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Series Foreword

Advancing River Restoration
and Management

The field of river restoration and management has evolved
enormously in recent decades, driven largely by increased
recognition of the ecological values, river functions and ecosys-
tem services. Many conventional river management techniques,
emphasizing strong structural controls, have proven difficult to
maintain over time, resulting in sometimes spectacular failures,
and often a degraded river environment. More sustainable
results are likely from a holistic framework, which requires
viewing the ‘problem’ at a larger catchment scale and involves
the application of tools from diverse fields. Success often hinges
on understanding the sometimes complex interactions among
physical, ecological and social processes.

Thus, effective river restoration and management require
nurturing the interdisciplinary conversation, testing and refin-
ing of our scientific theories, reducing uncertainties, designing
future scenarios for evaluating the best options, and better

understanding the divide between nature and culture that
conditions human actions. It also implies that scientists should
communicate better with managers and practitioners, so that
new insights from research can guide management, and so that
results from implemented projects can, in turn, inform research
directions.

This series provides a forum for ‘integrative sciences to
improve rivers. It highlights innovative approaches, from the
underlying science, concepts, methodologies, new technolo-
gies and new practices, to help managers and scientists alike
improve our understanding of river processes, and to inform
our efforts to steward and restore our fluvial resources better
for a more harmonious coexistence of humans with their fluvial
environment.

G. Mathias Kondolf,
University of California, Berkeley

Hervé Piégay
University of Lyon, CNRS
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Preface to the Second Edition

Since the publication of the first edition of Tools in Fluvial Geomorphology in 2003, the field has been in the course of a revolution
sparked by the development of new tools such as improved remote sensing data, acoustic Doppler profilers and radiometric dating
methods. The field has arguably entered a new era in knowledge production, the emergence of a second period of active quantifica-
tion, likely to have similarly profound impacts as the quantitative revolution of the 1960s. While traditional cross-section surveys
and bed material sampling still have their place, analysis of drone-based photogrammetry and GIS analysis of large data sets can
yield insights that allow the researcher to see the forest’ beyond the individual ‘trees’ knowable from field work at the reach scale.

Moreover, the role of fluvial geomorphology within society is changing, as geomorphologists are increasingly called upon to
provide input into ecological assessments, sustainable management and restoration schemes. Sometimes, geomorphology is applied
by non-geomorphologists, summarized to simple rules of thumbs, misused, and results misinterpreted. The discipline is fairly rich in
terms of techniques available and conceptual background. Practitioners can benefit from a broader array of tools if they understand
the full range of methods available and the context of their use in an integrative perspective.

By virtue of its position at the intersection of geography, geology, hydrology, river engineering and ecology, fluvial geomorphology
is an inherently interdisciplinary field. The tools used reflect this diversity of backgrounds, with techniques borrowed from these
different fields. This diversity is now compounded by the new tools available thanks to recent technological innovations, and by the
new demands placed on the field. Thus, the need to update Tools to provide a reference work for scientists in allied fields, managers
seeking guidance on what kind of geomorphic study is best suited to their needs and students seeking to make sense of the plethora
of approaches coexisting within fluvial geomorphology. Geomorphic studies based on this large set of knowledge, and placed within
an integrative and interdisciplinary perspective, are more likely to solve the often complex problems faced today.

Most of us are familiar and comfortable with a fairly narrow range of tools. Even if we are not ‘one-trick ponies’, if left to our
own devices, we are still likely to fall back on a small set of more familiar methods of study. The problem is summed up in the
popular expression, ‘If your only tool is a hammer, every problem looks like a nail’. To enlarge our toolboxes, it can be helpful to
have a reference that succinctly summarizes the techniques of specializations other than our own, to help understand the kinds of
problems to which different methods are best adapted, and the advantages and disadvantages of each. That is the goal of this book.
As we were frequently reminded by the late Reds Wolman, who contributed to the first edition and who provided much of the
inspiration for both editions, ‘Let the punishment fit the crime’. That is, use a tool that is well adapted to the specific problem. This
requires some understanding of the range of tools available to us, which this book attempts to convey.

We are indebted to our contributors, acknowledged experts in their specific fields, all of whom endeavoured to explain in plain
English the workings and pros and cons of various methods in their fields. We thank them for their thoughtful contributions and
hope that the book as a whole will encourage readers to expand horizons and integrate geomorphologists’ knowledge and know-how
in their practices.

Matt Kondolf
Hervé Piégay
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CHAPTER 1

Tools in fluvial geomorphology: problem statement

and recent practice

G. Mathias Kondolf' and Hervé Piégay?
'University of California, Berkeley, CA, USA
2Université de Lyon, UMR 5600 CNRS, Lyon, France

Let the punishment fit the crime.

Popular saying invoked by the late M.G. Wolman during
drafting of the first edition of Tools in Fluvial Geomorphology to capture the
idea that the tools should be selected based on the problem to be solved.

1.1 Introduction

As noted by Wolman (1995), in his essay Play: the handmaiden
of work, much geomorphological research is applied. The spatial
and temporal scales of geomorphic analysis can provide insights
for the management of risk from natural hazards, solving prob-
lems in river engineering (Giardino and Marston 1999) and
river ecology (Brookes and Shields 1996), with recent develop-
ments in river restoration in terms of assessment, design and
monitoring (Morandi et al. 2014). As do all scientists, fluvial
geomorphologists employ tools in their research, but the range
of tools is probably broader in this field than others because of its
position at the intersection of geology, geography and river engi-
neering, which draws upon fields such as hydrology, chemistry,
physics, ecology and human and natural history. Increasingly,
the tools of fluvial geomorphology have been adopted, used
and sometimes modified by non-geomorphologists, such as
scientists in allied fields seeking to incorporate geomorphic
approaches in their work, managers who prescribe a specific
tool be used in a given study, and consultants seeking to pack-
age geomorphology in an easy-to-swallow capsule for their
clients.

Frequently, a lack of geomorphic perspective shows in the
questions posed, which are often at spatial and temporal scales
smaller than the underlying cause of the problem. For example,
to address complaints about bank erosion problem, we have
frequently seen costly structures built to alter flow patterns
within the channel. Although the designers may have employed

hydraulic formulae to design the structures, they may have
neglected to look at geomorphic processes at the basin scale,
even at reach scale, so that the driving factors are not well
identified. Intervening on the symptoms rather than on the
underlying disease itself is usually not the best option to solve
problems. In such a case, controlling bank erosion through
mechanical means will at best provide only temporary and local
relief from a system-wide trend. Moreover, it is now well under-
stood that bank erosion and deposition are essential processes
to create the complex and diverse channel (Florsheim et al.
2008) and floodplain (Stanford et al. 2005) habitats needed by
many valued species. Thus, what is seen locally as a problem by a
riparian landowner may simply be part of the naturally dynamic
river behaviour that supports river ecology, and if bank erosion
has increased due to catchment-wide changes, even applying
geomorphic tools at the site scale only will ultimately prove inef-
fective (or at least not sustainable) and ecologically detrimental,
because the question was poorly posed at the outset without any
robust diagnosis and geomorphic expertise based on the range
of available tools.

The purpose of this book is to review the range of tools
employed by geomorphologists and to link clearly the choice
of tools to the question posed, thereby providing guidance to
scientists in allied fields and to practitioners about the sorts
of methods available to address questions in the field and the
relative advantages and disadvantages of each. This book is
the result of a collective effort, involving contributors with
diverse ages, disciplinary expertise, professional experience and
geographic origins to illustrate the range of tools in the field and
their application to problems in other fields or management
problems. This second edition has incorporated substantial
updates, involving new authors with significant contributions
to the field over the past decade.

Tools in Fluvial Geomorphology, Second Edition. Edited by G. Mathias Kondolf and Hervé Piégay.
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4  Chapter 1

1.2 Tools and fluvial geomorphology:
the terms

Webster’s Dictionary defines a tool as anything used for accom-
plishing a task or purpose (Random House 1996). By a tool, we
refer comprehensively to concepts, theories, methods and tech-
niques. The distinction among these terms is not always clear,
depending on the level of thinking and abstraction. Moreover,
definitions vary somewhat with dictionaries (e.g. Merriam 1959
versus Random House 1996) and definitions of one term may
include the other terms. In our usage, a concept is defined as
a mental representation of a reality and a theory is an explicit
formulation of relationships among concepts. Both are tools
because they provide the framework within which problems are
approached and techniques and methods deployed. A method
involves an approach, a set of steps taken to solve a problem and
would often include more than one technique. As suggested by
Webster’s Dictionary (Random House 1996), it is an orderly pro-
cedure, or process, regular way or manner of doing something.
Techniques are the most concrete and specific tools, referring
to discrete actions that yield measurements, observations or
analyses.

As an illustration, a researcher can base his approach on
the fluvial system theory and, within this general framework,
one of the field’s seminal concepts, the notion of bankfull
discharge as being the dominant/geomorphic discharge. To
test the relation between bankfull discharge and dominant
discharge, he can proceed step by step, identifying a general
methodological protocol, first to determine what is the bankfull
discharge, then its frequency. He may survey channel slope and
cross-sectional geometry and measure water flow and velocity,
or, if field measurements of flow were not possible, he might
estimate flow characteristics from the surveyed geometry and
hydraulic equations. In the general case, measuring flow in the
field can be undertaken using several methods, such as applying
a portable weir, salt dilution or current meter method, but
the former are normally better suited for lower flows than the
bankfull discharge being studied. The current meter method
could be based on various techniques, such as those to measure
flow depth and velocity (e.g. using Pryce AA or other current
meters, wading with top-setting wading rods or suspending the
meter from a cableway or bridge), mechanically improving the
cross-section for measurement, accounting for flow angles and
sources of turbulence when placing the current meter in the
water and estimating the precision of the measurement. Also,
given that channel capacity should be related to the long-term
flow frequency (Wharton et al. 1989), the researcher would nor-
mally analyse long-term gauging data (if available for the river
being studied), or synthesize from nearby gauges in the region.

Whereas some tools are specific to fluvial geomorphology,
others are borrowed from sister disciplines and some (such
as mathematical modelling, statistical analysis and inductive
or hypothetico-deductive reasoning) are used by virtually all
sciences (Bauer 1996; Osterkamp and Hupp 1996). Compared

with many other disciplines, fluvial geomorphology has had a
strong basis in field observation and measurement. Even with
increased reliance on remote sensing and laboratory analysis,
the field component is likely to remain critically important to
fluvial geomorphology. In this book, our aim is not to describe
generic tools, but to focus on tools currently used by fluvial
geomorphologists.

We define fluvial geomorphology in its broadest sense, con-
sidering channel forms and processes and interactions among
channel, floodplain, network and catchment. A catchment-scale
perspective, at least at a network level, is needed to understand
channel form and adjustments over time. Of particular rele-
vance are links among various components of the fluvial system,
controlling the transfer of water and sediment, states of equilib-
rium or disequilibrium, reflecting changes in climate, tectonic
activity and human effects, over time-scales from Pleistocene
(or earlier) to the present. Accordingly, to understand rivers
can involve multiple questions and require the application of
multiple methods and data sources. As a consequence, we con-
sider fluvial geomorphology at different spatial and temporal
scales, within a nested systems perspective (Schumm 1977).
Analysis of fluvial geomorphology can involve the application of
various approaches from reductionism to a holistic perspective,
two extremes of a continuum of underlying scientific approach
along which the scientist can choose tools according to the
question posed.

1.3 What is a tool in fluvial
geomorphology?

Roots and tools

Fluvial geomorphology being at the frontier of several disci-
plines, the choice of tools is fairly large and benefits from the
multiple influences of the training of the investigators. The geo-
logically trained fluvial geomorphologist may be more likely to
apply tools such as new techniques of dating such as OSL (opti-
cal stimulated luminescence) or isotopes (U/Th isotopic ratios,
14C, 17Cs and 2!°Pb) and techniques that provide subsurface
information (e.g. ground-penetrating radar). By contrast, the
investigator trained in river hydraulics and physics is more likely
to apply tools such as numerical modelling, flume experiment
and mechanics. Some geographers focus on spatial complexity,
interactions of fluvial forms and processes according to the
characters of the basin or bioclimatic regions within which
they are observed, the influence of human activities, vegetation
cover, or geological settings, employing tools such as remote
sensing, GIS or statistics and field metrology.

Within fluvial geomorphology, different branches are also
observed, with researchers tending to focus either on a histori-
cal perspective (palaecoenvironmental studies) or on processes
(dynamic or functional geomorphology). Interactions with
biology are reflected in the term biogeomorphology (Viles 1988;
Gregory 1992) or ecogeomorphology (Frothingham et al. 2002;
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Thoms and Parsons 2002) for this branch of the discipline.
Different journals illustrate this diversity of perspectives, each
with a specific focus, such as Geological Society of America
Bulletin, Water Resources Research, Earth Surface Processes and
Landforms, and Geomorphology.

Holistic investigation of rivers requires a multidisciplinary
approach. Thus, fluvial geomorphology increasingly interacts
with other disciplines such as engineering (e.g. Thorne et al.
1997; Gilvear 1999), ecology (Hupp et al. 1995), environmen-
tal science and management (e.g. Brookes 1995; Thorne and
Thompson 1995) and societal issues (Kondolf and Piegay 2011),
and is recognized as a key element in river restoration (Wohl
et al. 2005; Simon et al. 2011). These interactions are two-way, in
that not only is geomorphology applied to these allied fields, but
also tools from the allied fields are applied to fluvial geomorphic
problems. Geomorphological techniques, such as grain size
sampling and channel facies/habitat assessment, are applied to
ecological problems such as assessments of fish habitat, and
biological techniques (such as dendrochronology, biochem-
istry analysis or biometrics) are applied to geomorphological
problems, such as dating deposits and surfaces or highlighting
variability in forms and processes. More sophisticated statis-
tical analyses developed for understanding complex social or
biological objects, are now applied to geomorphic data sets.
Likewise, geomorphology’s interactions with archaeology have
yielded benefits to both fields. As a result of multiple roots and
extensive interactions fluvial geomorphology has with other
disciplines, the set of tools used in this domain is unusually rich
and diverse and many tools are now no longer confined to a
single discipline. Useful tools increasingly include airborne and
terrestrial LIDAR, satellite and airborne imagery (hyperspectral,
hyperspatial and radar) and ground sensors such as radiofre-
quency identification (RFID) and cameras (Thorndycraft et al.
2008; Carbonneau and Piégay 2012).

Table 1.1 A few examples of thought and working methods.

From conceptual to working tools

As any other discipline, geomorphology is characterized by
internal debates about theories and methods used and about its
history and development (Smith 1993; Rhoads and Thorn 1996;
Yatsu 2002). Amongst the most influential theories have been the
cycle of erosion (Davis 1899), concepts of magnitude-frequency
and effective discharge (Wolman and Miller 1960) and, more
recently, the systems theory which emerged with the quan-
titative revolution in the 1960s (Church 2010) following the
heritage of Gilbert (1877). However, as underlined by Knighton
(1984), the field of fluvial geomorphology has developed rela-
tively few original theories, tending rather to import theories
from allied fields, such as hierarchical theory, system theory,
chaos theory and their associated concepts.

Among methods used in this interdisciplinary field, we can
distinguish methods of thought that structure the way we
do research and working methods used during the research
process, each with its specific techniques (Table 1.1). The induc-
tive method involves generalizations developed from a set of
observations. For example, in historical geomorphology, we do
not know in advance what we will find, so the field data (e.g.
date of deposits provided by archaeological artifacts) drive the
research. As another example, the empirical relationships estab-
lished between the fluvial forms and flow regime have led to
the formulation of many new scientific questions. As empirical
data have accumulated, the conceptual models of flow-channel
form relations have been modified based on the new findings.
In contrast, in the deductive method, the research process is
driven by a preliminary hypothesis, which may be invalidated,
using experimentations and usually statistical tests. The deduc-
tive approach can be purely experimental, with the researcher
reducing artificially, in laboratory or field, the number of act-
ing variables, to establish and validate the basic links among
some of them. It can be based also on comparisons between

Thought methods

Inductive method. Generalization from data collected in the field, laboratory, literature, etc. Often an exploratory method, from which some hypotheses can

be developed.

Hypothetico-deductive method. A preliminary hypothesis or conceptual model is modified, confirmed or rejected based on results of the (usually field or
laboratory) studies. It can be applied by using comparative methods or experimental ones:

Systemic/comparative methods. Simultaneous observations of multiple rivers or reaches, sometimes at multiple scales and involving different levels of a
drainage network, from which the scientist attempts to identify distinct forms or types of functioning, sensitivity to changes and potential thresholds. A
pair of spatial objects (one control and one observed) is the basic step of doing natural experiments. Working methods and associated techniques
developed in inductive approaches can be used, but a preliminary hypothesis has been posed and is tested.

Experimental methods. Controlled conditions are created in the laboratory (e.g. flume) or in the field when possible (e.g. erosion plots with artificial rain).
This approach is based on a specific framework of working methods and associated techniques.

Working methods and associated techniques

Pre-field methods. Any approach developed in a preliminary step to select the thought methods and design a data collection framework, in some cases a
sampling protocol. Based on the question posed, when, where, and what one does in the field.

Field methods. Any approach to measure processes, forms, and deposits in the field or to collect archival data or any spatial information.

Laboratory methods. Any approach performed in a laboratory on field samples to measure physical, chemical and biotic characteristics.

Post-field methods. Any approach used to treat the data and interpret the results.
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spatial objects whose existing conditions are used for testing
and validating an a priori hypothesis (in natura experience) for
which both specific areas and specific data are selected.

A restrictive definition of science, such as proposed by Claude
Bernard (1890), which excludes humanities and requires a
strict trinome of hypothesis, experience and conclusion applied
to a simple or simplified object, does not apply well to geo-
morphology. Laboratory experiments are often used in fluvial
geomorphology to complement field studies, but controlled
experimentation in the manner of pure physics is not possible
for most geomorphological concerns (Baker 1996). More fun-
damentally, some geomorphic questions cannot be solved by
testing of hypotheses posed a priori and complex new questions
have emerged that we cannot simplify without losing relevance.
Similarly, problems are brought to geomorphologists from other
fields, problems that are frequently posed at spatial and tempo-
ral scales smaller and shorter than those needed to understand
the fluvial processes involved.

