contaminated groundwater or seepage. Floodplain storage can be
enhanced through increased deposition rates by breaks in slope (Graf et al., 1991 ; Bird, 2016), wider valleys (Wyzga and Ciszewski,
2010; Bird, 2016), low stream powers (Lecce and Pavlowsky, 1997), floodplain topography, such as lower banks and paleo-
channels (Brewer and Taylor, 1997; Lecce and Pavlowsky, 2001; Bird, 2016), and control structures (Ciszewski and Turner, 2009).

Large volumes of metalliferous mine wastes can escape on-site containment, contaminate channel and floodplain deposits for
long periods, and, in some cases, cause aggradation in river valleys. Single tailings-dam failures can release millions of megagrams of
mining waste and occur frequently enough to be a major concern globally (Kossoff et al., 2014). Indeed, the iron tailings spill on the
Doce River in Brazil released over 35 � 106 m3 of material and contaminated 650 km of the river with toxic metals (Hatje et al.,
2017). In the North Island of New Zealand, Clement et al. (2017) estimated that �2.3 � 106 Mg of Hg, As, and cyanide contam-
inated mine tailings from gold mining remain stored in floodplain deposits along a 10 km segment of the Ohinemuri River. In the
Black Hills, South Dakota,�42 � 106 Mg of As-rich tailings were deposited on floodplains along 40 km ofWhitewood Creek below
the Homestake Gold Mine (Marron, 1989, 1992). At a modern mine in Papua New Guinea, 240 � 106 Mg of tailings were depos-
ited within 10 km of the mill outfall in the Kawerrong-Jaba River system from the active Panguna copper mine on Bougainville
Island (Archer et al., 1988; Jeffery et al., 1988). In the Old Lead Belt draining the Ozark Highlands in Missouri, Pavlowsky et al.
(2017) estimated that �7 � 106 Mg of dolomitic Pb sulfide tailings were released to 171 km of Big River resulting in the contam-
ination of �144 � 106 Mg of floodplain deposits and �13 � 106 Mg in channel deposits.

Attenuation times for mining contaminant concentrations in floodplain and channel deposits to return to pre-mining levels
typically range from hundreds to thousands of years (Macklin et al., 2006; Dennis et al., 2009; Bird, 2016). Floodplain storage
and valley aggradation adds a long-term lag time to sediment transport in fluvial systems (Ongley, 1987; James, 1989, 1999).
Natural attenuation processes need time for multiple successions of floodplain reworking, downstream dispersal of contaminated
sediment, and replacement or dilution of contaminated features with cleaner sediments. Two different modeling approaches were
used to evaluate the natural recovery rate of the Clark Fork River, Montana, affected by historical Cu mining for almost a century.
Moore and Langner (2012) reported that it may take 200 years for sediment metal concentrations in the channel to return to near
background levels. In comparison, Lauer and Parker (2008) reported that it would take>1000 years to remove all the tailings from
the floodplain, much longer than one cycle of reworking of the tailings by the channel. Using a modelling technique to assess the
long-term risk of contamination in the River Swale in northern England with a 200-year history of base metal mining, Coulthard
andMacklin (2003) reported that>70% of the sediment contaminants will remain in the river system for more than 200 years after
mine closure. Lake-core records below a mining area in Brotherswater, northwest England, indicated the minimum time required
for contaminated sediment levels to fall to pre-mining levels was 54–128 years for Pb and 75–187 years for Zn (Schillereff et al.,
2016).