By virtue of their complexity, fluvial systems can be explored
by a set of approaches. With the development of new tech-
nologies and larger databases, it is now possible to pose new
questions at different spatial levels. It becomes possible to
consider complexity and to work with convergence of evidence
instead of conclusive proofs, comparisons among multiple sites
instead of between treated and control sites, and enlargement
of the idea of experimentation to include directed, organized
observations over large numbers of sites, partial models (accept-
ing that it is impossible to model the whole system fully) and
clearly articulated conceptual models. Comparative analy-
sis becomes increasingly important, especially to consider
geomorphological questions holistically.

In this context, there is a clear challenge to mix holistic and
reductionist approaches, the first to integrate the studied object
in its temporal and spatial context, the second to highlight the
physical laws controlling the forms and processes. The inductive
and deductive methods can be complementary and, by using
both, one can avoid problems of overgeneralizing on the one
hand, or reaching conclusions that are only narrowly applicable
on the other. Experimentation, conducted in tandem with field
observation, can significantly advance our understanding of
process (Schumm et al. 1987). Over the last decade, a new quan-
titative revolution occurred with the emergence of new sensors,
imaging techniques and computer facilities (Thorndycraft et al.
2008; Piégay et al. 2015), with the emergence of what some
consider to be new sub-disciplines, such as remote sensing of
rivers (Marcus and Fonstad 2010) made possible by technolog-
ical advances in optics, mechanics, electronics, geoinformatics,
geocomputing, geopositioning and statistics (Anbazhagan et al.
2011). In widening the space and time framework, these new
analyses and resultant data sets improve our understanding of
how local observations can be generalized, how channel states
are variables in time and more closely connect reductionist
and holistic approaches to understanding the complexity of
geomorphic processes.

Multidisciplinary approaches, such as coupling hydraulics
and geomorphology, have facilitated the application of physics
and mechanics to the field. This has resulted in better under-
standing of the acting processes, limits of validity of given
laws and limitations of numerical models. Using bank erosion
as an example, geomorphological research has identified the
complexity of geographical contexts and physical processes
controlling bank erosion, its important ecological role, potential
consequences of hard bank protection and alternative solutions
to perceived erosion problems, such as erodible corridors,
the implementation of which requires an interdisciplinary
approach, e.g. with legal scholars to address property rights,
sociologists to collect opinions of landowners and economists to
evaluate the long-term economics of various alternatives. This
evolution of the research perspective has been accompanied
by increasing participation in decision-making by citizens,
landowners, governmental and non-governmental agencies and
other stakeholders.

Working methods are diverse, because there are many ways
of approaching fluvial geomorphological questions, in the field,
remotely sensed from airborne and satellite or experimentally,
from archives and historical data, at various spatial and temporal
scales, in various man-made and natural contexts. We propose a
rough classification based on the stage at which the methods are
used: pre-field, field and post-field methods, with ‘field’ being
considered here in a larger sense not only of data collection in
the landscape but also in archives, airborne/satellite surveys, and
so on (Table 1.1). Sampling methods, sites, frequency, and so
on, must be frequently determined before collecting data. Once
these preliminary questions have been answered, methods are
developed to extract information from existing data and images
or collect information in the field, potentially reinforced by labo-
ratory techniques to measure quantities, concentrations or dates.
At the post-field stage, other methods (e.g. statistical, graphics,
mapping, imagery analysis) are used to treat the data and inter-
pret the results. Whatever the stage, the methods and techniques
used depend strongly on the question posed and the thought
method chosen, whether to describe, to explain, to simulate or
to predict.

The organization in Table 1.1 is obviously only one of many
ways to classify these, but it provides an overview of current
approaches in the discipline. Under each working method
(as defined in Table 1.1.), a number of techniques may be
used, depending on the characteristics of the field site and
the nature of the question posed. For example, there are mul-
tiple methods for measuring discharge, one of which is the
current meter method, involving measurements of depth and
velocity across the channel, and another being the salt dilu-
tion method (Chapter 12). The method of bedload sampling
can involve techniques such as bedload traps, Helley-Smith
sampling or tracer gravels (Chapter 13). However, the line
between method and technique is not always clear, as the more
one knows about a tool and its components and variants, the
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more one is inclined to call it a method rather than a tech-
nique. For example, to the non-specialist, dating or assessing
overbank sedimentation rates from '¥’Cs concentration mea-
surement in the soil profile of a floodplain appears at first
to be a technique, but to the specialist it is a method, which
can involve several techniques, such as sampling (from coring
and slice-cutting to obtain sediment samples, digging bulk
samples or profile analysis), as well as measuring radioactivity

(high- versus low-resolution spectrometer, alpha versus gamma

spectrometry) (Chapter 9).

In this book, we focus not only on the field/laboratory methods
and techniques as they refer to the specific tools of the disci-
pline but also to key concepts and methods that are fundamen-
tal for the geomorphological thinking, the way of approaching
the applied problems. Because pre- and post-field methods and
techniques are more generic tools in science, we focus less on
these. Moreover, we have organized the book according to key
geomorphological topics rather than to key tools because one of
our main messages is that the geomorphological question is key.
The tools themselves are secondary and follow directly from the
question. Accordingly, we introduce the tools by the question
posed, considering five main types of geomorphological ques-
tions and then associated tools:

o the historical framework and the methods and associated tech-
niques to date and assess historical geomorphological trends;

o the spatial framework and the concepts, methods and associ-
ated techniques that reveal spatial structure and nested char-
acter of fluvial forms;

o the chemical, physical and biological methods for dating and the
study of spatial structure and fluvial processes;

o the analysis of processes and forms, the traditional heart of the
discipline based on field surveys and measurements of sedi-
ment and water flow;

o the future framework for which methods and techniques exist
for discriminating, simulating and modelling processes and
trends.

The aim is not to describe specific techniques in detail, but
rather to focus on the geomorphological methods within which
techniques are applied. Techniques have been well described
in specific papers, and also in more comprehensive works (e.g.
Dackcombe and Gardiner 1983; Thorne 1998; Goudie et al.
2005; Sear et al. 2010). The greatest contribution of this book,
then, is probably to develop better the context within which
the different tools are chosen and to enrich the description of
methods and techniques by contrasted examples. Two chapters
are also specifically devoted to conceptual approaches, such
as the fluvial system theory and the sediment budget concept.
Through these treatments, we seek to show the manner and
spirit in which the geomorphologist works.

Tools and questions

Concepts, theories, methods and techniques are tools used to
answer questions (Fig. 1.1). The key element, then, is the ques-
tion. This is true even for an inductive approach, because there

is an implicit question posed of what kind of geomorphological
forms and processes trends occur. The efficacy of geomorphic
research depends much less on the choice of method than on
the quality of the research question posed (Leopold and Lang-
bein 1963). Once the question is posed, based on deductive or
inductive approaches and supported by a given set of concepts,
supposing that it is valid, the second step is to define the working
methods and potential data sources. Next (or simultaneously),
methods and associated techniques are identified within a given
conceptual framework and with spatial and temporal resolution
appropriate to the scale at which the question is posed. When
one considers the river as a system, one’s questions are usually
less time and scale restrictive and one tends to pose specific ques-
tions about links among catchment sub-divisions.

Concepts can be both the result of a research programme
(question — result — generalization — concepts and theories)
and also tools with which to carry out the research, as once
established, concepts allow us to organize data and guide our
subsequent research. The graded river concept (Mackin 1948),
the concept of dynamic equilibrium (Hack 1960; Chorley and
Kennedy 1971) and the concept of reaction and relaxation
times (Graf 1977; Brunsden 1980) are all a result of general-
ization provided by previous research. These concepts also led
to the development of other research questions, which in turn
were tested in various environments in order to understand
better the sensitivity of regional contexts and the variability
of thresholds. However, as with other tools, concepts may be
applicable in some situations but not in others. For example,
the concept of dominant discharge as a frequently occurring
flood (such as the Q, ;) is a useful concept in humid climates
or snowmelt streams, but generally is of little use in semi-arid
climate channels (Wolman and Gerson 1978) or braided alpine
rivers (Belletti et al. 2014). We can also step back to larger scale
conceptual frameworks or conceptual models that guide our
research, the continuum concept (Leopold and Wolman 1957;
Vannote et al. 1980), the fluvial system concept (Schumm 1977),
the hydrosystem concept (Roux 1982) and the sediment budget
(Dietrich and Dunne 1978).

In most cases, there is no perfect tool to answer the ques-
tion posed. Instead, we usually must employ a set of (often
diverse) them to approach a question. Ironically, it seems that
non-geomorphologists sometimes assume that a perfect tool
must exist to answer their questions easily and thus they may
readily adopt tools whose proponents claim are ideally suited
to address management concerns. For example, Bevenger and
King (1997, p. 1393) argued that there was a need for ‘well
designed monitoring protocols’ using ‘tools that are relatively
simple to implement, that can be used directly and consistently
by field personnel and are sensitive enough to provide a mea-
sure of impact’. While probably no-one would disagree with
the desirability of such protocols, there is no a priori reason to
assume that they must exist and certainly the zig-zag’ method
of sampling bed material promoted by Bevenger and King
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Figure 1.1 General framework of the way in which a geomorphological question is posed in the research process, and use of different tools: theoretical
framework, concepts, thought methods and working methods, with their associated techniques variously dependent on the sources used.

(1995, 1997) fell far short of such an ideal (Kondolf 1997a,b; see
discussion in Chapter 13 of this volume).

We posit a relation among theories, data sources from
field, laboratory or satellite and airborne sensors and var-
ious kinds of knowledge that highlights process under-
standing from field observations and measures combined

with numerical modelling or temporal change analysis, all
depending on advances in data production and methodology
partly related to external inputs. We can also recognize
motivations for knowledge production versus practical
delivery needed to inform activities such as river restoration
(Fig. 1.2.).
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Figure 1.2 Summary of the different approaches conducted to answer geomorphic problems based on data and knowledge production.

1.4 Overview and trends of tools used
in the field

In the first edition of Tools in Fluvial Geomorphology, we
presented a quantitative analysis of papers published in the
field from 1987 to 1997 in the journals Catena, Earth Surface
Processes and Landforms (ESPL), Géographie Physique et Quater-
naire (GpQ), Geomorphology and Zeitschrift fiir Geomorphologie
(ZfG). More recently, Piégay et al. (2015) extended the anal-
ysis forward to capture the years in which new technologies
have been extensively adopted and to cover more than two
decades (1987-2009). This study documented an increase in
publications in fluvial geomorphology, similarly to the increase
in geomorphology publications generally, so that fluvial geo-
morphology usually represent ~30% of the production of the
discipline. Authorship has broadened, with increased diver-
sity of the country origin of the first author (as measured by
the Shannon index), but almost half of the authors are from
anglophone countries: the United States and United Kingdom,
with 28 and 20% of contributions, respectively, followed by
Canada (9%) and Australia and New Zealand (7.2%). Countries
such as France and China significantly increased in importance
after 2000.

The most popular spatial scale was the channel (with 62%
of papers), followed by the basin/network (18%) and flood-
plain (11%). When considering the time-scale covered, 51% of
papers deal with present time, 16% with decadal and others (no
time-scale, century, holocene, quaternary) dealing with ~6-8%
each. The frequency of contributions on present was stable
between 1986 and 2009 whereas papers dealing with decadal
scale increased after 2000 (Piégay et al. 2015).

The increase in publication and diversity of participation in
the field has come at a time of tremendous change in technology
(as noted above), further diversifying the choice of tools used by

workers in fluvial geomorphology. Looking at the tools reported
in papers published in the journals ESPL and Geomorphology
(which published the majority of fluvial geomorphic papers),
field measurements (such as cross-section surveys and other
usually reach-scale measures) constituted the most popular
‘tool’ from a list of 53 different tools identified in table 2 and
fig. 9 in Piégay et al. (2015). Other commonly employed tools
included other field measures such as grain size and associated
use of hydraulic formulae and geomorphic mapping, archived
and aerial photo analysis, DEM and GIS analysis.

The data show a significant change in methods used in the field
as a result of the increase in data availability and new sources
of information from remote field sensing (ground, airborne and
satellite). Clearly, a new era in knowledge production is observed
since 2000, showing the emergence of a second period of active
quantification and an internationalization of the fields opening
new scientific questions because the diverse scientific traditions
of different countries combine to offer fresh perspectives. A new
debate is then emerging on the field tradition of geomorphol-
ogy because the methodological revolution implies fundamental
changes to scientific practices and opens new issues in terms of
knowledge production.

1.5 Scope and organization of this book

As suggested by the literature review, the multiple disciplinary
roots of fluvial geomorphology, the field’s increasing interac-
tion with other disciplines and applications to management
problems and the availability of new technologies with transfor-
mative potential over the past two decades have resulted in an
array of tools that is diverse and becoming more so. This book
presents summaries of the tools used in various areas of fluvial
geomorphology, written at a level that falls between broad
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generalization and highly specific instruction on technique. The
aim of the chapters is to help managers or scientists in other
fields (or simply other sub-fields in fluvial geomorphology)
understand the capabilities and limitations of various geo-
morphic tools, to aid in choosing methods appropriate to the
questions posed. Of course, this requires an understanding of
how various tools fit within the conceptual framework of the
field (‘big picture’ context) and it requires some explanation
of how the methods are actually carried out, the equipment
and resources required, accuracy and precision, and so on. For
detailed instructions and descriptions of the equipment and
supplies needed, we refer the reader to more specialized works.
Most chapters include case studies to illustrate applications of
the tools described. Although the scope of this book is broad, it
does not cover geophysical methods, simply to limit the book to
a more manageable scope.

This book is organized into an introduction, five topical
sections each with two to five chapters and a conclusion.
Following the present introductory chapter, the second section
concerns the temporal framework, moving from mainly physical
evidence and longer time-scales to more recent and anthropic
evidence. The section begins with Chapter 2, in which Robb
Jacobson, Jim O’Connor and Takashi Oguchi review surficial
geological tools, such as floodplain stratigraphy and slackwater
deposits, from which past hydrologic and geomorphic events
(such as floods) can be interpreted and dated, changes in land
use inferred, and so on. In Chapter 3, Tony Brown, Frangois
Petit and Allen James discuss the use of archaeology and human
artifacts (such as mining waste) to measure and date fluvial geo-
morphic processes and events. In Chapter 4, Robert Grabowski
and Angela Gurnell review the use of historical records to doc-
ument and date geomorphic change, mostly in recent centuries
and decades.

The next (third) section addresses the spatial framework,
emphasizing spatial structure and the nested character of flu-
vial systems. In Chapter 5, Hervé Piégay reviews the systems
approach in fluvial geomorphology, from its roots in strictly
physical processes through more recent systems approaches
that integrate ecological processes. In Chapter 6, David Gilvear
and Robert Bryant review the applications of aerial photogra-
phy and other remotely sensed data to fluvial geomorphology,
from traditional stereoscopic air photo interpretation to more
recently developed remote-sensing techniques. In Chapter 7,
Matt Kondolf, Hervé Piégay, Laurent Schmitt and David Mont-
gomery review the uses and limitations of geomorphic channel
classification systems, tools that have become extremely popular
recently among non-geomorphologists, especially as applied
to management questions. Concluding the spatial framework
section, Peter Downs and Rafael Real de Asua review approaches
to modelling catchment processes in Chapter 8.

The fourth section covers chemical, physical and biological
evidence, i.e. the applications of methods in these allied field to
fluvial geomorphic problems. In Chapter 9, Des Walling and Ian
Foster review chemical and physical methods, with a substantial

section on isotopic methods for dating, with their revolutionary
effect on the field. Cliff Hupp, Simon Dufour and Gudrun
Bornette detail biological methods, such as dendrochronology
and vegetative evidence of past floods, in Chapter 10.

The fifth section includes analyses of processes and forms. In
Chapter 11, Andrew Simon, Janine Castro and Massimo Rinaldi
describe methods to analyze channel form, emphasizing field
survey and measurement techniques. Peter Whiting details
methods of flow and velocity measurement in Chapter 12. In
Chapter 13, Matt Kondolf and Tom Lisle review methods of
bed sediment measurement (surface and subsurface) in light
of various possible research objectives. Tracers, such as painted
gravels, magnetic rocks and clasts fitted with radio transmitters,
are reviewed by Marwan Hassan and André Roy in Chapter
14. Methods of measuring and calculating sediment transport,
suspended, bedload and dissolved, are reviewed by Murray
Hicks and Basil Gomez in Chapter 15. Sediment budgets are
increasingly used as an organizing framework in fluvial geo-
morphology, especially in studies of impacts of human actions
such as dams. In Chapter 16, Leslie Reid and Tom Dunne draw
upon their pioneering work in this area to provide guidance on
how to approach sediment budget construction under various
objectives and field situations.

The sixth section concerns tools for discriminating, sim-
ulating and modelling processes and trends. In Chapter 17,
Marco Van de Wiel, Yannick Rousseau and Stephen Darby
lay out general considerations for models in fluvial geomor-
phology. Jon Nelson, Richard McDonald, Yasuyuki Shimizu,
Ichiro Kimura, Mohamed Nabi and Kazutake Asahi provide a
thorough review of the broad topic of hydraulic and sediment
transport modelling methods in Chapter 18. Methods for mod-
elling channel changes are described by Jim Pizzuto in Chapter
19. In Chapter 20, Francois Métivier, Chris Paola, Jessica
Kozarek and Michal Tal review the uses of flume experiments
in fluvial geomorphology. In Chapter 21, Hervé Piégay and Lise
Vaudor review statistical tools in fluvial geomorphology, not
only commonly used tools such as regression, but also statistical
analyses often applied in allied fields such as ecology but rarely
in geomorphology.