Even after remediation, contaminated sediment will likely continue to be episodically dispersed through watersheds by floods
for hundreds of years after the cessation of mining (Hudson-Edwards et al., 2003; Taylor, 2007; Bird, 2016). One consequence of
the long attenuation process is that periodic reworking and weathering will progressively shift the locus of storage and new contam-
ination problems downstream over time since metals do not decay or break down in the environment (Wolfenden and Lewin,
1977; Macklin and Lewin, 1989). Similar wave-like dispersal patterns have been observed over periods of days with
radionuclide-labeled channel sediments (Glover, 1964; Sayre and Hubbell, 1965) and over centuries with large volumes of mining
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sediment (James, 1989; Knighton, 1989). As the attenuation process continues into the future, weathering and sorting processes
may increase the proportion of bioavailable metals in redeposited sediments and thus also increase the environmental risk (Bradley
and Cox, 1990; Aleksander-Kwaterczak and Helios-Rybicka, 2009; Lynch et al., 2014).

6.52.5 Historical perspective: Episodic land-use change and sediment production

The dominant causes of anthropogenic soil erosion are land clearance for farming, deforestation by grazing or silviculture, farming,
and fires (Butzer, 1982; Van Andel et al., 1990; Borrelli et al., 2017). The clearance of vegetation can greatly increase soil erosion that
has dramatic effects on channels. Agricultural practices can be highly erosive, have the potential to rapidly accelerate erosion and
sedimentation, and can have a great influence on fluvial systems. The history of agriculture extends back more than 10 millennia
(Pringle, 1998) and differs from continent to continent in timing, cultivars, technologies, and severity of erosion (Houben et al.,
2009; Dotterweich, 2008; James, 2013b, 2019). The impacts of agriculture on fluvial systems, therefore, are complex and require
multidisciplinary perspectives to understand fully. For example, soil erosion from the initial clearance of land during the Neolithic
in Europe did not generate alluviation in major river floodplains, where sedimentation lagged behind until the technology for deep
plowing arrived (Broothaerts et al., 2014; Macklin et al., 2014; Macklin and Lewin, 2018). In colluvial toe slopes and floodplains of
smaller streams, however, sedimentation may have started much earlier. For example, in loess landscapes of the Wetter River in
Germany, Houben et al. (2012) describe a millennial-scale delay between local colluviation caused by Neolithic agriculture (ca.
7000 cal B.P.) and the anthropogenic alluviation of floodplains (ca. 2200 B.P.).

The nature and severity of human impacts on environmental systems by indigenous cultures and colonists in the Americas
recently have been debated and largely revised by geographers, anthropologists, archeologists, and paleoecologists (Butzer,
1992, 1996; Denevan, 1992; James, 2019). Assumptions that European land-use practices were introduced to pristine landscapes
in the Americas and Australia, and that these practices were suddenly followed by episodic erosion, should be critically evaluated on
a case-by-case basis as results can vary greatly between watersheds or regions. Some pre-European landscapes in the Americas and
pre-First Fleet landscapes in Australia had strong anthropogenic imprints, and European colonization did not always generate rapid
soil erosion and sedimentation responses. However, numerous examples of postcolonial ADEs have been clearly documented at
many locations in the USA (James, 2019) and Australasia. Conversely, a case for substantial precolonial disturbances and relatively
little disturbance associated with European colonization was advanced for New South Wales, Australia (Butzer and Helgren, 2005).
On the other hand, luminescence dating of deposits has recently indicated much of the sediment considered in that study is post-
settlement in age (Portenga et al., 2016). This section provides a brief introduction to the broad topics of early agricultural devel-
opments and other anthropogenic changes to the environment involving land use. It briefly describes the origins of agriculture,
development of intensive Eurasian agricultural technologies, prehistoric episodes of erosion in Europe, and the relatively rapid
introduction of highly erosive agricultural technologies to North America, often resulting in massive ADEs. A more detailed account
is provided elsewhere in this treatise.

6.52.5.1 Early land-use change and geomorphic responses

Human impacts on Earth’s surface are of such antiquity, extent, and intensity that a new geological time known as the Anthropocene
Epoch has been proposed (Crutzen, 2002; Waters et al., 2016). When the Anthropocene began and whether it will be formally desig-
nated as an Epoch is under debate by the International Commission on Stratigraphy (Waters et al., 2016). Proposals have ranged
from an early onset (the PaleoAnthropocene) with the advent of agriculture (Ruddiman, 2003; Ruddiman and Ellis, 2009; Ruddiman
et al., 2015), to the post-European exchange of species, to the industrial revolution, or to increasing rates of change after World War
II known as the Great Acceleration (Steffen et al., 2015; Zalasiewicz et al., 2015, 2019). Early land-use changes brought about by the
spread of agriculture and deforestation have been a crucial component of the debate over the PaleoAnthropocene. From an ecolog-
ical perspective, studies have clearly demonstrated early anthropogenic changes to the composition of plant communities through
the use of fire, development of cultivars, and land clearance (Ellis et al., 2013). From a geomorphic perspective, early geomorphic
changes took place primarily in the form of soil erosion and sedimentation that tended to lag behind ecological changes.

The advent and spread of agriculture comprised one of the most significant changes in human history and ultimately was asso-
ciated with geomorphic change. Archeological, stratigraphic, and geochronologic studies provide evidence that substantial geomor-
phic responses to land-use change occurred widely in prehistory in Europe (Lang et al., 2003; Dotterweich, 2008), the UK (Macklin
et al., 2010), in Mesoamerica (Beach et al., 2006, 2015), and more broadly (Macklin and Lewin, 2008). The geomorphic effective-
ness of pre-European human land-use change in temperate North America is not well documented (James, 2019).

Agriculturedincluding the domestication of plants and animals, forest clearance, and development of related stone and bone
toolsdemerged in many centers at various times during the early Holocene and increased in intensity long before written docu-
ments. Knowledge of the early histories and the geomorphic impacts on fluvial systems is imperfect and must be reconstructed
from stratigraphic, paleobotanical, and archeologic records (Hassan, 1979; Macphail et al., 1990; Macklin, 1995; Brown et al.,
2003). Archaeological terminology for the transition to agriculture varies geographically. In Europe and Asia, agriculture was related
to the Neolithic stage of cultural history, whereas in eastern North America it was related to the transition from Archaic toWoodland
cultural stages. The geographic expansion of agriculture was gradual and time transgressive. For example, the appearance and expan-
sion of agriculture occurred on most continents at different times, often as a slow transition from hunting and gathering, rather than
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as a sudden change (Moore, 1982; Pringle, 1998; Bollongino et al., 2013). Some genetic and isotopic studies have documented clear
distinctions between the DNA and diets of Mesolithic populations with limited agriculture and Neolithic populations, even though
the two populations overlapped in time and shared spaces (Skoglund et al., 2012; Guiry et al., 2016). The slow transition from
hunter–gatherer to a sedentary reliance on agriculture took �3000 years in the Near East, �6000 years in Mexico, and 4000 years
in eastern North America (Smith, 1998). The gradual transition to agriculture may have begun as early as 13,000 BP in the Near East,
10,000 BP in China, 10,000 BP in Mexico, 10,000 BP in South America, and by 7500 BP in the Rhine Basin of western Europe (Van
Andel et al., 1986; Pringle, 1998; Bintliff, 2002; Lang et al., 2003). Whether this expansion occurred by means of migrations of
distinct groups of farmers (the demic model) or by cultural diffusion (learning and conversion of lifestyles in situ) has long
been debated by geoarchaeologists and anthropologists. Recent DNA studies support migration as the dominant means of early
agricultural expansion in parts of Europe (Fu et al., 2012; Skoglund et al., 2012).

Early agricultural expansion in China generated substantial erosion and sedimentation because of the highly erosive loess soils
and a high sensitivity to climate change. After the introduction of agriculture in the late Holocene, sediment yields to the ocean from
the Huang He Basin increased by an order of magnitude (Milliman et al., 1987). Sediment yields from the Huang He Basin expe-
rienced two periods of rapid sedimentation in the last 2300 years: from 600 to 1000 BP and in the late nineteenth century (Fig. 15;
Xu, 2003). In the early period, the combination of a drier climate and intensifying land use led to the rapid degradation of forests
that protected the loess hills (Xu, 2003). When humid conditions returned after AD 1100, sedimentation rates remained high as
forest regeneration was inhibited by land use driven by population growth and expanded cultivation.