Most of the tools described in this book can be used to answer
applied questions and, given the increasing demand for geomor-
phic input to river management, a wider range of tools deserve
to be employed in support of management decisions. The con-
cluding chapter by Hervé Piégay, Matt Kondolf and David Sear
(Chapter 22) considers the bridge between geomorphology and
management and presents illustrations from the United States,
United Kingdom and France of fluvial geomorphology used to
help river ecologists, planners and managers to answer to their
own questions and, in some cases, to redefine their questions on
a larger spatial and temporal scale.

Obviously, a survey of tools in this field could be organized
in different ways and even within the chosen structure there
are a number of tools that could logically have gone in different
chapters and chapters that could have gone in different sections.
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For example, *7Cs and *!°Pb analyses are usually used in a
temporal sense (e.g. to assess the variability of sedimentation
rate over time), but they can also be used at a catchment scale
to distinguish erosional from depositional areas. Aerial photog-
raphy can be used to support a range of studies, from historical
channel evolution to mapping of spatial patterns over large
areas at one point in time. Like ecology or medicine, fluvial geo-
morphology is a synthesis science, analogous to the composite
sciences as visualized by Osterkamp and Hupp (1996), meaning
that it is based on a range of tools. Fluvial geomorphology is a
thematic area where some scientific disciplines can interact and
produce real interdisciplinary insights.

As a consequence, we cannot adopt one way of approaching
geomorphological problems and neglect all others. In combina-
tion, multiple tools can be helpful in appreciating problems and
addressing societal needs. Fluvial geomorphology can be use-
ful in river management, especially as managers begin to think
at different time and spatial scales (as implied when one adopts
sustainability as a goal). Probably all geomorphologists would
agree that it is necessary to specify the problem as clearly as pos-
sible and to use the most appropriate tools from the great range
now available. This book is intended to help in the realization of
these aims.

Acknowledgements

Each chapter in this book was peer reviewed by two review-
ers, usually one external and one contributor and by the two
Editors, with additional reviews commissioned as needed for
significantly revised (or new) chapters. We are indebted to
the following reviewers who contributed to the improvement
of the book: Vic Baker, James Bathurst, Christian Braudrick,
Tony Brown, Pierre Clément, John Buffington, Mike Church,
Nic Clifford, Peter Downs, Jonathan Friedman, David Gilvear,
Ken Gregory, Basil Gomez, Gordon Grant, Angela Gurnell, Jud
Harvey, Marwan Hassan, Nicolas Lamouroux, John Laronne,
Eric Larsen, Stuart Lane, Fred Liébault, Mike Macklin, Andrew
Miller, David Montgomery, Gary Parker, Frangois Petit, Geof-
frey Petts, Didier Pont, Michel Pourchet, Ian Reid, Steve Rice,
David Sear, Stanley Trimble, Peter Wilcock and Ellen Wohl.

References

Anbazhagan, S., Subramanian, S.K. and Yang, X. 2011. Geoinformatics
in Applied Geomorphology, Boca Raton, FL: CRC Press.

Baker, V.R. 1996. Hypothesis and geomorphological reasoning.
In: Rhoads, B.L. and Thorn, C.E., eds., The Scientific Nature of
Geomorphology, Chichester: John Wiley & Sons, pp. 57-85.

Bauer, B.O. 1996. Geomorphology, geography and science. In: Rhoads,
B.L. and Thorn, C.E., eds., The Scientific Nature of Geomorphology,
Chichester: John Wiley & Sons, pp. 381-413.

Belletti, B., Dufour, S. and Piégay, H. 2014. Regional assessment of the
multi-decadal changes in braided riverscapes following large floods

(Example of 12 reaches in South East of France). Advances in Geo-
sciences 37: 57-71.

Bernard, C. 1890. La Science Expérimentale, 3rd edn., Paris: ].B. Bailliere
et Fils, 448 pp.

Bevenger, G.S. and King, RM. 1995. A Pebble Count Procedure
for Assessing Watershed Cumulative Effects, USDA Forest Service
Research Paper RM-RP-319, Fort Collins, CO: Rocky Mountain
Forest and Range Experiment Station.

Bevenger, G.S. and King, R.M. 1997. Discussion of “Application of the
pebble count: notes on purpose, method, and variants”, by G. M.
Kondolf. Journal of the American Water Resources Association 33(6):
1393-1394.

Brookes, A. 1995. Challenges and objectives for geomorphology in
UK. river management. Earth Surface Processes and Landforms 20:
593-610.

Brookes, A. and Shields, ED. 1996. River Channel Restoration: Guiding
Principles for Sustainable Projects, Chichester: John Wiley & Sons.
Brunsden, D. 1980. Applicable models of long term landform evolution.

Zeitschrift fiir Geomorphologie 36: 16-26.

Carbonneau, P. and Piégay, H. 2012. Fluvial Remote Sensing for Science
and Management, Chichester: John Wiley & Sons.

Chorley, R.J. and B.A. Kennedy. 1971. Physical Geography: a Systems
Approach, London: Prentice Hall, 370 pp.

Church, M. 2010. The trajectory of geomorphology. Progress in Physical
Geography 34: 265-286.

Dackcombe, R.V. and Gardiner, V. 1983. Geomorphological Field Man-
ual, London: George Allen and Unwin.

Davis, WM. 1899. The geographical cycle. Geographical Journal 14:
481-504.

Dietrich, W.E. and Dunne, T. 1978. Sediment budget for a small catch-
ment in mountainous terrain. Zeitschrift fiir Geomorphologie, Supple-
ment Band 29: 191-206.

Florsheim, J.L., Mount, J.E and Chin, A. 2008. Bank erosion as a desir-
able attribute of rivers. Bioscience 58(6): 519-529.

Frothingham, K.M., Rhoads, B.L. and Herricks, E.E. 2002. A multiscale
conceptual framework for integrated ecogeomorphological research
to support stream naturalization in the agricultural midwest. Envi-
ronmental Management 29: 16-33.

Giardino, J.R. and Marston, R.A., eds. 1999. Changing the Face of the
Earth: Engineering Geomorphology. Geomorphology 31(1-4): 1-439
(special issue).

Gilbert, G.K. 1877. Report on the Geology of the Henry Mountains, Wash-
ington, DC: US Geographical and Geological Survey of the Rocky
Mountain Region, 160pp.

Gilvear, D.J. 1999. Fluvial geomorphology and river engineering: future
roles utilizing a fluvial hydrosystems framework. Geomorphology 31:
229-245.

Goudie, A., Anderson, M., Burt, T., Lewin, J., Richards, K., Whalley, B.
and Worsley, P. 2005. Geomorphological Techniques, British Geomor-
phological Research Group, 2nd edn., London: Routledge, 592pp.

Graf, W.L. 1977.The rate law in fluvial geomorphology. American Jour-
nal of Science 277: 178-191.

Gregory, K.J. 1992. Vegetation and river channel processes. In: Boon,
PJ., Calow, P. and Petts, G.E., eds., River Conservation and Manage-
ment, Chichester: John Wiley & Sons, pp. 255-269.

Hack, J.T. 1960. Interpretation of erosional topography in humid tem-
perate regions. American Journal of Science 258A: 80-97.



12  Chapter 1

Hupp, C.R., Osterkamp, W.R. and Howard, A.D., eds. 1995. Biogeomor-
phology — Terrestrial and Freshwater Systems, Amsterdam: Elsevier
Science, 347pp.

Knighton, D. 1984. Fluvial Forms and Processes, London: Edward
Arnold, 218pp.

Kondolf, G.M. 1997a. Application of the pebble count: reflections
on purpose, method, and variants. Journal of the American Water
Resources Association 33(1): 79-87.

Kondolf, G.M. 1997b. Reply to discussion by Gregory S. Bevenger and
Rudy M. King on “Application of the pebble count: reflections on pur-
pose, method, and variants.” Journal of the American Water Resources
Association 33(6): 1395-1396.

Kondolf, G.M. and Piégay, H. 2011. Geomorphology and society. In:
Gregory, K.J. and Goudie, A.S., eds., SAGE Handbook of Geomorphol-
ogy, London: SAGE Publications, pp. 105-117.

Leopold, L.B. and Langbein, W.B. 1963. Association and indeterminacy
in geomorphology. In: Albritton, C.C., ed., The Fabric of Geology, Palo
Alto, CA: Cooper and Co., pp. 184-192.

Leopold, L.B. and Wolman, M.G. 1957. River channel patterns; braided,
meandering and straight. U.S. Geological Survey Professional Paper
282-b: 39-85.

Mackin, ].H. 1948. Concept of the graded river. Bulletin of the Geological
Society of America 59: 463-512.

Marcus, W.A. and Fonstad, M.A. 2010. Remote sensing of rivers: the
emergence of a subdiscipline in the river sciences. Earth Surface Pro-
cesses and Landforms 35: 1867-1872.

Merriam Company, G. & C. 1959. Webster’s New Collegiate Dictionary,
Springfield, MA: G. & C. Merriam.

Morandi, B., Piégay, H., Lamouroux, N. and Vaudor, L. 2014. How is
success or failure in river restoration projects evaluated? Feedback
from French restoration projects. Journal of Environmental Manage-
ment 137(1): 178-188.

Osterkamp, W.R. and Hupp, C.R. 1996. The evolution of geomor-
phology, ecology and other composite sciences. In: Rhoads, B.L. and
Thorn, C.E., eds., The Scientific Nature of Geomorphology, Chichester:
John Wiley & Sons, pp. 415-441.

Piégay, H., Kondolf, G.M., Minear, J.T. and Vaudor, L. 2015. Trends in
publications in fluvial geomorphology over two decades: a truly new
era in the discipline owing to recent technological revolution? Geo-
morphology 248: 489-500.

Random House. 1996. Webster’s Dictionary, 2nd ed., New York: Ballan-
tine Books.

Rhoads, B.L. and Thorn, C.E. 1996. The Scientific Nature of Geomorphol-
ogy, Chichester: John Wiley & Sons, 481pp.

Roux, A.L., coord. 1982. Cartographie Polythématique Appliquée a la
Gestion Ecologique des Eaux: Etude d’un Hydrosystéme Fluvial: le
Haut-Rhone Frangais. Lyon: CNRS-Piren, 113pp.

Schumm, S.A. 1977. The Fluvial System. New York: John Wiley & Sons.

Schumm, S.A., Mosley, M.P. and Weaver, W.E. 1987. Experimental Flu-
vial Geomorphology, New York: John Wiley & Sons, 413pp.

Sear, D.A., Newson, M.D. and Thorne, C.R. 2010. Guidebook of Applied
Fluvial Geomorphology, London: Thomas Telford.

Simon, A., Bennett, S.J. and Castro, .M., eds. 2011. Stream Restoration
in Dynamic Fluvial Systems: Scientific Approaches, Analyses, and Tools.
Geophysical Monograph Series, vol. 194, Washington, DC: American
Geophysical Union, 544pp.

Smith, D.G. 1993. Fluvial geomorphology: where do we go from here?
Geomorphology 7: 251-262.

Stanford, J.A., Lorang, M.S. and Hauer, ER. 2005. The shifting habitat
mosaic of river ecosystems. Verhandlungen des Internationalen Verein
Limnologie 29: 123-136.

Thoms, M.C. and Parsons, M. 2002. Eco-geomorphology: an inter-
disciplinary approach to river science. In: Dyer, EJ., Thoms, M.C.
and Olley, J.M., eds., The Structure, Function and Management
Implications of Fluvial Sedimentary Systems (Proceedings of an
International Symposium Held at Alice Springs, Australia, Septem-
ber 2002), IAHS Publication No. 276, Wallingford: IAHS Press,
pp. 113-119.

Thorndycraft, V.R., Benito, G. and Gregory, K.J. 2008. Fluvial geomor-
phology: A perspective on current status and methods. Geomorphol-
ogy 98:2-12.

Thorne, C.R. 1998. Stream Reconnaissance Handbook. Geomorphological
Investigation and Analysis of River Channels, Chichester: John Wiley
& Sons, 133pp.

Thorne, C.R. and Thompson, A., eds. 1995. Geomorphology at
Work. Earth Surface Processes and Landforms 20(7): 583-705
(special issue).

Thorne, C.R., Hey, R.D. and Newson, M.D. 1997. Applied Fluvial Geo-
morphology for River Engineering and Management, Chichester: John
Wiley & Sons, 376pp.

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R. and Cush-
ing, C.E. 1980. The river continuum concept. Canadian Journal of
Fisheries and Aquatic Science 37: 130-137.

Viles, H.A., ed. 1988. Biogeomorphology. Oxford: Blackwell.

Wharton, G., Arnell, N.W.,, Gregory, K.J. and Gurnell, A.M. 1989. River
discharge estimated from channel dimensions. Journal of Hydrology
106: 365-376.

Wohl, E., Angermeier, PL., Bledsoe, B., Kondolf, G.M., MacDonnell, L.,
Merritt, D.M., Palmer, M.A., Poff, N.L. and Tarboton, D. 2005. River
restoration. Water Resources Research 41: W10301.

Wolman, M.G. 1995. Play: the handmaiden of work. Earth Surface Pro-
cesses and Landforms 20: 585-591.

Wolman, M.G. and Gerson, R. 1978. Relative scales of time and effec-
tiveness of climate in watershed geomorphology. Earth Surface Pro-
cesses and Landforms 3: 189-208.

Wolman, M.G. and Miller, J.P. 1960. Magnitude and frequency of forces
in geomorphic processes. Journal of Geology 68: 54-74.

Yatsu, E. 2002. Fantasia in Geomorphology, Tokyo: Sozosha, 215pp.
(reprint of “To make geomorphology more scientific’ and its
supplemental discussion).



SECTION Il

The Temporal Framework: Dating
and Assessing Geomorphological
Trends






CHAPTER 2

Surficial geological tools in fluvial geomorphology

Robert B. Jacobson’, Jim E. O’Connor? and Takashi Oguchi?
1US Geological Survey, Columbia, MO, USA

2US Geological Survey, Portland, OR, USA

3Center for Spatial Information Science, University of Tokyo, Kashiwa, Japan

2.1 Introduction

Environmental scientists are increasingly asked how rivers
and streams have been altered by past environmental stresses,
whether rivers are subject to physical or chemical hazards,
how they can be restored and how they will respond to future
environmental changes. These questions present substantive
challenges to the discipline of fluvial geomorphology as they
require a long-term understanding of river-system dynamics.
Complex and non-linear responses of rivers to environmental
stresses indicate that synoptic or short-term historical views
of rivers will often give an incomplete understanding. Fluvial
geomorphologists can address questions involving complex
river behaviours by drawing from a tool box that includes
the principles and methods of geology applied to the surficial
geological record.

A central concept in Earth Sciences holds that ‘the present is
the key to the past’ (Hutton 1788, cited in Chorley et al. 1964),
that is, understanding of current processes permits the interpre-
tation of past deposits. Similarly, an understanding of the past
can be key to predicting the future. A river’s depositional his-
tory can be indicative of trends or episodic behaviours that can
be attributed to particular environmental stresses or forcings. Its
history may indicate the role of low-frequency events such as
floods or landslides in structuring a river and its floodplain or
a river’s depositional history can provide an understanding of
its natural characteristics to serve as a reference condition for
assessments and restoration.

However, the surficial geological record contained in river
deposits is incomplete and biased and it presents numerous
challenges of interpretation. The stratigraphic record in general
has been characterized as ... a lot of holes tied together with
sediment’ (Ager 1993). Yet this record is critical in the devel-
opment of integrated understanding of fluvial geomorphology
because it provides information that is not available from other
sources. The surficial geological record can present information
that predates historical observations or is highly complementary
to historical records. Although river deposits are rarely com-
plete enough to form precise predictive models, they provide

contextual information that can constrain predictions and help
guide choices of appropriate processes to study more closely and
hypotheses to test (Baker 1996). Floodplain chronicles of Earth
history also provide data sets for calibration and verification of
predictive geomorphic models.

The purpose of this chapter is to introduce and discuss surficial
geological tools that can be used to improve the understand-
ing of fluvial geomorphology. We present general descriptions of
geological tools, provide selected field-based examples and dis-
cuss the expectations and limitations of geological approaches.
We do not attempt to discuss techniques in detail or to review
the entire literature on techniques or applications. Instead, our
emphasis is on the conceptual basis of how geological tools are
used in geomorphological reasoning. The chapter begins with
some general descriptions of stratigraphic, sedimentological and
pedological tools, followed by examples of how these tools can
be applied to geomorphological analysis of fluvial systems.

2.2 Overview of surficial geological
approaches

The analysis of deposits left behind by rivers involves approaches
from many disciplines, each of which has its own technical lex-
icon. For clarity, we will begin with some common definitions.
Surficial geology refers to the study of the rocks and mainly
unconsolidated materials that lie at or near the land surface
(Ruhe 1975). In our usage, surficial geology includes the
application of sedimentology, geochronology, pedology and
stratigraphy to studies of surficial deposits and geomorphology.
Alluvium is the detrital sediment deposited by rivers, rang-
ing from clay size (<0.002mm) to boulder size (>256 mm)
materials, including detrital organic material. Alluvium is used
interchangeably with fluvial deposits. Alluvium typically occurs
on the landscape in modern channel and bar deposits and
in deposits that underlie adjacent floodplains, terraces and
alluvial fans.

The term floodplain deposits will be defined here restrictively
to denote deposits adjacent to a river channel that are being
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deposited under the current hydrological regime, typically by
flow events with frequencies of 0.5-1yr™! and higher (Leopold
et al. 1964, p. 319). It should be noted, however, that in some
environments, floodplains may be primarily constructed by
flows of much lower frequency (for example, Baker 1977).
Floodplain is used by different professions in different ways.
Definitions range from the entire valley bottom outside of the
channel to specific statistical definitions such as the 100- or
500-year floodplain. In this chapter, floodplain refers to the
geomorphic surface underlain by floodplain deposits, that is,
those sediments being deposited by relatively frequent floods
under the current hydrological regime. Other fluvial deposits
adjacent to a river will be referred to as terrace deposits or,
in combination with floodplain deposits, as undifferentiated
valley-bottom alluvium. The term terrace will apply to surfaces
of abandoned floodplains (Leopold et al. 1964). The term soil
is used in this chapter in the pedogenic sense: mineral and
organic material at the Earth’s surface that has been altered by
weathering processes and living organisms (Holliday 1990).
Hence a floodplain soil forms from post-depositional alteration
of sedimentary parent material. In the case of alluvium, the
characteristics of post-depositional alteration are useful sources
of information for inferring age and soil-forming environment.