In northern Europe, Neolithic forest clearance and expansion of agriculture was conducted with stone axes and fire (Darby,
1956). Pollen evidence indicates that most of northern and central Europe had been covered by thick broadleaved forest through
much of Roman time. The spread of Neolithic farming was associated with local clearings around settlements where the dominant
pollen shifted to weeds and grain. During the Neolithic, connections between sites of upland sediment production and channels
were weak, so sediment deliveries to fluvial systems relied on large storm events to convey sediment downstream. Most agricultur-
ally derived sediment produced in the Rhine Basin during the Neolithic remained on hillslopes until the Bronze and Early Iron Ages,
when gullying was initiated and deposition began to reach lower slopes and floodplains (Fig. 16) (Lang et al., 2003). In some cases,
small bands of Neolithic people generated severe erosion, but later during the Bronze Age, large groups were often able to maintain
stable settlements for long periods without episodic erosion. Butzer (1996) noted that such settlement stability could indicate
a cumulative cultural experience that selected for conservationist practices, and that rapid erosion generally followed social desta-
bilization or out migrations.

A series of technologic developments followed the Neolithic in Afro-Eurasia including invention of the wheel, steel plow shares,
and the harness, increasingly intensive use of draught animals, and ultimately, the development of heavy, wheeled plows. These
technologies were introduced at various times in different regions and greatly increased the geomorphic effectiveness of agriculture.
The result was the increased potential for episodic upland erosion and lowland sedimentation associated with colonization,
although it generally lagged behind initial settlement. In the Near East, the agricultural technology of Mesopotamia spread to
the eastern Mediterranean, and by 3000 BP agriculture in the Mediterranean region was greatly altered (Van Andel et al., 1990; Les-
pez, 2003). Several contemporary accounts in the region describe geomorphic processes associated with severe land use such as silty
rivers and delta progradation (Chorley et al., 1964). The Romans assimilated muchMesopotamian agricultural technology from the
Assyrians and Greeks and introduced these technologies across their domain, including northern and western Europe (Cunliffe,
2008).

Fig. 15 Three stages of sedimentation along the Yellow River, China, showing rapid acceleration in the last 130 years. Adapted from Xu J (2003)
Sedimentation rates in the lower Yellow River over the past 2300 years as influenced by human activities and climate change. Hydrologic Processes
17: 3359–3371, with permission from Wiley.
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By the Medieval period, some basins in Europe had experienced more than one episode of settlement, forest clearance, erosion,
and sedimentation. For example, two periods of soil erosion and alluviation occurred in the Geul River of the Netherlands: after
Roman occupation and in the Middle Ages (1000–1500 AD) (De Moor et al., 2008). Most of Germany was reforested by the
mid-sixth century AD, but erosion recommenced later with renewed land clearance (Bork et al., 1998, cited in Lang et al.,
2003). Rill and gully erosion became so extensive in the Medieval period (AD 1300–1700) that widespread lowland sedimentation
led to the cessation of farming in some areas (Lang et al., 2003). Medieval channels and floodplains in England and Wales were
transformed from highly variable, relatively complex systems to more uniform morphologies (Lewin, 2010). The introduction
of heavy-wheeled plows with iron plowshares and draft animals accelerated agricultural expansion, deforestation, and deep, exten-
sive plowing in northern and western Europe. The expansion of waterpower during the mechanical revolution led to the spread of
grist and sawmills and rising exports of grain and timber. By the 1500s, forest clearance had progressed in some areas to the point
that timber shortages, severe erosion, and sedimentation began to be noted (Darby, 1956). In Spain, cereal agriculture and grazing
intensified during the sixteenth and nineteenth century resulting in severe erosion, although decline and land abandonment fol-
lowed in the twentieth century in mountain areas (Garcia-Ruiz, 2010). By the Industrial Revolution, advanced technology–coupled
with colonialism, export economies, and mercantilism–promoted the expansion of aggressive land clearance for agriculture and
resource extraction overseas. As a result of these developments colonists were motivated and capable of rapid land clearance
that had the potential to induce severe erosion and sedimentation.

6.52.5.2 Pre-European land use, erosion, and sedimentation in the Americas

The severity of pre- and post-European anthropogenic erosion in the Americas has been a subject of much debate over the past two
decades. For most of the twentieth century, it was commonly assumed that pre-European environmental impacts in the Americas
were negligible, an assumption that has been named the ‘Pristine Myth’ of environmentally benign occupation (Denevan, 1992).
Challenges to this assumption have documented extensive pre-European anthropogenic environmental changes in the Americas,
including intensive land management and erosive land use (Butzer, 1996). Pre-European populations were much greater than early
estimates but declined greatly after 1492 in response to the introduction of European diseases (Denevan, 1992). Rapid population
declines after 500 BP and subsequent forest regeneration may explain a reduction in biomass burning noted in the tropical Americas
that represents carbon sequestration by the biosphere of 5–10 Gt C or 2% of the global atmospheric CO2 (Nevle and Bird, 2008).
Early agriculture at many times and places in the Americas was technologically sophisticated, especially with regard to manipulating
field cropping and irrigation systems, and was capable of making major environmental changes (Doolittle, 2000; Whitmore and
Turner II, 2002; Denevan, 2003). For the purpose of this chapter, it is important to distinguish between ecological and geomorphic

Fig. 16 Conceptual model of increasing slope–channel coupling from the early to middle agricultural period in central Europe. Adapted from Lang
A, Bork H-R, Mackel R, Preston N, Wunderlich J, and Dikau R (2003) Changes in sediment flux and storage within a fluvial system: Some examples
from the Rhine catchment. Hydrologic Processes 17: 3321–3334, with permission from Wiley.
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change caused by human activities (James, 2013b, 2019). Pre-European human impacts to flora and fauna in the Americas were
often substantial. However, anthropogeomorphic changes in the form of accelerated erosion and sedimentation were less extensive.
In some locations, however, agricultural land clearance was intense and involved terraces, irrigation canals, and mounded or ridged
fields.

A 4000-year record of erosion based on sediment cores from Lake Pátzcuaro in central Mexico documents two periods of accel-
erated sedimentation: the Maya late Preclassic/early Classic periods (2500–1200 years BP) and the later Postclassic period (850–
350 years BP) (O’Hara et al., 1993). O’Hara et al. (1993) concluded that erosion rates during the Late Preclassic/early Classic
and Postclassic periods were at least as high as rates after the Spanish conquest. This indicates that erosion after the Spanish intro-
duction of plowing was no more than that produced by traditional indigenous agricultural methods. Based on stratigraphy in dated
cores and exposures, Fisher et al. (2003) argued that pre-European erosion rates in the Lake Pátzcuaro region were inversely related
to population densities. Later, intense post-European erosion resulted not from the introduction of European agriculture, but from
population decline and abandonment and lack of maintenance of pre-existing humanized landscapes, such as extensive terracing
systems. It has been shown that neglect of agricultural terraces greatly increases the probability of their failure (Bellin et al., 2009). In
the tropical lowlands of Central America, deforestation was initiated by the Maya around 4500 BP and intensified from 3500 to
3300 BP (Pohl et al., 1996; Rosenmeier et al., 2002; Beach et al., 2015). In the Maya Lowlands of Belize, buried soils from the
Archaic through Preclassic Maya periods (ca. 6950 to 1750 BP) indicating geomorphic stability (Luzzadder-Beach, 2009). These
paleosols are often overlain by an organic-rich clay known as the Maya clay, which contains cultivar pollen and phosphorous
enrichment indicating geomorphic instability and aggradation (Beach et al., 2006; Luzzadder-Beach, 2009).