Sedimentology

Sedimentology can be considered as the encompassing study
of all aspects of sedimentary deposits (Pettijohn 1975), but for
this chapter we will emphasize the aspects of grain size dis-
tributions, sedimentary structures and facies assemblages that
can be applied to fluvial geomorphological interpretations. The
literature on sedimentological studies of ancient and modern
fluvial systems is extensive. Readers interested in greater detail
than provided here are referred to works by Smith and Rogers
(2010) and Miall (2010).

Particle size, sedimentary structures, facies

and provenance

The particle size of sediment in deposits is an indicator of the
hydrological, hydraulic and sediment supply regime of the river.
The size of sediment entrained or suspended can be related
to calculable shear stresses, and sediment fabric (imbrication,
amount of matrix) can be related to hydraulic conditions or
stream power (Allen 1985; Chapters 9 and 15, this volume).
The size and sorting of sediments relate in part to the size
and sorting of sediment delivered to the system. The sorting
and bed-scale variability of particle size may be related to
hydrological variability.

Mechanical sedimentary structures - including bedding,
internal bedding, bedding-plane markings and deformed
bedding - are also amenable to hydraulic interpretations (Allen
1985; Gregory and Maizels 1991; Miall 2010). Bedding dimen-
sions and grain size can be used to estimate water depth and
constrain possible values of Froude number and velocity. In

addition, flow-direction indicators in bedforms and internal
structures can be useful in reconstructing flow patterns.

Frequently, the sedimentological information in alluvium is
simplified by grouping sediments into lithofacies (or facies),
units defined to have relatively uniform grain size and types of
sedimentary structures (Walker and James 1992). Facies for flu-
vial systems have been defined based primarily on particle size
and secondarily on sedimentary structures and organic content
(Miall 2010). Facies can have particular genetic interpretations
associated with them, indicating the type of hydraulic envi-
ronment in which they form. For example, massive mud with
freshwater molluscs might be interpreted as a channel-fill facies.
Facies can also be aggregated into related facies assemblages in
order to simplify the analysis of alluvial deposits. For example, a
channel facies assemblage might be defined as a combination of
massive gravel, plane-bedded gravel and trough-cross-bedded
gravel facies associated with channel and point-bar environ-
ments. Alternatively, overbank and channel fill facies could be
combined to define a topstratum facies assemblage (Fig. 2.1).
Definitions of facies and the degree of splitting or lumping of
facies assemblages ultimately depend on the utility to answer
specific questions.

There are substantial practical difficulties in sampling alluvial
deposits without bias or representatively for quantitative sedi-
mentological analyses (see, for example, Wolcott and Church
1991; Rice and Church 1998). The particle size distribution of the
sediment deposited by a river is a complex function of the trans-
port capacity - as determined by available discharge and channel
hydraulic conditions - and sediment availability - including
quantity and degree of sorting. Transport capacity and sedi-
ment availability typically vary spatially through the channel
and floodplain, creating a three-dimensional mosaic of facies
through which Fig. 2.1 provides a two-dimensional vertical
slice. To address a question about trends in sediment supply
over time, for example, one would first have to determine
age-equivalent units (sections following) and then follow one or
more of the following strategies: (i) Sample the age-equivalent
unit randomly in three dimensions to provide an unbiased
estimate of total particle-size distribution or sedimentary fea-
tures. This approach is extremely time intensive and may be
practically impossible. (ii) Separate the age-equivalent units
into facies units before random sampling (that is, stratified,
random sampling), thereby reducing total variance and increas-
ing efficiency. (iii) After mapping ages and facies from the best
available field data, select representative samples from facies
common to all units. Such samples form a basis for comparison,
but would not provide unbiased estimates of mean or variance.
Nevertheless, given the costs and logistic constraints on field
studies, the representative sample approach is the most common
in fluvial studies.

In some sedimentological studies, the provenance of the
sediment may be a central question, perhaps for its value in
indicating shifting sources for the sediment. Lithological, min-
eralogical, chemical and particle-size characteristics can be
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Figure 2.1 Diagrammatic cross-section of alluvial strata, showing allostratigraphic units, weathering profiles and terrace levels.

compared with distinct sediment sources to infer proportional
contributions (for example, Nanson et al. 1995). Chemical
and mineralogical characteristics of sediment are especially
useful in assessing the nature of downstream sediment routing
by delineating recent, contaminated sediments (for example,
Magilligan 1985; Marron 1992; Owens et al. 1999; Malmon et al.
2005; Dennis et al. 2009).

Palaeohydraulic and hydrological interpretations

During the past few decades, stratigraphic, sedimentological and
geomorphic approaches have been developed to decipher quan-
titatively past river flow conditions. The approaches range from
empirically relating evidence of past channel morphology and
facies architecture to formative flow conditions, to reconstruc-
tion of site-specific shear stresses associated with movement of

Table 2.1 Comparison of palaeohydrological and palaeohydraulic approaches.

an individual clast. These palaeohydraulic tools have been used
to achieve understanding of a variety of geomorphic, ecological,
palaeoclimatic and hazard issues.

As reviewed by Baker in 1989 and 1991, there have been
three fundamental approaches to retrodict past channel and
flow conditions from geological and geomorphic considerations
(Table 2.1 - summary of methods, after Baker 1989). The first,
termed regime-based (Baker 1989) relies on empirically derived
relations between channel morphological or sedimentological
characteristics and past flow conditions. Another classical
approach to estimate past flow is through the use of flow compe-
tence criteria, which takes advantage of empirical and theoretical
relations between some measure of flow strength and the size
of clasts transported by the flow. The third approach, which has
seen significant attention since the 1980s, has been the analysis

Attribute: Approach
Regime Flow competence Slack-water deposits
River type Alluvial (deformable boundaries) Alluvial and stable boundary channels Stable boundary channels

Scale of analysis

Commonly retrodicted properties

Estimated accuracy under ideal
conditions

Reviews of method

Example applications

A reach of river or channel
cross-section

Mean annual discharge, ‘bankfull’

discharge for a channel reach or
cross-section
+100%

Dury 1985; Williams 1988
Dury 1976; Williams 1984b

Individual deposit

Shear stress, velocity, unit stream power
associated with individual deposit

+100%

Maizels 1983; Komar 1996
Costa 1983; Williams 1983

Individual or multiple deposits within
a reach of river
Rare and high-magnitude floods for
a channel reach

+25%
Kochel and Baker 1988; Baker 1989

Ely et al. 1993; O'Connor et al.
1994; Harden et al. 2011
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of the surficial geological record of individual flood events pre-
served in slack-water deposits or other evidence of flood stage.
Each of these approaches to deciphering past fluvial conditions
has both unique powers and shortcomings, summarized below.

Regime-based methods of retrodicting past flow conditions
have been used on a variety of alluvial systems where there
is a surficial geological record of channel deposits or strati-
graphic or geomorphic evidence of plan-view or cross-sectional
channel geometry. These methods usually result in an estimate
of high-frequency discharges (such as the mean annual flood
or bankfull discharge) that are thought to control channel
morphology in alluvial systems. One regime-based approach
is to determine the type of channel (e.g. meandering, braided
or straight) from the sedimentology of the deposits and then
relate the inferred channel type to empirically defined fields of
hydraulic and sediment load factors that distinguish various
channel morphologies. A simple application would be to retrod-
ict limiting channel slope and bankfull discharge conditions for
deposits of either a braided or a meandering river by invoking
the threshold hydraulic conditions between these two channel
patterns defined by Leopold and Wolman (1957). More complex
hydraulic criteria separating braided, meandering and straight
channels have also been proposed (Schumm and Khan 1972;
Parker 1976; Kleinhans and van den Berg 2011), which also
can be used to constrain palaeohydraulic conditions such as
width/depth ratio, channel slope and flow velocity. For steep
alluvial streams where there is independent evidence of channel
cross-section morphology, Grant’s hypothesis that such streams
tend to adopt cross-sectional geometries that convey flow at or
near critical flow conditions (Grant 1997) can serve as a basis to
retrodict velocity and discharge (Webb and Jarrett 2002).

A more commonly used regime-based approach is to use
empirical relations between channel cross-section or meander
dimensions and formative discharges to determine past flow
conditions. Classic examples of relating meander wavelengths
to palaeodischarge are provided by Dury (1954, 1965, 1976),
Schumm (1967, 1968) and Knox (2006). Good examples and
discussions of relating high-frequency discharge (such as bank-
full or mean annual flow) to cross-section dimensions (such as
depth and width) are provided by Williams (1978, 1984b) and
Rotnicki (1983).

In general, regime-based retrodiction is subject to large
uncertainties arising from (i) errors in assignment of the pre-
dictor variables, such as misinterpretation of channel type,
cross-section shape and meander wavelength (Dury 1976; Rot-
nicki 1983), and (ii) the large standard errors of the empirical
relations between predictor variable and discharge, which, in
the most favourable cases, result in a 50% chance of error of
greater than 24% (Dury 1985). Nevertheless, regime-based
flow estimates can be useful for addressing questions of broad
environmental change resulting in regional changes in channel
behaviour. Useful and complete discussions of the various
regime-based methods their uncertainties are provided by
Ethridge and Schumm (1978), Rotnicki (1983), Dury (1985)

and Williams (1988). Williams (1984a, 1988) provides a list of
many equations used in regime-based analyses and comments
on their sources and applicability.

Flow competence refers to the largest grain transported by
a given discharge (Gilbert 1914). Flow strength is usually
described by some measure of velocity, shear stress (force
exerted by the flow parallel to the bed) or stream power (time
rate of energy dissipation by the flow). Gilbert developed this
concept to predict the effects of future flows, but the concept has
been used since to retrodict palaeohydraulic conditions from
coarse-clast deposits in the surficial geological record. Over
the last 30 years, theoretical and empirical relations between
clast size and flow conditions have been used to reconstruct
the hydraulic conditions associated with fluvial deposits of
individual flows in a wide variety of environments (Fig. 2.2),

(b)

Figure 2.2 Photographs of sites of palaeohydrological analysis.

(a) Slack-water flood deposits preserved in an alcove along the Escalante
River, Utah. Such deposits were used to reconstruct a history of large floods
for the last 2000 years (Webb et al. 1988). Photograph from US Geological
Survey. (b) Site of boulders deposited by the late Pleistocene Bonneville Flood
near Swan Falls, Idaho. Measurements of Bonneville Flood boulder diameters
were compared with reconstructed flow conditions to develop flow
competence relations for large floods (O’Connor 1993). Photograph used
with permission from Geological Society of America.



including Pleistocene outburst floods (Birkeland 1968; Malde
1968; Baker 1973; Lord and Kehew 1987; Kehew and Teller
1994), Holocene flood and outwash deposits (Church 1978;
Bradley and Mears 1980; Costa 1983; Williams 1983; O’Connor
et al. 1986; Waythomas et al. 1996; Lamb and Fonstad 2010)
and Miocene turbidite deposits (Komar 1989, 1970). Palaeo-
hydraulic studies have used relations between particle size
and flow conditions proposed by Baker and Ritter (1975),
Church (1978), Costa (1983), Williams (1983), Komar (1989)
and O’Connor (1993). Reviews of flow competence methods,
including their application and uncertainties, are provided by
Maizels (1983), Williams (1983), Komar (1989, 1996), Komar
and Carling (1991), Wilcock (1992), O’Connor (1993) and
Lamb and Fonstad (2010).

Flow competence methods are most suitable for the recon-
struction of local hydraulic conditions at the site of deposits
from an individual flow. This method can be applied over a
broad range of fluvial environments wherever there are coarse
clastic deposits. However, because most of the empirical rela-
tions between particle size and flow strength yield predictions of
local shear stress, stream power or velocity, the discharge of the
flow can only be determined if there is independent informa-
tion on the channel geometry. Furthermore, key assumptions
must be met for a valid analysis: (i) the analysed particles must
indeed have been transported and must closely represent the
maximum size that could have been transported by the flow and
(ii) the analysed clasts must have been transported by a water
flow rather than a debris flow or other type of mass movement.
Uncertainties in flow retrodiction from competence criteria are
generally large and hard to quantify, primarily resulting from
(i) difficulty in adequately sampling the largest particles in a
deposit (Church 1978; Wilcock 1992), (ii) large standard errors
associated with the empirical relations between clast size and
flow conditions (Church 1978; Costa 1983) and (iii) uncertainty
as to the timing of the deposit (and its retrodicted hydraulic
conditions) in relation to the general inference that the deposits
represent peak flow conditions (O’Connor 1993).

Slack-water deposits preserved in stratigraphic sequences
along river margins have been used to provide detailed records
of flood events extending back several thousand years (Baker
et al. 1979; Patton et al. 1979) (Fig. 2.2). Slack-water deposits
form from clay, silt and sand carried in suspension by large
floods and deposited in zones of local velocity reduction. Com-
mon depositional environments include recirculation zones
associated with valley constrictions or bends, tributary mouths
(Baker and Kochel 1988), alcoves and caves in bedrock walls
(O’Connor et al. 1986; O’Connor et al. 1994; Harden et al. 2011)
and on top of high alluvial or bedrock surfaces that flank the
channel (Ely and Baker 1985; Hosman et al. 2003). The sedi-
mentary records contained in these slack-water deposits can, in
certain cases, be supplemented with botanical (Hupp 1988) and
erosional evidence of large floods (Ely and Baker 1985).

Most of the earliest studies of slack-water deposits were from
the arid southwestern United States (Costa 1978; Baker et al.
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1979; Kochel and Baker 1982; Kochel et al.1982; Patton and
Dibble 1982; Ely and Baker 1985; Webb 1985), but in more
recent years the scope of application has expanded to most
continents (for example, Wohl 1988; Ely et al. 1996; Benito and
Thorndycraft 2005) and into more humid environments (Knox
1988, 1993). Studies of flood stratigraphy have been motivated
by questions of dam safety (for example, Ely and Baker 1985;
Partridge and Baker 1987; Levish and Ostenna 1996; Hosman
et al. 2003), climate change (Ely et al. 1993; Macklin and Rumbsy
2007) and geomorphic effects of floods (Webb 1985; O’Connor
et al. 1986). Benito and O’Connor (2013) reviewed the com-
ponents of a slack-water deposit study, including stratigraphic
analysis and correlation, geochronology, flood discharge deter-
mination and flood frequency analysis. Detailed discussions of
methods are also provided in chapters within Baker and Kochel
(1988) and House et al. (2002). Harden et al. (2011) provide a
recent example of how these components were woven together
to provide an analysis of long-term flood frequency for streams
in the Black Hills of western South Dakota, United States.

Complications of using slack-water deposits as flood-stage
indicators have been documented in the case of extreme
flooding in 1985 on the Cheat River in West Virginia, where
measured discharges were consistently greater than calculated
discharges based on slack-water stage indicators, possibly
because of interactions between tributary and mainstem flow,
channel instability or suspended load hysteresis resulting in little
deposition at peak discharge (Kite and Linton 1991). Harvey
et al. (2011) also suggest that slack-water depositional records
may be strongly affected by watershed-scale patterns of channel
erosion and deposition, thereby reducing their utility as flood
recorders in certain environments.

Geochronology of alluvium

Geochronological methods for determining numerical ages
for alluvial strata are numerous. Reviews of Quaternary dating
methods provide comprehensive discussion (Mahaney 1984;
Easterbrook 1988a; Gruen 1994). The following summary
emphasizes methods applicable to the late Quaternary and typ-
ical alluvial sediments, which can be divided into three general
categories: relative, numerical and hybrid (Table 2.2).

Relative methods are useful for establishing whether strati-
graphic units are older or younger than others and, in some
cases, can be usefully calibrated to interpolate or extrapolate
ages. Relative methods based on a combination of weathering
characteristics, topographic position, cross-cutting stratigraphic
relations and morphology are useful for developing field criteria
for regional correlations of numerically dated strata. These con-
cepts will be discussed in more detail in following discussion of
pedology and morphostratigraphy.

Numerical dating methods provide estimates of time elapsed
since deposition of alluvial strata. Probably the most useful
method for dating alluvium is radiocarbon dating, based on the
progressive decay of '*C in plant or animal material once the
plant has died. With the use of accelerator mass spectrometry
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Table 2.2 Geochronological methods, notes and resources.