Erosional episodes have not been documented in many physiographic regions of North America. For example, evidence for high
pre-European erosion rates sufficient to generate substantial aggradation-degradation episodes in temperate mid-latitude areas of
most of the USA has been limited to a relatively small number of studies (Stinchcomb et al., 2011, 2013; Dotterweich, 2013; Dot-
terweich et al., 2014; James, 2019). Evidence of widespread pre-European agricultural practices in many parts of temperate North
America is compelling. Populations were much greater than previously supposed and the use of fire was presumably effective in
clearing land. Accounts of Spanish explorers include descriptions of extensive agricultural developments such as observations by
Hernando de Soto’s party of extensive fields and stockpiles of maize, beans, and squash in what is now the southeastern USA (Doo-
little, 1992, 2000). Denevan (1992) argued that the most pristine period for the Americas was not the time of initial contact with
colonists in the early sixteenth century, but two centuries later around 1750 after decimation of Indian populations. Nevertheless,
stratigraphic records of extensive early anthropogenic erosion and sedimentation are rare in temperate North America. In the south-
eastern and midwestern USA, deep historical alluvium commonly rests abruptly over well-developed floodplain soils, indicating
stable fluvial environments prior to European colonization (Happ, 1945; Knox, 1972, 1977; James, 1989; Dearman and James,
2019). Where this occurs, however, an abandoned humanized landscape hypothesis should be tested, rather than assuming no
previous anthropogeomorphic change had occurred (James, 2019). Buried floodplain soils with distinct A horizons do not neces-
sarily represent a very long period of geomorphic stability prior to European settlement. In some cases, weakly developed floodplain
soils with simple A/C profiles may represent only a brief period of a few centuries of pedogenesis following land abandonment by
indigenous people.

A research challenge for geomorphologists and geoarcheologists is to test the hypothesis that indigenous cultures were geo-
morphically effective, that is, their land clearance and land-use practices could be highly erosive on a basin-wide scale. On one
hand, major urban centers such as Cahokia present evidence of high population densities and intense agricultural land use (Munoz
et al., 2014). On the other hand, the geomorphic effectiveness of pre-European agriculture in the Americas was limited by the lack of
animal power or the wheel for plowing or hauling freight (Goudie, 2019). By comparison, the intensive land use associated with
European agriculture was potentially more geomorphically effective and had the capacity to generate rapid soil erosion and sedi-
ment redistributions from hillslopes to small watersheds.