Type Method Notes
Relative Stratigraphic superposition Highly reliable method for determining sequence of deposition. Requires good exposures or
drilling, trenching observations

Weathering characteristics In regions with established age trends of pedogenesis, weathering rinds on clasts, desert varnish,
etc., weathering characteristics can be used to determine relative age, constrain age limits and
correlate units spatially (Dorn 1994; Knuepfer 1994; Pinter et al. 1994)

Morphological criteria Relative elevations of alluvial terraces can be used to determine local sequence of deposition, if
there is a one-to-one relation between terrace and allostratigraphic units; if not, caution is
advised. Good for regional correlations of large events, if complemented with weathering
chronology and numerical dates. Degree of erosion of terraces can also be indicative of relative
age (Coates 1984, Pinter et al. 1994)

Numerical Radiocarbon Most highly used radiometric method for dating alluvial sediments. Careful sampling and

Photoluminesence

ZWOPb

Cosmogenic isotopes

Dendrochronology

Hybrid-correlative

Palynology

Palaeomagnetism

Archaeology

Tephrochronology

processing are required to reduce contamination errors. Interpretation should account for type of
organic matter (that is, soil organic fractions, leaf litter, charcoal or wood) and probable effects of
inherited carbon. Dendrochronologically based calibration of radiocarbon years to calendar years
(Stuiver 1982) is recommended for correcting dates for secular variations in radiocarbon
production (Bowman 1990; Taylor et al. 1992) (see Chapter 9, this volume)

Useful for dating sediments or artefacts that have been zeroed by heat or sunlight. Techniques
using thermal or optically stimulated luminescence vary in precision and reliability and the
techniques are evolving fast. For sediments, most reliable dating has been using loess rather than
alluvium. (Gruen 1994; Duller 1996) (see Chapter 9, this volume)

210ph generated in the atmosphere, scavenged by precipitation and adsorbed on particulates
decays with a half-life of 22.3 years, providing a geochronometer for recent sediments.
Calculation requires assumptions of uniform deposition rate of sediment and 2'°Pb; the former
constraint is rarely met in alluvial deposits but may be met with floodplain lakes or abandoned
channels (Durham and Joshi 1984) (see Chapter 9, this volume)

0Be, 20Al, 38Cl, 3He, 2'Ne, '*C, #'Ca cosmogenic nuclides for exposure age dating of some
materials. 1ka to 10 Ma. Requires sophisticated chemical extraction and accelerator or
conventional mass spectrometry (Kurz and Brook 1994) (see Chapter 9, this volume)

Tree rings provide detailed chronometers for dating surfaces, sedimentation rates and individual
floods over short time frames (see Chapter 10, this volume)

Pollen is extremely useful for developing environmental and climatic conditions and can be used
by correlation to date events, such as the settlement/post-settlement boundary. Pollen is poorly
preserved in many alluvial settings, however. Best results are from adjacent floodplain lakes or
abandoned channels and when supplemented with radiocarbon numerical dates. For example,
Royall et al. (1991)

Magnetic properties of sediments can be used to correlate based on measures of susceptibility or
remanent magnetism of sediments or heated sediments or artefacts can be compared with
secular variation of the Earth’s magnetic field. Correlations by secular variation have been
demonstrated from <0.1 to >20ka, but require an independently dated sequence. Works best in
lacustrine depositional environments (Stupavsky and Gravenor 1984; Lund 1996)

Independently dated archaeological artefacts can provide tools for relative and absolute dating
and for correlation (see Chapter 3, this volume)

Tephra found in alluvium can be correlated by chemical or petrographic techniques, combined
with stratigraphic sequence, with independently dated volcanic deposits (for example,
Sarna-Woijcicki et al. 1984, 1991)

(AMS), very small amounts of sample (~1 mg) can be used to

these are usually reported as +

values in laboratory results.

calculate dates in the time frame 200-55,000+ years Bp. Conven-
tional radiocarbon dates (in radiocarbon years before present,
BP) are generally calibrated to calendar years to account for
secular variations in radiocarbon production in the atmosphere
(Stuiver 1982). Secular variations in *C pose special problems
for samples less than 500 years old, making it difficult to define
precise age estimates for this time period. Additional errors
in radiocarbon dates relate to laboratory statistical counting,
sample preparation and estimates of laboratory reproducibility;

However, much greater errors can be introduced in sampling,
especially in the inherited age of the carbon in the sample. A
radiocarbon date from a piece of charcoal from a tree that was
800 years old when it died will overestimate the age of associ-
ated sediments by at least 800 years. Resistant materials such
as charcoal and bone, in fact, may be eroded and redeposited
in even younger sediments. Avoidance of these inherited age
errors (‘old wood errors’) requires close attention to field con-
text and sampling. One strategy is to avoid sampling resistant



materials in favour of materials that would likely contribute
small inherited ages, such as twigs and leaves. Radiocarbon
dates should be interpreted as a maximum limiting age for the
enclosing deposit. Complete discussion of assumptions and
cautions of using various radiocarbon dateable materials can be
found in Taylor et al. (1992).

In addition to the methods listed in Table 2.2, several other
numerical methods deserve comment. Photoluminescence
dating in alluvial sediments is based on the accumulation of a
thermoluminescence (TL) or optically stimulated luminescence
(OSL) signal with time after burial. TL and OSL extend to
greater age than radiocarbon dating (as much as 800ka) but
with typical precisions of +5-10% (Aitken 1997). This makes
luminescence dating useful for strata that are too old or lack
material for radiocarbon dating (Rittenour, 2008). The accu-
mulation of atmospheric 2!°Pb and !*’Cs also can provide a
useful dating method for short time intervals if slack-water
sedimentation sites are available, as described in Chapter 6.

The use of cosmogenic isotopes (*He, 1°Be, 1*C, 2! Ne, 2° Al and
3Cl) for exposure-age dating has been increasing dramatically
in recent years (Bierman 1994). Theoretically, cosmogenic
isotopes can be used to date surfaces from as little as 1 ka (*He)
to as much as 10 Ma (>'Ne) (Kurz and Brook 1994). Because
exposure calculations should start with a zeroed surface or
known starting inventory, most applications have been on
eroded or volcanic bedrock (Weissel and Seidel 1998) or sedi-
mentary surfaces for which inherited ages can be assumed to be
small (Bierman 1994). Inherited exposures can be substantial in
alluvial materials that move slowly through drainage basin, but
informed selection of particle sizes can minimize inheritance
errors. For example, Schmidt et al. (2011) found that pebbles
and boulders in terrace deposits in the Andes had substantially
greater inheritance than sand particles. Hallet and Putkonen
(1994) discuss some the complications of applying cosmogenic
surface dating to actively eroding surfaces. In cases where
inheritance and erosion cannot be assumed to be negligible,
constraints on erosion rates and inheritance can be incorporated
in models to calculate probable age and uncertainties (Hidy
et al. 2010).

Hybrid methods are those that can be used to estimate numer-
ical ages through application of calibrated models. For example,
calibrated models of weathering rind thickness (Lasutela et al.
2004), lichen growth (Matthews 1994) or desert varnish geo-
chemistry (Dorn 1994; Schneider and Bierman 1997) can
be used to estimate the ages of undated surfaces through
various measurements of these properties. The presence or
absence of diagnostic pollen, diagnostic tephra, macrofossils
or archaeological artefacts can also provide constraints on age
estimates.

Included in this hybrid group is palaeomagnetism. In the late
Quaternary time frame, independently dated secular variations
in magnetic field strength and orientation can provide a master
curve for comparison with magnetic inclination and declination
of magnetic minerals in alluvial deposits. Palacomagnetism in
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this time frame is mostly performed on heated sediments,
typically found in hearths buried with alluvial sediments;
magnetism of heated sediments is referred to as thermal rema-
nent magnetism (Sternberg and McGuire 1990). Remanent
magnetism can also be measured from fine-grained sediments
deposited in still water (detrital remanent magnetism) (Easter-
brook 1988b; Verosub 1988). Such deposits, free of bioturbation,
are much more likely to be found in lakes and coastal zones, but
might exist in some floodplain lakes

Pedology

Pedology is the study of soil-formation processes. Physical,
chemical and biological processes transform freshly deposited
alluvial sediments into soil profiles with characteristics that
reflect the five classic soil-forming factors: climate, topography,
parent material, biological influences and time (Jenny 1941).
Although complex in interaction, each of the factors is gov-
erned individually by more-or-less systematic processes. In
cases where the scale and scope of study allow one or more of
these factors to be considered constant (for example, climate
or biological influences), the soil-forming processes can pro-
vide sufficiently systematic variations in soil profiles that the
properties of the profiles can impart valuable information about
geomorphic processes.

Pedogenic dating is based on the notion that variation in pedo-
genesis with time can be separated from the effects of other fac-
tors, allowing pedogenic characteristics to be used for relative
dating, correlation and estimating deposition dates when sup-
ported by independent numerical age control (Birkeland 1984).
In a dissenting opinion, Daniels and Hammer (1992) argued that
it is effectively impossible to hold other factors constant - that
the complexities of surface processes, different parent materials
and drainage influences contribute too much variation in pedo-
genic characteristics to be able usefully to extract age informa-
tion. Daniels and Hammer’s discussion underscores the need for
careful field study to assure that pedological sampling sites are
chosen to minimize variation in erosional history, parent mate-
rial and drainage.

In studies where the geomorphological questions being
addressed are sufficiently broad, pedogenic characteristics of
alluvium can be useful age indicators. For example, in arid
and semi-arid areas, the accumulation of soil carbonate over
time has been used very successfully in correlation and age
estimation (for example, Vincent ef al. 1994) over time frames
of 10* years. In humid environments, accumulations of clay and
iron and aluminium oxides have been found systematic over
time frames of 10*-107 years (Markewich and Pavich 1991).

Environmental change can also be interpreted from pedogenic
characteristics. Although not as useful as pollen for general
climate-change assessment, soil mineralogy can provide an
integrated understanding of geochemical conditions, which
can be interpreted in terms of changing temperature, drainage
or water-table configuration (Sheldon and Tabor 2009). For
example, micromorphological examination of concentrically
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zoned, secondary accumulations of Fe and Al oxides in soils
have been used to document changes in soil drainage over time
(Birkeland 1984; Kemp 1985).

Cumulative soil profiles provide one of the more useful pedo-
logical perspectives on processes of alluvial sedimentation, as
these soils have undergone simultaneous soil formation and
sediment deposition (Nikiforoff 1949). Cumulative soils can
be considered part of a continuum relating degree of horizon
differentiation and sedimentation rate (Fig. 2.3). Where alluvial
sedimentation is rapid, periods of stable sub-aerial exposure are
short or non-existent. In these cases, pedogenic alteration and
bioturbation are minimal and, consequently, sedimentological
information is best preserved. At the other extreme, where
sedimentation rates are very slow - for example, on an alluvial
terrace — pedogenic processes dominate over depositional rates
and weathering information is best preserved. On low terraces
and floodplains, it is common to have alternating periods of
deposition and sub-aerial exposure, resulting in cumulative soil
profiles. These profiles are characterized by over-thickened A

horizons with high organic content and massive to weak pedo-
genic structure. Identification of the spatial and stratigraphic
distribution of cumulative soil profiles may indicate substantial
changes in river dynamics over time.

Pedofacies are laterally contiguous bodies of alluvium that
differ in pedogenic attributes as a result of differing sedimen-
tation rates (Kraus and Brown 1988). Pedofacies units (Figs
2.1 and 2.3) are distinguished by measures of pedogenesis and
lithofacies. The concept can be useful in describing relative
sedimentation rates of a channel and floodplain, especially in
the ancient sedimentary record in aggrading environments,
where relative proportions of pedofacies can be compared over
long geological time intervals. Pedofacies can also be examined
by statistical means, such as clustering analysis, to classify flood-
plains by dominant sedimentation and soil-forming processes
(Bullinger-Weber and Gobat 2006).

Given the inherent complexity of soil-forming processes,
pedogenic characteristics rarely provide precise indicators
of age or environment. The utility of the methods ultimately

High High
Pedofacies 1:
differentiated soil A
and B horizons Sedimentary structures
preserved
5 §
5 o
g g
o x
3 3
Q E
- =
() c
g :
3 3
o »
Sedimeglt_etlry sttr;ctures Pedofacies 4:
n el no pedogenesis
Low Low
Low Sedimentation rate High

Pedofacies 1 Pedofacies 2

L 4

€»

Pedofacies 3

Depth

- Soil A horizon

BT <l Soil B horizon

' Bedding and bedform laminations

. Sand, silt, and clay

Sand and gravel

Figure 2.3 Diagram of tradeoffs between sedimentation rate and expression of pedogenic and sedimentological features.



depends, of course, on the questions being addressed. Pedogenic
characteristics of alluvial strata probably never will be suffi-
ciently precise to date high-frequency geomorphic events such
as individual floods. On the other hand, pedogenic character-
istics can provide useful filters for constraining geomorphic
understanding and for correlation. For example, Bettis (1992)
used a simple set of soil properties as regional indicators of
broad age classes of Holocene alluvium and applied this fil-
ter to map the archaeological potential of alluvial deposits.
Pedogenesis in this case was sufficiently systematic to sort out
Early-middle Holocene, Late Holocene and Historical strata.

Stratigraphy

In this chapter, stratigraphy is used restrictively to denote the
sequence and spatial framework of construction of the geolog-
ical column (Pettijohn 1975). Stratigraphy serves to integrate
sedimentology, pedology and other disciplinary approaches
into a systematic understanding of how the alluvial record was
constructed. Because textbooks on stratigraphy tend to empha-
size long intervals of geological time and regional to continental
spatial scales, they can be of limited use in geomorphological
applications. Some of the best general resources in alluvial
stratigraphy are in textbooks and volumes devoted to geoar-
chaeology (for example, Lasca and Donahue 1990; Brown 1997).

Allostratigraphic units
A useful, basic unit for describing and mapping alluvial deposits
is the allostratigraphic unit, a ‘... mappable stratiform body
of sedimentary rock that is defined and identified on the basis
of its bounding discontinuities’ (North American Commission
on Stratigraphic Nomenclature 1983). Allostratigraphic units
are similar in concept to synthems, as defined by the Interna-
tional Subcommission on Stratigraphic Classification, although
synthems have been used to describe unconformity-bounded
stratigraphic units of regional to continental scale (International
Subcommission on Stratigraphic Classification 1994).
Allostratigraphic units are well suited for describing alluvial
deposits because their definition allows the upper bound-
ary to be a sub-aerial geomorphic surface (Fig. 2.1) and no
constraints are put on internal characteristics, age or gen-
esis. Hence, allostratigraphic units can be subdivided into
facies, with a specified range of lithological, mineralogical,
particle size or sedimentological features, age or weathering.
Allostratigraphic units can be diachronous (that is, different
parts of the unconformity bounded unit are of different ages)
or isochronous (that is, all parts of the unit were deposited
over the same time interval, within the resolution of the dating
method). Allostratigraphic units are not defined by inferred
time spans, but age relations may influence the choice of unit
boundaries (North American Commission on Stratigraphic
Nomenclature 1983). Allostratigraphic units may have pedo-
genic soils formed in them and soils may conform to upper
and lower bounding unconformities; hence one or more pedo-
stratigraphic units may be defined within an allostratigraphic
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unit and pedostratigraphic units or surface soils may be defined
across several allostratigraphic units. Allostratigraphic units are
usually defined as alloformations and may be aggregated into
allogroups or disaggregated into allomembers (North American
Commission on Stratigraphic Nomenclature 1983).

The scale of allostratigraphic units is unlimited by defi-
nition, but subject to the resolution of techniques used for
measuring, tracing and mapping the units. According to the
North American Code of Stratigraphic Nomenclature (North
American Commission on Stratigraphic Nomenclature 1983),
the only scale limitation on allostratigraphic units is that they
must be mappable. Therefore, the fine-scale definition and use
of alloformations may be limited by the availability of base
maps and the scale used by precedent stratigraphic studies. The
geographic extent of allostratigraphic units is limited by the
ability to trace them continuously or to correlate from place to
place based on fossil content, tephras, pedogenesis, numerical
ages or topographic position.

The concept of allostratigraphic unit, therefore, provides
a useful framework for describing and analysing sequences
of alluvial deposits. Definition of the units is based on the
bounding unconformities, so emphasis is on the sequence of
erosional and depositional events; usually, these are of critical
interest in geomorphological analysis. In many applications and
for many alluvial deposits, it is possible and advantageous to
choose alloformation boundaries based on determined ages,
thereby imparting chronostratigraphic attributes to the allo-
formation. Differentiation of depositional lithofacies within an
alloformation can be used to infer variations in depositional
processes among alloformations. Differential pedogenesis of
alloformations can be used to aid in the assignment of relative
ages and in tracing and correlation of allostratigraphic units.
Autin (1992) provided a particularly complete example of the
use of alloformations in analysing the Holocene geomorphology
of a large, low-gradient river in Louisiana. The general utility
of allostratigraphy compared with lithostratigraphy (defini-
tion of units based on lithology) in mapping of Quaternary
deposits has been the subject of some debate (Johnson et al.
2009; Rasanen et al. 2009); the arguments in favour of an
allostratigraphic approach are based on its utility in defining
uncomformity-bounded units relevant to alluvial histories.

Morphostratigraphy

The concept of alloformations has added useful rigour to the
conventional geomorphic tool of mapping and correlating
fluvial geomorphic events by the landforms they leave behind.
Stratigraphic correlations can also be achieved by reference
to characteristic morphology, that is, the shape and relative
position of fluvial landforms. Characteristic depositional mor-
phologies can be used to infer processes or to correlate units. For
example, levee splays from a particular flood may be manifest
as mappable, lobate landforms on floodplains. Morphological
correlations are much stronger, however, if supported with
stratigraphic, sedimentological and pedological information.
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The practice of mapping and correlating terrace surfaces has
underlain a great deal of geomorphological analysis, particu-
larly at the scale of tectonic and eustatic controls on base level
(Miller 1970; Bull 1991; Pazzaglia et al. 1998). The typical - but
not universal — observation that alluvial terrace deposits at
lower elevations are younger than those at higher elevations is a
morphostratigraphic basis for assigning sequence and relative
age (Ruhe 1975). Surface morphology also changes with age,
allowing correlation based on morphostratigraphic parameters
such as degree of erosional dissection and progressive erosion
of depositional landforms (Pinter et al. 1994).

For many fluvial geomorphological studies, the question of
whether alluvial units should be defined based on age, lithol-
ogy, pedogenesis, sedimentology, bounding unconformities or
surface morphology will depend on the questions being asked
and the required resolution. The best approach for a particular
study may be to use elements of multiple approaches. Hughes
(2010) provides a discussion of the relative utility of different
approaches to geomorphology and Quaternary stratigraphy as
applied to a variety of landscapes.

Obtaining surficial geological data
Surficial geological data can only be compiled by looking into
and sampling beneath the ground surface. In a typical project,
the data requirements are balanced with logistical constraints
of time and money and it is rare that the scientist is satisfied
that all the possible relevant observations have been obtained.
Several types of subsurface data can be considered. Most river
reaches or segments will have natural exposures of floodplains
and terraces in cutbanks. These present a low-cost but highly
biased subsurface view of alluvium. Natural exposures should be
observed, measured and sampled first and the knowledge gained
from them should be applied to subsequent subsurface explo-
ration. In many landscapes, man-made features such as gravel
pits, pipeline trenches and road embankments also provide
non-systematic opportunities for observing the subsurface.
Subsurface exploration techniques present tradeoffs that need
to be considered in terms of the questions being addressed and
the evolving understanding of the complexity of the alluvial
deposits. Hand and power augers permit extensive probing and
sampling of alluvial deposits. Fine-scale sedimentary and pedo-
genic features can be sampled with hydraulic split-barrel or tube
samplers (Fig. 2.4). Greater depth and coarser materials require
large equipment to power hollow-stem augers and even then it
is rare to recover intact samples of non-cohesive sediments and
it may not be possible to drill to bedrock. Shallow geophysical
methods - seismic refraction/reflection, ground-penetrating
radar, gravity, magnetics and electrical resistivity/conductivity
methods - can be efficient means to correlate units and map
the alluvium/bedrock contact, especially when geophysical data
can be compared with adjacent boreholes (US Army Corps
of Engineers 1998; Bersezio et al. 2007). No one geophysical
method is applicable in all situations and different methods
have different information contents (Robinson et al. 2008),

(b)

Figure 2.4 Shallow borehole drilling in valley-bottom alluvium.

(a) Exploratory drilling of alluvium with a 4in (10 cm) auger. (b) Split spoon
sample of alluvium obtained by hydraulic probing. Source: US Geological
Survey.

hence geophysical methods should be seen as complementary
to more traditional geological approaches. Geophysical meth-
ods are developing rapidly and a complete review of applicable
geophysical techniques is beyond the scope of this chapter. The
interested reader is referred to texts by Sharma (1997), Gaftney
(2008) and Reynolds (2011) for more extensive discussions.
Borehole logs and geophysical data arranged along surveyed
topographic cross-sections may provide sufficient information
to correlate units and understand the stratigraphic architecture,
but boreholes generally lack the breadth of exposure needed
for interpretation of many sedimentary and pedogenic features.
Backhoe trenches (Figs 2.5 and 2.6) can provide long, complete
exposures of near-surface strata for complete descriptions and
sampling. Exposures in trenches can show meter-plus-scale bed-
forms, details of stratigraphic contacts and continuity of units
and they provide much more efficient prospecting for datable
materials or artefacts. Evaluation of soil structure, continuity of
soil horizons and interpretation of environmental indicators are
much more accurate in a trench than in a 1.0-2.5 cm diameter



Figure 2.5 Exploratory trench in floodplain alluvium, Big Piney Creek,
Missouri. Source: US Geological Survey.

core. Placement of trenches in key places on borehole transects
can improve stratigraphic understanding without requiring
extensive trenching of a valley bottom. For example, trenches
may be placed preferentially to sample representative features of
a formation or to provide detail where contacts or facies changes
occur.

Boring and augering systems presents hazards from heavy and
powerful equipment. Proper personal safety equipment and kill
switches are recommended and, in many localities, are required.
Trenching also can present considerable hazard from cave-in. In
the United States, the Occupational Safety and Health Admin-
istration, for example, requires shoring of the walls of any open
trench greater than 5 ft (1.5m) deep or stepping of the trench
wall to a slope of no steeper than 34° from horizontal.

In addition, trenching and boring can create environmen-
tal hazards by delivering sediment to streams or opening up
preferential pathways for contamination of shallow ground-
water. These environmental hazards should be mitigated by
using approved methods for filling and sealing excavations
and boreholes. Many localities require permits for shallow
exploratory drilling or excavations for environmental and
cultural concerns. Meeting safety, environmental and cultural
requirements can add considerable cost and complexity to
subsurface investigations.
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Geological reasoning - putting it together
Interpretation of sedimentological, geochronological, pedo-
logical and stratigraphic information can lead to geomorphic
understanding if the data collection effort is carefully designed
to address the question at hand and if the data are organized
in a useful fashion. The task can seem daunting, but models
of fluvial processes and facies architecture can help provide
context. In a typical field situation, ‘laws’ of stratigraphic
reasoning can help. Steno’s law of superposition states that
successively younger units overlie older units (cited in Dott
and Batten 1976). Trowbridge’s law of ascendancy states that
terraces at higher elevations are older than those at lower ele-
vations (cited in Ruhe 1975). Walther’s law of facies states that
facies that were formed in laterally adjacent environments can
be found in conformable vertical sequence (cited in Reading
1978). With these concepts and good field data, lithofacies and
allostratigraphic units can be assembled and put in stratigraphic
sequence. Delineation of the stratigraphic units that chronicle
geomorphic adjustments of a river can be accomplished best by
mapping unconformity-bounded allostratigraphic units based
on sedimentological and pedological characteristics.

Historically, the sequence and magnitude of fluvial geomor-
phic events have been inferred mainly from sequences of terrace
surfaces. Such analysis is based on the assumption that deposi-
tional (cut and fill) terraces have one-to-one relations with the
stratigraphic units that underlie them. Detailed stratigraphic
studies of floodplains and terraces have shown that continuous
terrace surfaces can overlie multiple allostratigraphic units
because of onlapping or planation (Taylor and Lewin 1996). In
detailed stratigraphic studies on Duck River in Tennessee, for
example, Brakenridge (1984) documented that single surfaces
could overlie multiple unconformity-bounded units of vertically
accreted silt and clay.

The importance of delineating allostratigraphic units within
terrace deposits depends on the time frame of the questions
being addressed. Many recent studies have demonstrated that
alluvial stratigraphic histories exhibit two dominant orders of
response behaviour. Over the long term, a first-order response
results in cut and fill terraces as a result of external forcing events
such as climate change or base-level controls (Bull 1991). Over
a shorter time frame, internal threshold responses of alluvial
systems can result in second-order cut and fill sequences that
may or may not form distinct topographic surfaces depending
on the magnitude of the events (Schumm and Parker 1973; Bull
1991). Hence some allostratigraphic units may lack association
with an external forcing event and some terrace surfaces may
be underlain by multiple second-order allostratigraphic units.
In addition, cut and fill stratigraphic units can form by lateral
migration of a system that has surpassed intrinsic thresholds
or has otherwise been unaffected by external forcing events
(Ferring 1992). These units — herein called third-order cut
and fill units - may be bounded by significant unconformities
where the channel has migrated back into previously deposited
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Figure 2.6 (a) Map of subsurface exploration strategy, showing locations of bore holes and trenches. (b) Close-up section of Trench 1, showing lithofacies,
unconformities and buried soil profiles. This level of detail is lost in larger cross-sections compiled from bore holes, (c). Source: Albertson et al. (1995).

sediment, but the unconformities are not necessarily evidence
of episodic forcing events.

Added to the ‘noise’ of second- and third-order cut and fill
responses is variation in the timing of cut and fill within a
drainage basin. Time lags in sediment transport in a drainage
basin can result in non-synchronous deposition or so-called
diachronous terrace distributions (Brown 1990; Bull 1990,
1991). For example, alluvial stratigraphic studies in smaller
drainage basins in the Great Plains of the United States have
shown strong correlations between moist, humid climatic
conditions and aggradation and stability of Holocene deposits
(Fredlund 1996). With increasing drainage area, however, the
terraces become diachronous because of the lagged transport
of sediment through the drainage basins and correlations with
palaeoclimatic forcings diminish (Martin 1992).

Interpretations of the alluvial stratigraphy can be confounded
by erosion of older units that results in gaps in the stratigraphic
record. The primary determinant of the preservation potential
of alluvial strata is the regional or tectonic context. Rivers in
drainage basins with low sediment yield and/or low uplift rates
will have low preservation potential and the alluvial record
will be short and fragmented. In contrast, rivers with high

sediment yield and/or rapid incision will have high preservation
potential and a more complete record. Preservation occurs as
downcutting and migration leave alluvial deposits behind in
protected positions. Large rivers in large valleys or deltaic areas
or subsiding basins will have the most complete sedimentary
sequences that will tend to be preserved in the geological
record, although access to these records may be more difficult
because of depth of burial. Sedimentology and stratigraphy of
low-gradient, aggradational rivers have been studied exten-
sively because of their importance in the geological record (for
example, Marzo and Puigdefabregas 1993). Facies and strati-
graphic models developed for such rivers emphasize vertical
aggradation of channel and backswamp facies over time (for
example, Bridge and Mackey 1993).

In eroding river systems, the probability of preservation of
a stratigraphic unit associated with an external forcing event
decreases with time since deposition, but other factors also
can affect preservation such as the mode of channel migra-
tion, bedrock characteristics that might shelter deposits from
erosion and base-level controls. All other things being equal,
the alluvial stratigraphic record will be biased toward recent
and large events — so-called preservation or taphonomic bias
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Figure 2.7 Histogram of numbers of calibrated radiocarbon dates from the Ozarks of Missouri, expected preservation model and bias-corrected deposit
frequency. Data from Albertson et al. (1995), Haynes (1985) and R.B. Jacobson (unpublished data).

(Surovell et al. 2009; Ballenger and Mabry 2011). An example
of preservation bias is illustrated in Fig. 2.7, which shows a
frequency distribution of radiocarbon dates from the Ozarks
(Haynes 1985; Albertson et al. 1995; R.B. Jacobson, unpublished
data). The expected number of radiocarbon dated deposits was
calculated from a general surficial preservation model presented
by Surovell et al. (2009) and is shown for reference, although
a model specific to the Ozarks - if it could be independently
established — would be preferred. By correcting to the expected
relative frequency of preservation, it becomes clear that a large
number of deposits in 1400-1800 AD likely result from inherent
bias in preserving young deposits; a prominent departure of
the corrected data for 6000-7000 Bc is more likely the result
of a forcing event. Another useful approach to evaluating
large populations of radiocarbon-dated sediments is to sum
the calibrated probability distributions before normalizing for
preservation bias to provide a continuous model of depositional
events (Lewin et al. 2005; Harden et al. 2010; Macklin et al
2010).

Preservation can also be biased by type of depositional event
and by geological controls. In the case of extreme flood events,
if a river does not migrate actively and create new floodplains,
the record of floods is progressively filtered because only sedi-
ments from larger and larger floods are preserved (Wells 1990).
Moreover, narrow bedrock canyons preserve mainly deposits of
infrequent floods - as there is little accommodation space for
preservation of intermediate flood events — whereas wide allu-
vial reaches can preserve deposits from a wider range of flow
events (Harden et al. 2010; Harvey and Pederson 2011).

2.3 Applications of surficial geological
approaches to geomorphic interpretation

In this section, we present examples of how surficial geologi-
cal tools have been applied to some geomorphic problems. Our
emphasis is on illustrating the use of surficial geological tools
rather than completely reviewing the field.

Palaeohydrological interpretations from surficial
geological data

Surficial geological investigations of alluvium in Japan demon-
strate how the stratigraphic record can be used to evaluate the
sensitivity of the landscape to climate change and to gain insight
into long-term flood frequency. Systematic changes in gravel
facies in Japanese alluvial fans have been related to climatic
change. At present, the Japanese Islands are characterized by
frequent heavy storms. The daily maximum rainfall record
exceeds 300 mm for most of Japan, among the world’s highest
(Matsumoto 1993). About every 10 years hourly rainfall exceeds
50 mm (Iwai and Ishiguro 1970), triggering widespread slope
failure in mountainous areas (Oguchi 1996). Heavy rains occur
during the typhoon season (mostly August-October) and dur-
ing the Japanese rainy season (June-July) when the Polar front
stays over Japan. The frequent storms lead to an abundant supply
of clastic materials from mountain slopes, rapidly transported
to piedmont areas. Consequently, alluvial fans are abundant in
Japan: 490 alluvial fans each with an area of more than 2 km?
occur within the Japanese Islands (Saito 1988).
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Figure 2.8 Columnar sections of alluvial fan deposits along the Karasu River, Japan. Source: Oguchi et al, 1997. Reproduced with permission of Journal of

Quaternary Science.

Surficial geological studies of Japanese alluvial fans indicate
that Holocene climatic conditions are substantially different
from Pleistocene conditions. An extensive investigation of the
490 large alluvial fans in Japan revealed that particle size dis-
tributions of alluvial fan deposits dating from the Last Glacial
Maximum are generally finer than those of Holocene deposits
(Saito 1988). Borehole data (Fig. 2.8) at the Karasu Alluvial
Fan in an intermontane basin of central Japan show how gravel
sizes differ between the Last Glacial and post-glacial time. The
fan deposits have been supplied from the Northern Japan Alps,
which consist mostly of steep hillslopes with a modal angle
of about 35° (Katsube and Oguchi 1999). The Holocene fan
deposits include abundant coarse gravel with sandy matrix,
reflecting the fact that about 80% of contemporary alluvial fan
sediments in mountain areas of Japan are transported as bed
load (Oguchi 1997). By contrast, the Last Glacial deposits are
characterized by finer matrix including silt and clay as well as
smaller gravel sizes.

The contrasting lithofacies of these units is used to deduce
the effect of the Pleistocene-Holocene climatic transition in
Japan. Around the Last Glacial Maximum, the southward shift
of frontal zones led to significantly reduced storm intensity
in Japan, because both typhoons and the Polar front did not
attack the Islands (Suzuki 1971). The decrease in heavy rainfall
resulted in smaller sediment supply from hillslopes, lower

tractive force of stream flow and reduced sizes of transported
gravel, compared with the Holocene (Sugai 1993). The marked
change in gravel sizes also is useful for estimating the rate of
post-glacial sedimentation at alluvial fans. Subsurface con-
tours representing the boundary between the Last Glacial
and post-glacial fan deposits have been drawn for the eastern
foot of the Japan Alps using data from approximately 120
boreholes (Tokyo Bureau of International Trade and Industry
1984; Oguchi 1997). The volume between the boundary and
the present Earth surface for each alluvial fan can be com-
puted to estimate post-glacial sediment storage. The volumetric
comparison between the storage and inferred sediment supply
from upstream areas (Oguchi 1997) suggests that a significant
portion of the sediment supplied during the Holocene has been
stored in the alluvial fans. This is due to a large percentage of
coarse bedload in post-glacial fan sediments, which are not
easily transported downstream from alluvial fans.

Although clear stratigraphic evidence of slack-water deposits
is thought to be rare in humid regions because of disturbance
by bioturbation and pedogenesis (Kochel et al. 1982; Baker
1987), a study of the Nakagawa River in central Japan revealed
that well-preserved Holocene slack-water deposits can occur
in a humid region with abundant rainfall (Jones et al. 2001).
The field section of the deposits is exposed on the outer bend
of a meander in a gorge that cuts into late Pleistocene river



Figure 2.9 Photograph of the field section on Nakagawa River, showing
bedsets and laminasets used for reconstructing flood history. Photograph:
T. Oguchi.

terraces. The section is about 25 m in length and 8 m in height
(Fig. 2.9). The sediments consist mainly of sand with numerous
fine laminations and thin beds, although gravel units occur
intermittently throughout the section. Radiocarbon dating
and sedimentological analyses indicate that the deposits were
accumulated by more than 30-40 flood events during the last
500 years. The inferred recurrence interval of palaeofloods is
much shorter than that in arid to semi-arid regions and the
sedimentation rate of the deposits is much higher, which can be
explained by the frequency of large storms and their associated
sediment loads. Indeed, three major floods in 1986, 1992 and
1998 caused repeated riverside sedimentation in the watershed
of the Nakagawa River. Despite the possibility for rapid bio-
turbation and pedogenesis under a humid climate, their effects
are limited at the Nakagawa section because of very fast and
frequent sedimentation.

Catastrophic events: exceptional floods

and channel and valley-bottom morphology

on the Deschutes River, Oregon

The Deschutes River in central Oregon drains 28,000 km? of
north-central Oregon, joining the Columbia River 160 km east
of Portland (Fig. 2.10). Three hydroelectric dams impound the
river 160-180km upstream from the Columbia confluence
and the effects of these dams on channel geomorphology and
aquatic habitat have been studied by McClure et al. (1997),
Fassnacht (1998), Fassnacht et al. (1998), McClure (1998) and
O’Connor et al. (1998); most of this work is summarized in
O’Connor and Grant (2003). There are few clear effects on the
channel and valley bottom that can linked to the nearly 50 years
of impoundment because: (i) there has been little alteration of
the hydrological regime; (ii) sediment yield from the catchment
is low, so the effect of trapping sediment behind the dams is
less here than elsewhere; and (iii) much of the present channel
and valley bottom has been shaped by exceptional floods much
larger than the largest historic meteorological floods of 1964 and
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et al. 2003. Reproduced with permission of American Geophysical Union.

1996. This section summarizes studies (Beebee and O’Connor,
2003; Hosman, et al. 2003) of the ‘Outhouse Flood’ - a large,
late Holocene flood on whose deposits numerous campsite
outhouses (pit toilets) have been built.

Evidence for the Outhouse Flood, a Holocene flood (or floods)
much larger than the largest gauged floods of December 1964
and February 1996, includes high cobble and boulder bars at
several locations along the 160 km length of the Deschutes River
canyon between the dam complex and the Columbia River. The
bar forms left by the Outhouse Flood and their relation to max-
imum stages of the February 1996 flood are particularly clear at
Harris Island at River Mile (RM) 11 (Fig. 2.11) where the tops
of the cobbly bar crests are 5-6 m above summer water levels
and 1-2m above the highest February 1996 inundation. Out-
house Flood bars and trimlines are 1-7 m higher than February
1996 flood stages at many other locations also (Fig. 2.12). The
positions of coarse Outhouse Flood deposits along the inside
of canyon bends, at canyon expansions and upstream of tight
canyon constrictions are as would be expected considering the
hydraulics of a large flow occupying the entire valley bottom (for
example, Bretz 1928; Malde 1968). The rounded morphologies
with boulder-covered surfaces that rise in the downstream direc-
tion rule out the possibility that they are terraces.