6.52.5.3 Introduction of intensive agriculture to the colonies

Several questions have been raised about the geomorphic effectiveness of initial European colonization in the Americas. A common
assumption that European colonization invariably was followed quickly by severe erosion has been referred to as the “myth of the
devastated Colonial landscape” (Butzer, 1992, 1996). For example, a debate emerged in the 1990s over the degree of land degra-
dation caused by the introduction of grazing animals to the Valle del Mezquital, Mexico, by early Spanish settlers. One pervasive
theory postulated that sheep introduced by the Spaniards destabilized vegetation, resulting in a period of rapid erosion (Melville,
1994). Conversely, based on stratigraphic and sedimentologic criteria in a nearby valley, coupled with knowledge of careful Spanish
livestock management practices, Butzer (1996) largely dismissed the degradational impacts of early Spanish livestock grazing. In
fact, he described a sustainable, well-managed Mediterranean agricultural system in Europe that had maintained productivity for
200 generations and was not highly destructive upon its introduction in a simplified form to Mexico and Central America. Only
in the eighteenth century did accelerated soil erosion and alluviation appear in those regions (Butzer, 1996). Thus, presumptions
that wherever European settlement occurred in the Americas or Oceania rapid soil erosion and sedimentation necessarily followed
should be critically evaluated for each watershed based on geoarcheological and stratigraphic evidence. Conversely, where agricul-
tural practices based on prior environmental experience are introduced to a different physiographic environment, severe damage
can ensue (Butzer, 1996). For instance, farming by the Incas in Peru and Ecuador utilized erosion-control practices such as terraces
on steep slopes and floodplains that were maintained up to the time of Spanish conquest. Their subsequent failure, provoked by
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lack of maintenance and trampling by introduced grazing animals, led to severe erosion (Gade, 1992; Troeh et al., 2003). In spite of
steep slopes, erosion in the former Inca region of northwestern South America was mitigated by the maintenance of indigenous
land-use practices that were gradually merged with selected Spanish practices, and by the geographic isolation of the region that
impeded export of lumber and other products by sea (Gade, 1992). Several studies have concluded that peak erosion rates in prehis-
tory did not occur during times of peak population, but tended to occur after population decline and abandonment of soil conser-
vation works such as terraces (e.g., Fisher et al., 2003; Arnaez et al., 2015).

The rapid introduction of land clearance and advanced agricultural techniques to several regions in North America and Austral-
asia during Anglo-European colonization drastically accelerated erosion and induced unprecedented sedimentation (Happ, 1945;
Knox, 1972; Brierley et al., 2005). Agricultural technology and land-use practices introduced by colonists in the USA spread rapidly
westward with the frontier. In many cases, frontier settlers cleared land, worked it for a few generations until soil erosion decreased
its value, and then moved farther west to clear new lands. Little attention was paid to soil conservation by frontier farmers, so
erosion was often severe. By the 1930s, �1.14 million km2 of land in the USA had been ruined or seriously damaged and another
3.14 million km2 had experienced substantial erosion (Bennett and Lowdermilk, 1938; Bennett, 1939). The total land area of the
USA at that time was 7.70 million km2 so 15% of the total land area was seriously damaged and another 41% was substantially
eroded. Erosion was especially extensive in the southern Piedmont of the USA. By 1945, Happ (1945) concluded that most Pied-
mont floodplains were covered with postcolonial anthropogenic sediment. All but�10% of this sediment remained in small water-
sheds (Trimble, 1974). Based on comparisons of suspended sediment yields with volumes of legacy sediment stored on floodplains
of a small Georgia Piedmont, Jackson et al. (2005) estimated that, at present rates of sediment transport, the stored historical allu-
vium will not be removed for six to ten millennia. In addition, fluvial systems were substantially changed by the extirpation of
beavers (Wohl, 2001).

The nineteenth-century European colonization of Australia swiftly introduced advanced agricultural technology, land clearance
practices, and grazing animals that increased erosion and sediment yields. In some cases, sediment yields increased by a factor of
more than 150 (Verstraeten and Prosser, 2008) and channels widened up to 340% (Brooks and Brierley, 1997). In most Australian
river basins, sheet, rill, and gully erosion dominated sediment production (Olley et al., 1993; Saxton et al., 2012; Shellberg et al.,
2016). Overgrazing in small watersheds often initiated gullying. Sediment production in the upper Murrumbidgee River increased
by a factor of �150 compared to a twofold increase in sediment production that could have been induced by precipitation vari-
ability alone (Olley andWasson, 2003). Widespread fluvial responses to grazing and land clearance associated with European settle-
ment, including bank erosion and lateral migration, also extended to subtropical rivers of Queensland, Australia (Kemp et al.,
2015).