The age of the Outhouse Flood is only loosely constrained.
Outhouse Flood deposits sampled from a backhoe trench at
Harris Island (Fig. 2.13) contain pumice grains from the 7700
BP (calendar years) eruption from Mt Mazama. Likely Out-
house Flood deposits at RM 62 are stratigraphically below a
hearth which yielded a radiocarbon age of 2910 + 50 **C years
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Figure 2.11 Portion of a vertical aerial photograph (WAC-950R; 10-85; 28 March 1995) of the area around Harris Island (RM 12), showing surveyed
cross-sections, locations of trenches and outlines of three flood bars that formed in this valley expansion.
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Figure 2.12 Maximum elevation of the February 1996 flood, Outhouse Flood
deposits and prominent trim lines formed in Pleistocene alluvial deposits
above Outhouse Flood bars. Elevations are referenced to river level, which
varied less than 0.3 m during the times of surveys. Surveys were conducted by
tape and inclinometer. Also included are stages of February 1996 flood
recorded at US Geological Survey gauges ‘Deschutes River near Madras'’
(Station 14092500, River Mile 100.1) and ‘Deschutes River at Moody, near
Biggs, Oregon’ (Station 14103000, River Mile 1.4).

BP (Beta-131837, equivalent to 1220-1030 BC in calibrated
calendar years) (Stuiver and Kra 1986).

Constraints on the peak discharge for this flood were esti-
mated using the Manning’s equation at a surveyed cross-section
at Harris Island (Fig. 2.14). An n value was selected to match
gauged discharge of the 8 February 1996 flood. The top of the
flood bar at Harris Island requires that the Outhouse Flood
had a maximum stage of at least 5.5 m above the summer low

Figure 2.13 Photograph of backhoe trench excavated into Outhouse Flood
bar at Harris Island (Deschutes River Mile 11; pit C of Figure. 2.11). The
deposit is composed of rounded to subrounded basalt clasts stratified into
subhorizontal, clast-supported layers distinguishable by variations in
maximum clast size. Pumice grains collected from the sandy deposit matrix
match tephra produced by the 7700 calendar year BP eruption of Mt Mazama
(Andrei Sarna-Wojcicki, US Geological Survey, personal communication
1999), indicating that the deposits are younger than 7700 years BP.
Gradations on the stadia rod are 0.3 m (1 ft). Source: US Geological Survey.

water surface. Assuming the present valley and channel bottom
geometry and the slope and roughness parameters noted above,
the discharge of the Outhouse Flood exceeded 5000 m®s~!. A
more realistic discharge estimate of 12,500 m? s™! is obtained by
assuming that the water surface was about 2.5 m higher than the
top of the bar and achieved a maximum stage of about 8 m above
the summer water surface — a value consistent with the bouldery
composition of the tops of the bars and the elevations of trim
lines upstream and downstream of Harris Island (Fig. 2.12).
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Figure 2.14 Cross-section and stages used for Manning’s equation estimates
Flood stage’ was estimated from local elevation of prominent trim lines above

of the discharge of the Outhouse Flood at Harris Island. The ‘likely Outhouse
nearby Outhouse Flood bars (Figure 2.13). Also shown is the maximum stage and

discharge for the February 1996 flood, which was gauged at 1910 m?s™" at the Moddy Gage 19 km downstream. Outhouse Flood discharges were calculated

using a measured reach-scale slope of 0.02 and a Manning’s n value of 0.045

, which was derived based on the known stage and discharge of the February

1996 flood. The cross-section corresponds to cross-section CS 3 of Figure 2.11.

These calculations can be considered conservative because they
assume no valley or channel scour and use a relatively large
Manning’s n value (0.045). These estimates indicate that the
Outhouse Flood was 2.5-5 times larger than the largest historic
flow recorded in nearly 100 years of record.

We have no evidence for the source of the Outhouse Flood,
but the distribution of similar high boulder deposits along the
entire Deschutes River canyon below the Pelton Round Butte
dam complex leads us to conclude that the flood came from
upstream of the complex rather than from a landslide breach or
some other impoundment within the canyon. The exceptionally
large discharge seems greater than could plausibly result from
a meteorological event like the 1964 and 1996 floods, although
we cannot rule out that possibility.

The effects of the Outhouse Flood on the present valley bot-
tom are clear and substantial. About 35% of the valley bottom
between the dam complex and the Columbia River confluence is
composed of cobbly and bouldery alluvium interpreted to have
been deposited by the Outhouse Flood. Additionally, the five
largest islands in the Deschutes River downstream of the dam
complex are large mid-channel flood bars left by this one ancient
flood.

The bars deposited by the Outhouse Flood have left a lasting
legacy that is relevant to assessing effects of the dam on the chan-
nel. The clasts composing these large bars are larger than can be
carried by modern floods and large portions of these bars stand
above maximum modern flood stages. Only locally are these
large bars eroded where main flow threads attack bar edges, but
nowhere does it appear that cumulative erosion has exceeded

more than a few per cent of their original extent. Consequently,
for many locations along the Deschutes River valley, the present
channel is essentially locked into its position by the coarse bars.
Modern processes — associated with pre-dam or post-dam con-
ditions - are unable to modify the valley-bottom morphology
substantially. This case study emphasizes the importance of
understanding the surficial geological and palaeohydrological
context of individual river systems before can one fully assess
the potential of environmental stresses to cause changes in
channel or valley-bottom conditions.

Land-use effects and river restoration

Land-use changes can affect runoff, sediment supply, sedimen-
tation or all of these factors, resulting in extensive changes to
rivers and the ecosystems they support (for example, Wolman
1967; Trimble 1974; Arnold et al. 1982; Trimble and Lund 1982;
Nolan et al. 1995; Collier et al. 1996; Walters and Merritts 2008).
Restoration of a river requires two critical concepts: a refer-
ence condition to define restoration goals and a process-based
understanding of how to attain the goals. Information in the
surficial geological record can be used to construct both of these
concepts. The surficial geological record is sometimes the only
source of information to describe the natural, pre-disturbance
condition in highly disturbed river basins. In particular, the
surficial geological record is a critical source of information for
determining whether restoration is necessary by providing a
long-term record of natural variation. The surficial geological
record can also be used to diagnose what has happened to
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Figure 2.15 (a) Location map of land-use effects examples. (b) Photograph
of a typical Ozarks stream, with extensive, unstable gravel bars. Source: US
Geological Survey.

degrade a river system and thereby to develop an understanding
of how to restore it.

In the Ozarks of Missouri (Fig. 2.15), for example, there has
been a pervasive belief that streams have too much gravel in
them, indicated by the large number of extensive, unstable
gravel bars. The abundance of gravel has been attributed to
massive erosion associated with timber harvest in the period
1880-1920 (Kohler 1984; Love 1990). Surficial geological
investigations of valley bottoms have provided a better under-
standing of gravel in Ozarks streams and how streams have
responded to land-use changes (Table 2.3) (Jacobson and Pugh
1992; Albertson et al. 1995; Jacobson and Primm 1997). These
investigations have documented that large quantities of gravel
were deposited in Ozarks streams throughout the Holocene
(Fig. 2.16a). This context indicates that present-day gravel
distributions are not extreme aberrations. Nonetheless, strati-
graphic sections indicate that in 4-5th-order streams, greater
quantities of gravel have been deposited over the last 60-130
years than previously, an observation that confirms popular
perceptions that the streams have been quantitatively altered
by land-use changes. A more dramatic and unexpected effect,
however, has been a decreased deposition of fine sediment (silt
and clay) over the same time interval. This observation has
focused attention on the role of riparian land use and vegetation

Table 2.3 Alloformations defined for south-central Ozarks alluvial deposits.

in providing hydraulic roughness and consequent deposition of
fine sediments (McKenney et al. 1995). The dominant mode of
aggradation of land use-derived gravel has been the lateral accu-
mulation of extensive inset point bars with greater thicknesses
than before settlement. Lateral aggradation of coarse sediment
is favoured in these watersheds because of the great quantities
of chert produced by weathering of Palaeozoic carbonate rocks.

The stratigraphic history of sedimentation in Ozarks streams
has been an integral part of studies linking land-use changes
to stream habitats and ecological processes (Peterson 1996;
Jacobson and Primm 1997; Jacobson and Pugh 1997; McKen-
ney 1997; Jacobson and Gran 1999; Jacobson, 2004). Surficial
geological tools were especially important for providing a
qualitative understanding of what Ozarks streams looked like
prior to European settlement and for identifying changes in
channel processes.

The Ozarks example of gravel aggradation provides a useful
comparison with other studies of land use-induced aggradation.
Most documented stream responses to agricultural land-use
changes in the humid, eastern half of the United States have
been dominated by aggradation of fine sediment (for example,
Trimble 1974; Costa 1975). Jacobson and Coleman (1986)
documented vertical aggradation of floodplains in several
stream valleys in the Maryland Piedmont (Fig. 2.16b). Vertical
aggradation of overbank sediments was dominant because of
the abundance of fine sediment produced by weathering of
metasedimentary rocks in these watersheds, because of propor-
tionately greater increases in sediment supply compared with
increases in runoff for a given increase in agricultural land use
and because many of the valley bottoms were occupied by mill
ponds that served to retain sediment (Walters and Merrits 2008).
In the past 60 years or so, vertical aggradation has been replaced
by lateral aggradation of sand and gravel as soil-erosion controls
have decreased fine sediment loads. In addition to focusing
attention on the role of sediment supply in basin instability, the
alluvial stratigraphic record in the Piedmont indicated which
valley-bottom surfaces were appropriate to use for measuring
bankfull channel dimensions (Coleman 1982). Moreover, the
surficial geological history documented the large quantity of
floodplain sediment that could be remobilized and delivered
rapidly to streams as a result of lateral migration.

Alloformation

Lithological and pedological features

Age range (calibrated
calendar years)

Cookesville Actively aggrading point bars, alternate bars and channel; sand, gravel and cobbles; negligible pedogenesis

Happy Hollow Stratified sand and gravel on low valley-bottom surfaces; very weak soil structure; multiple A-C horizons

Ramsey Sandy silt overbank and gravel bottom stratum; cambic B horizons. A-Bw-C1 soil profiles

Dundas Loamy overbank and gravel bottom stratum; weak argillic B horizons, partly oxidized with 7.5YR4/4-5/4
colours. Ap-Bw-Bt—C soil profiles

Miller Silty, thick overbank deposits and gravel bottom stratum; moderate to well-developed soil structure with

Present-1850 AD
Present-1650 AD
1650-550 AD

50 Ap—1050 BC

2350-8050 BC

oxidized B horizons with 7.5YR5/6 colours. Ap—Bt-C soil profiles

From Albertson et al. (1995).
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Figure 2.16 Stratigraphic cross-sections. (a) From Missouri Ozarks, showing post-settlement aggradation of coarse-grain, point-bar and channel facies and loss
of fine, overbank facies. Land use-induced aggradation is shown to be dominantly lateral accumulation of coarse-grained Cooksville and Happy Hollow
alloformations, Table 2.3. (b) From Maryland Piedmont, showing post-settlement, vertical floodplain aggradation by fine, overbank and millpond facies. Vertical
floodplain aggradation was succeeded by deposition of coarse channel and floodplain deposits when the sediment supply was decreased (Jacobson and
Coleman 1986). Source: Coleman et al, 1982. Reproduced with permission of Derrick Coleman, John Hopkins University.

2.4 Summary and conclusions

Surficial geological tools fill an important role in fluvial geo-
morphic studies. Sedimentology, geochronology, pedology and
stratigraphy in combination can extend the record of river
dynamics and provide essential context for predictive under-
standing. The chronicle of geomorphic changes preserved in
alluvium, although subject to gaps and requiring interpretation,
is primary evidence for how a river system has responded to
past environmental stresses. Understanding of past dynamics
improves prospects for assessing the present state of the river
and for constraining predictions of future behaviour.

A holistic understanding of alluvial deposits requires the
application of many disciplines, each of which has substantial
complexity of its own. One of the most critical decisions in the
application of surficial geological tools is how to limit a study,
to collect data that are most efficient in addressing the geomor-
phological question at hand. Some geomorphological questions
can involve relatively simple approaches. For example, creation
of a flood hazard map may require simply mapping out Recent

and Late Holocene deposits using hand augers and lumping the
remainder of valley bottom deposits into a low-hazard category.
In this situation, a small investment in surficial geology could
produce substantial increases in understanding. In contrast,
palaeohydrological and palaeohydraulic studies to reconstruct
the effects of climate change over the last 15,000 years would
require a great deal more information from a similar floodplain.
Such investigation could include detailed lithofacies maps,
detailed definitions of allostratigraphic units, palacochannel
and palaeohydraulic reconstructions, numerical dates from
multiple sources and environmental indicators of climatic con-
ditions. In this type of situation, a substantial investment of time
and effort could yield large quantities of detailed information
on the timing and magnitude of geomorphological changes.
Inevitably, however, there must be diminishing marginal
returns on the investment in surficial geological data. At some
point, the geologist runs into the holes between the sediment
(Ager 1993) or finds that past conditions are inadequate ana-
logues for future conditions. At this point, the geomorphologist
must turn to more complete sedimentary records (such as lakes
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or oceans) or other analytical tools to develop predictive under-
standing. In our experience, we have found that predictive tools
have much greater utility when they are selected and calibrated
based on the surficial geological record of the past.
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3.1 Introduction

Geomorphology and archaeology have strong historical and
methodological links. Indeed, the origins of both geomorphol-
ogy and archaeology lie in 18th and 19th century geology.
The sub-discipline of geoarchaeology, defined as the use of
geological and geomorphological methods in archaeology, has
a long history (Zeuner 1945), even if the term is relatively
new and of North American origin (Brown 1997). Geoarchae-
ology and its variants, archaeogeology (Renfrew 1976) and
archaeological geology (sensu Herz and Garrison 1998), all
seek to answer archaeological problems using techniques from
the Earth Sciences (Waters 1992). The subject of this chapter
is subtly different, as it is the use of archaeological evidence
to answer questions concerning Earth surface processes and
history, i.e. geomorphology. Although the most obvious way in
which archaeology can be a tool in geomorphology is by dating
sedimentation or erosion and thereby establishing rates of flux,
there are many more applications including the identification
and reconstruction of forcing factors on the Earth system (e.g.
climate) and the history of human influences on Earth surface
processes.

Archaeology can date erosion or deposition at the 10°-10*
year time-scale, and occasionally the temporal phasing of sites
can be converted into a spatial phasing of erosional or deposi-
tional segments of the landscape, providing rates of erosion or
deposition through site formation and destruction processes
(Schiffer 1987). Examples include the use of tells or house
mounds for estimating erosion rates (Kirkby and Kirkby 1976),
the use of site distribution for erosional surveys (Thornes and
Gilman 1983) or the use of artefacts and sites in the studies of
river channel changes (Brown 2008). A second value of archaeo-
logical data is their potential to provide information concerning
processes and environmental change. This approach has a ven-
erable history in North America and particularly the American
South West (Antevs 1935, 1955; Holliday 1992; Waters 1992).
Environmental change, and particularly denudation history, in
the Mediterranean has also been approached using archaeo-
logical data (Vita-Finzi 1969; Brown 2000) whereas only more
recently have archaeological tools been extensively used in

northwest Europe and the rest of the world. Environmental
histories often reveal the role of humans in modifying of the
physical environment, to the point where it is now believed that
human agency may be the dominant geomorphological factor,
in mass-flux terms, on the surface of the Earth in what has been
termed ‘The Anthropocene’ period (Zalasiewicz et al. 2011).
But for a geomorphological critique of this idea see Brown et al.
(2016).

3.2 General considerations in using
archaeological evidence in geomorphology

Artefacts can give geomorphologists a datum point and
sometimes a date that is either imprecise (e.g. Mesolithic)
or remarkably precise — sometimes even a calendar date (e.g.
from inscriptions and coins). However, the values of the datum
and date are dependent upon the origin of the artefact - if in
situ it may record a landsurface, or if transported a depositional
event. Clearly, the transport history of an artefact is a function of
its origin and mass; small pottery shards are easily transported
by rivers whereas blockwork from stone bridge piers rarely
travels far. It must also be remembered that the discovery and
use of such data are often a function of system behaviour such
as the retreat of a river bank section or gully incision. As archae-
ological evidence is commonly found in floodplain sediments,
tools used for analysing floodplain sedimentation (Chapter 2)
are applicable. Organic artefacts may also be found, either pre-
served through desiccation (e.g. from human bodies to seeds)
or waterlogging preventing aerobic decay. Examples include
wooden artefacts such as bowls, tools and figurines (Coles
and Coles 1989) and basketwork as associated with Mesolithic
(Middle Stone Age) fishing on the Seine, France (Mordant and
Mordant 1992) and Neolithic (New Stone Age) fishing on the
River Trent, England (Brown 2009a). Environmental materials
such as timbers, dated by *C and dendrochronology methods,
have been used in the construction of a sedimentary model of
river confluence evolution also on the River Trent (Brown et al.
2013). Animal and human bones may also be preserved as in
the Bronze Age log jam in the River Trent, UK (Howard et al.
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2000) There is clearly a preservation bias here and this greatly
reduces the occurrence of such evidence in seasonally variable
and tropical climates.

The most common and most valuable source of archaeological
data is the exposure or section face. Visual searching can in the
case of coins or other metal objects be augmented by the use of a
metal detector. Finds should be located precisely on field draw-
ings and depth logged. Artefacts on the ground surface, residual
in archaeological terminology, have little dating value. Spot dat-
ing of pottery can be difficult or impossible and it should be
remembered that much archaeological dating relies on associ-
ations between artefacts and is therefore not completely reliable.

3.3 Archaeological tools

A summary of the most common archaeological tools is given in
Table 3.1 along with their potential and disadvantages. A more
detailed discussion including selected examples is given below.

Hearths and lithics

In many sedimentary sequences in both the Old and New
World hearths, charcoal from hearths and stone tools can be
used as stratigraphic markers. Although charcoal is chemically
ideal for conventional radiocarbon dating the most common
problem is reworking so the charcoal must be in situ, otherwise
it can only yield a maximum age for deposition. An example
of a study that uses charcoal dating of hearths is the work
of Baker et al. (1985) on slack-water deposits in Northern
Territories, Australia. Indeed, in most studies of slack-water
deposits, charcoal is the major material dated. It has also been
extensively used in the determination of alluvial chronologies
of arroyos in the southwestern United States (Waters and Nordt
1995). Flints can be dated using electron spin resonance, but it
is rarely of sufficient precision for geomorphological studies. It
is also theoretically possible to date artefacts using cosmogenic
radionuclides (CRNS, e.g. 1°Be and 2°Al) (Brown 2011a); how-
ever, this offers no advantages and several disadvantages over
CRN dating of other clasts within the sediment body.