Land-use intensification in many regions began late because of distance to markets or climatic or physiographic conditions that
are marginal for agriculture. After World War II, major agricultural transformations occurred in response to the introduction of
mechanized farm equipment, synthetic fertilizers and pesticides, availability of fossil fuels for pumping irrigation water, and devel-
opment of high-yield cultivars. Agriculture spread rapidly, often into areas that had not previously been farmed extensively. The
geographic spread and intensification of land clearance, cultivation, mining, and construction ultimately resulted in a tremendous
increase in sediment production (Cooper et al., 2018). The question is whether soil conservation and near-site sediment retention
practices will be enough to keep up with intensifying land-use developments aimed at increasing food production or urbanization.
To some degree, intensive land use has shifted from land clearance for agriculture to urbanization and this poses a new set of prob-
lems and strategies for mitigation.

6.52.6 Conclusion

Anthropogenic land-use changes have had extensive effects on fluvial systems. A thorough understanding of geomorphic responses
to land-use change requires both an understanding of processes and a historical perspective. The process mechanics of erosion and
sedimentation are fairly well understood at the local scale, but a greater understanding is needed of how human agency alters these
processes and what happens when these processes are broadened to regional and global scales. Interactions between land-use
change and alterations in flood regimes, soil erosion, and sediment yields are an area of active research, especially at catchment
and larger scales. Anthropogenic activities often alter sediment production, storage, and remobilization from theoretical relation-
ships. Theoretical relationships, such as landscape sensitivity, effects of spatial scale, and forecasting climate-change impacts, need
to be modified to include the effects of present and future changes to land use. One challenge is for planning, forecasting, and
modeling efforts to be developed and verified on humanized landscapes. Another challenge is to upscale local studies of geomor-
phic change in anthropic environmental systems to global and regional scales. Yet another challenge is to integrate the results of
urban studies of erosion, sedimentation, and channel morphologic change to broader applications where urban development
processes occur diffusely, beyond urban centers.

Human land use clearly can generate hydrologic and geomorphic responses in the form of increased runoff, soil erosion, and
sedimentation that can have substantial effects on fluvial systems. In most cases, the initial geomorphic effects of soil erosion
are sedimentary deposits that tend to remain near the site. Later, that sediment may work its way downstream to larger valleys
and may involve channel morphogenesis. In some cases, the geomorphic effects of agriculture may lag behind land-use alterations
as long as conservation works, such as terrace systems, are maintained.

Impacts of Land-Use and Land-Cover Change on River Systems 1223

Treatise on Geomorphology, Second Edition, 2022, 1191–1236

Author's personal copy



To define environmental trajectories, change must be placed in the context of antecedent conditions, such as earlier perturba-
tions from which systems are responding. Accurate interpretations of modern geomorphic responses to land use require an under-
standing of past land-use changes and trends in system responses. Geomorphic impacts of land use can be traced back to the advent
of agriculture, but the potential effectiveness of humans as hydrogeomorphic agents has grown greatly with technological develop-
ments and population growth. Modern changes may occur as a palimpsest on previous anthropogenic change. For example, the
effectiveness of pre-European agricultural practices in the Americas has recently been revised to acknowledge potentially substantial
environmental changes prior to European contact. In some regions, pre-European soil erosion was abundant but, in other regions,
evidence is lacking. The hypothesis of pre-European aggradation-degradation episodes remains to be tested in many regions of
North America and Oceania, based on stratigraphic evidence. Greatly accelerated rates of soil erosion and sedimentation immedi-
ately following the introduction of agriculture by European colonialists have also been questioned. Colonization did not always
generate an episodic response in geomorphic systems. High spatial and temporal variability is to be expected, so the hypothesis
of rapid post-European settlement alluviation should be tested in each region.

Collectively, hydrogeomorphic responses to global-scale land-use changes comprise one of the most pervasive anthropogenic
changes to the environments of Earth. Many regions experienced major aggradation-degradation episodes. Recognition of past
events and the legacies that they left behind, understanding the likely behavior of changed systems, and protecting against the
potential for new episodes are challenges facing global-change studies. A serious commitment to land-change science is needed
by geomorphologists, along with current efforts to understand the effects of climate change.
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