Pottery and small artefacts

Pottery is often the most common artefact in sediments after
ceramic civilizations appear. If large enough and of a diagnostic
type it can be dated, although there are problems with on-site
so-called ‘spot dating’ as it can be unreliable. When interpreting
occasional pottery shards in a sediment body, some thought
should be given as to their provenance and therefore their pos-
sible antiquity prior to incorporation into the sediment body.
Abraded shards that have been transported downstream may
well have been eroded from older sediments and can only ever
yield a maximum possible date of the sediment. However, in
floodplain and colluvial sequences, unabraded pottery is likely
to have been incorporated into the sediment directly and is less
likely to predate incorporation significantly. There also exists a
serious sampling problem with pottery. One or two shards can
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easily give a false impression of antiquity, when a systematic
search can provide a wide range of pottery ages (Brown 2009b).
In this case, the youngest pottery can be used to provide a max-
imum age of deposition. If pottery cannot be dated stylistically,
then it can be dated using thermoluminescence (see Chapter 6
for a description of this method). A pottery date derived in this
way can then be compared with direct sediment dating using
optically stimulated luminescence (Brown 1997).

Structures

Structures record a stable landsurface or, in the case of quays
and docks, a relative sea level. House floors or foundations can
provide a datum in an aggrading sedimentary sequence. Bridges
are particularly useful since they record both ground level and
the location of a channel, and also in some cases provide some
idea of the size of the channel. This is exploited in one of the case
studies described later in this chapter. In the Old World, Roman
bridges are particularly common and can be used to estimate
the post-Roman overbank deposition rate (Figure 3.1). One
cautionary point is that some bridges, those with stone piers in
or at the edge of the channel, do influence channel processes
and so may lead to a biased view of river behaviour. Quays and
docks can be related to a sea level, and when (as is commonly the
case in the Mediterranean) they are now submerged or elevated,
then relative sea level must have changed. A good example of
this is the 600 m long jetty of the Roman port of Leptiminus in
Tunisia, which now lies 0.6 m below sea level due to neotectonic
activity (Brown et al. 2011). The inland preservation of old
quays, docks and ports is some of the strongest evidence of high
sedimentation rates in the Classical and post-Classical Mediter-
ranean. Structures may also provide evidence of geological
events with geomorphological implications. The most obvious
is earthquake damage to ancient buildings. In some cases,
the earthquake history can be linked to changes in drainage
patterns (Jackson et al. 1996) and other geomorphic events
such as landslides. Indeed, both neotectonic studies in the Old
and New Worlds have frequently used archaeological evidence
(Vita-Finzi 1988; Keller and Pinter 1996).

Many Old World rivers and increasingly rivers in the Amer-
icas and Australasia are so controlled by artificial banks, weirs
and even roofs so that they have in effect become archaeological
or historical structures themselves. Recent surveys along the
Thames in London and along several French rivers have located
thousands of structural remains such as wharfs, quays, revet-
ments, weirs, bridges, culverts and even dwellings (Dumont
et al. 2009; Thames Discovery Programme 2012) and this has
practical consequences for river management both in terms
of physical control or restoration and in terms of heritage
conservation. The implication of structures, particularly weirs,
for long-term system dynamics is only now being fully appre-
ciated. Indeed, the classic view of channel form and floodplain
morphology has been challenged by the proposition that for
mid-Atlantic and western streams of the United States, form
is largely a legacy of the impoundment of the valley floors
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Table 3.1 Summary of archaeological tools in geomorphology.

Archaeological Geomorphic Advantages Disadvantages
data use
Pottery Dating Can be precise and the only dating evidence Can greatly overestimate the age or be unreliable
available
Tracing Can indicate potential sediment sources Is more easily transported than the equivalent
sediment size
May have been reworked
Coins Dating Can be precise and the only dating evidence May have been reworked and/or in circulation for
available many years
Hearths Dating Can provide relatively pure carbon for '*C dating Must be in situ otherwise the date will be
Can provide information on the prevailing ecology overestimated
Alluviation rate Provides a datum for calculation of the Must be in situ otherwise the date will be
accumulation rate overestimated
Bone Dating Extraction of collagen provides C for '*C dating May be transported and can be contaminated
Earthworks Geomorphic Can indicate age and conditions of a slope to limit Slope evolution affected by the earthwork so
stability estimates of landscape change location is not random
Erosion rate Degradation or gullying of the feature can provide The age and initial height must be known and the
estimation an estimation of erosion rate assumption made that the artificial slope is in
some way representative of natural slopes
Middens Shoreline location Middens composed of discarded mollusca can Must be accurately dated, which can be difficult

Land divisions:
banks and walls

Stonework

Structures:
buildings

Structures:
bridges

Structures:
quays, wharves,
jetties

Structures:

wooden

Wood: tree rings

Structures: wells,
cisterns,
aqueducts,
drains, etc.

Legacy sediment

and sea-level
estimation

Erosion and
colluviation rate
estimation
Weathering rate
estimation

Ground surface

Channel and
ground level
information

Shoreline location
and sea-level
estimation

Dating

Palaeoclimatic
reconstruction

Palaeohydrological
estimation

Sedimentation
rates; geomorphic
impacts

indicate location of past shorelines of lakes or the
sea and can be used to constrain height
estimations

Depths of sediment behind banks and walls can
provide minimum estimate of within-field erosion
and translocation

Depth and character of stone weathering can be
estimated in relation to areas of surface protection
or metallic components

Most buildings can be related to past surface level
from steps doorways, etc. If buried, can indicate
accumulation rate, or if elevated, an erosion rate
Indicates past channel location, can constrain
estimates of channel width, depth and even
discharge and can give contemporary floodplain
height

These structures can indicate past shorelines and
provide evidence for past relative sea levels

May be able to provide a calendar date by *C or
dendrochronological dating and this can allow the
phasing of sedimentation with unparalleled
temporal precision

Using the variation in ring width it is possible to
reconstruct past growing season conditions
particularly precipitation

Can provide indications of past groundwater levels
and possibly surface water discharge

Identifies stratigraphic location of pre-disturbance
cultural evidence

Integrates environmental impacts of cultural
activities in watershed

May have been subjected to neotectonic effects

Wall or bank pre-dated accumulation of sediment
Date of a wall or bank is often unknown

Cut stone weathering is related to natural
weathering rates

Age of stonework must be known

Must assume no past re-cutting or cleaning of
faces

Date of building must be known and period that
relates to ground surface. Some structures
constructed below and others above ground level
Bridge may have altered local geomorphic rates
Must assume there was no other channel on
floodplain and bridge locations were
representative of entire river reach

Must be able to be dated

Relationship to sea level (or tidal range) must be
known or estimated

Neotectonic effects must be recognized

Tree-ring dating requires suitable species (e.g. oak)
and wood of sufficient diameter (15 cm
minimum), wood can be reworked and re-used

Only possible for a few species (e.g. oak) and
difficult to calibrate unless part of the chronology
can be related to a documentary series (e.g.
precipitation or streamflow record)

Many assumptions: both chronological and
hydrological, for cisterns, aqueducts, drains, etc.,
it must be assumed that design Q was an accurate
estimation of prevailing hydrological regime (see
text)

Not preserved in all locations; evidence obscured
by high water tables




Figure 3.1 The remains of a Roman bridge across the river Treia in Central
Italy.

by water-powered mills (Walter and Merritts 2008). A simi-
lar anthropogenic trajectory can be seen in European rivers,
although it took place over a much longer period and was driven
initially by agriculturally induced sedimentation (Lewin 2010).
The realization of this ‘artefactualization’ of lowland rivers
has management implications in that sustainable restoration
designed to maximize ecosystem services must be predicated
on the awareness that such rivers are imprisoned in the banks
of their history.

Palaeohydrological data from archaeology

Since many archaeological structures were originally designed

to carry or store water under certain circumstances, their

dimensions can be used to estimate some parameter of the

past hydrological regime. Examples of such structures include

dams, aqueducts, water supply structures (leets), wells, cisterns,

connecting tunnels, channels for mining (ground sluicing)

and drainage ditches. There are, however, significant method-

ological problems and convincing studies are rare. Assuming

the structure can be accurately dated there remain several

assumptions:

1 the function of the structure is in no doubt;

2 the design capacity is a reasonable indicator of prevailing
hydrological conditions;

3 the full instantaneously functioning system is known (e.g. the
number of functioning channels or pipes).

Dams have been used to estimate rainfall in arid regions
associated with floodwater farming (Gilbertson 1986), and
Gale and Hunt (1986) attempted to use floodwater farming
structures in Libya to reconstruct water supply during the
Roman period. They used the Darcy-Weisbach equation and an
expression for roughness in turbulent flow in rough channels.
Aqueducts, leets, and mining channels (for ground sluicing)
can be used to calculate discharge and thereby estimate min-
imum precipitation. Drainage and artificial channels used in
mineral processing should also reflect the prevailing hydro-
logical conditions and water supply capacities of the system.
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Bradley (1990) attempted to use the dimensions and slope
of tin streaming (alluvial mining) channels to estimate Late
Medieval stream powers in southwest England and he used this
estimate to support the observation that downstream floodplain
and channel sediments were relatively enriched in cassiterite
content of the >63 um particle size fraction. Masonry drainage
structures can also provide palaecohydrological data, an example
being the hydraulic analysis by Ortloff and Crouch (1998) of
a complex outlet structure in the Hellenistic city of Priene in
modern Turkey, which provided evidence for a lower bound
estimate of steady-state water supply to the city. Shallow wells
have considerable potential to indicate past water-table height
(or a minimum altitude), but a regionally based realization of
this potential has yet to be attempted. One of the values of using
archaeological data is that it provides paleoclimate information
for regional water budgets, which is essential to understanding
climate change.

Artefacts and fluvial processes

The characteristics of archaeological tracers and the deposits
in which they occur may indicate important aspects of their
source, mode of transport and age. Careful observations should
be made to determine the condition of artefacts, whether
they occur in primary positions of human deposition or in
secondary deposits, and the geomorphic setting. For example,
the amount of abrasion on individual artefacts may indicate
distance from their source. Abrasion increases downstream,
as has been shown with modern facsimiles of flint hand axes
(Harding et al. 1987; Macklin 1995). Concentrations of tracer
materials generally decrease with distance downstream due
to dilution by barren sediment from local storage sites and
from tributaries. The shape and density of artefacts may affect
transport distance. For example, disk-shaped blades will travel
further than more spheroidal axe and hammer heads, and bone
will travel further than stone in a given flow environment.
In addition to downstream travel distance, these factors may
influence the lateral distance across floodplains that artefacts
travel away from channels during large floods.

Mining sediment as tracers

The link between cultural activities and sedimentation is
particularly well expressed by mining. Mining sediment not
only provides evidence of fluvial processes, but also provides
prime examples of fluvial responses to human alterations of
the environment. All extractive mining and mineral processing
produces some waste, which is either separated using rivers,
is deliberately added to rivers, or eventually enters rivers via
natural geomorphic processes. This line of geomorphological
research can be traced back to the classic study by Gilbert (1917)
of mining in the Sierra Nevada, which produced more than
10° m? of sediment (Gilbert 1917; James 1999). Several workers
have distinguished between two types of sediment transport:
active transformation where the fluvial system is transformed by
the introduced waste (e.g. Gilbert’s study) and passive dispersal
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where sediment markers are passed downstream mixed with the
natural sediment without causing a substantial change in chan-
nel morphology (Lewin and Macklin 1987). Although useful,
this distinction describes a continuum of possible conditions
based on the degree of fluvial change and the potential to detect
that change. The ability to distinguish mining sediment from
other alluvia can be problematic. Mining is often accompanied
by other land-use and river hydraulic changes, such as agri-
cultural intensification, deforestation or construction of levees,
so sediment loads may increase indirectly from other sources
(Mossa and James 2013). Some of these questions are discussed
in the case studies presented later.

Mining sediment is often studied because it forms distinctive
stratigraphic units that can be recognized throughout a river
course, dated, and related to specific cultures or activities. For
example, the presence of slag material in floodplain deposits
provides evidence of alluvium deposited after the 13th century
as described in Case Study 3. Mining often amplifies back-
ground sediment loads by more than an order of magnitude,
as was shown in a basin-wide analysis by Gilbert (1917) and
demonstrated in a paired-watershed study of strip mining in
Kentucky (Collier and Musser 1964; Meade et al. 1990). Several
studies have documented severe alluvial sedimentation and
channel morphological changes below mines in Great Britain
(Lewin et al. 1977; Lewin and Macklin 1987) and North America
(Gilbert 1917; Graf 1979; James 1989; Hilmes and Wohl 1995;
Lecce and Pavlowsky 2001; Knox 2006).

Mining sediment is often rich in metals (Reece et al. 1978;
Leenaers et al. 1988). The distinct signature of heavy metals
associated with many mines often allows a local metal stratig-
raphy to be developed downstream of mines (Mossa and James
2013). For example, Knox (1987) was able to correlate floodplain
strata with elevated concentrations of lead and zinc with peri-
ods of mining in southwest Wisconsin. Wolfenden and Lewin
(1977) and Graf et al. (1991) developed similar chronologies for
rivers in Wales and Arizona, respectively. Sediment sampling
for evaluation of metals requires an understanding of fluvial
transport processes and depositional environments. Heavy
metals are often concentrated in the fine fraction of sediment
due to sorting processes of the denser metalliferous particles,
i.e. the principle of hydrodynamic equivalency (Rubey 1938).
In mining sediment, however, the presence of multiple pop-
ulations, including coarse metal particles, fine metal particles
and coatings on or inclusions in particles of various sizes and
densities, may complicate this relationship. The importance
of particle coatings varies with the metals being sampled and
ephemeral environmental factors such as pH, which encourage
speciation into oxide, hydrous oxide and other phases. Most
studies perform chemical analysis on a sand fraction isolated
by sieving. Sampling and sieving should be performed with the
minimum use of metal tools to avoid contamination. In a com-
parison of laboratory methods, Mantei et al. (1993) found that
metal concentrations were homogeneous in the very fine sand
grade, that splitting samples into quarters was not necessary

and that crushing followed by sieving should not be done prior
to chemical analysis.

Changes in metal concentrations below a source are often
modelled as a simple downstream logarithmic decay function
(Wertz 1949; Lewin et al. 1977; Wolfenden and Lewin 1978).
Marcus (1987) showed that the downstream decay in copper
was largely due to dilution by sediment from non-mining
tributaries. Graf (1994) described the complexities involved in
mapping downstream changes in plutonium and demonstrated
a general decrease in concentrations downstream in tributary
canyons to the Rio Grande. At the channel-reach scale, metal
concentrations may vary greatly with geomorphic position.
For example, Ladd et al. (1998) sampled 12 metals in seven
morphological units of a cobble-bed stream in Montana. They
found that concentrations varied between units; for example,
eddy drop zones and attached bars had high concentrations
whereas low- and high-gradient riffles and glides had low
concentrations.

3.4 Legacy sediment

A growing need to recognize the impacts of past climate change
and to separate these from changes caused by human activities
has led to a need to understand potential links between sed-
imentation events and cultural activity. Thus, the traditional
use of fluvial geomorphology as a tool in geoarchaeology is
often reversed and archaeological evidence is used to interpret
episodic sedimentation events. Where human activity was
substantial, rarely can the effects of climate and anthropogenic
change be completely separated on the basis of stratigraphic and
sedimentological evidence alone. Knowledge of the location,
timing and intensity of contemporary land use, along with an
understanding of sediment processes, can, however, greatly
constrain the possibilities and lead to a refined understanding
of the interplay between climate and human activities. These
concepts can be illustrated through the study of legacy sediment,
that is, anthropogenic deposits generated by episodic erosion
and sedimentation.

Evidence of environmental disturbance

and fluvial adjustments

Episodic sedimentation generated by human land-use change,
such as deforestation, ploughing for agriculture and mining,
may be sufficiently severe to cause channel and floodplain
aggradation that is preserved in the alluvial record. Aggra-
dation is often followed by a period of recovery in response
to relaxation of the causative factors (reforestation, cessation
of mining, etc.) and channel incision that leaves sediment
stored on floodplains. Together, the aggradation and incision
have been referred to as an aggradation-degradation episode
(ADE) (James and Lecce 2013) and the stored sediment that
remains as legacy sediment. Although anthropogenic processes
cannot be completely separated from climate-change processes,



designation as legacy sediment implies an interpretation that
anthropogenic processes played a substantial role in the sedi-
mentation event. Hence some evidence of changes in land-use
intensity should be demonstrated before defining deposits as
legacy sediment. The presence of legacy sediment is an indicator
of past cultural activity with a substantial environmental impact.
It may be linked to land clearance or resource extraction and
may signal substantial changes in population densities, land-use
technology or socioeconomic changes such as the introduction
of external markets for an export economy (Brierley et al.
2005). Recognition of legacy sediment is important to stream
restoration and understanding fluvial processes. For example,
much of classical fluvial theory from the mid-20th century was
based on stream channels in the mid-Atlantic region of the
United States; more recent work indicates that many of these
streams were dominated by legacy sediment stored behind mill
dams (Walter and Merritts 2008).

Legacy sediment — often referred to in different terms - is
common in the Old World settings, where they may correspond
to cultural events of great antiquity (Brown 1997; Lang et al.
2003; Hoffmann et al. 2008; Macklin and Lewin 2008) and in
MesoAmerica (Beach et al. 2002). Legacy sediment in temperate
North America and Australia is commonly associated with the
relatively sudden introduction of agricultural, silvicultural and
mining technologies from Western Europe and subsequent
accelerated erosion and sedimentation (Knox 1972, 2006;
Magilligan 1985; Lecce and Pavlowsky 2001).

The pristine New World myth

From the perspective of most fluvial geomorphologists working
on alluvial stratigraphies in many areas of the New World, such
as temperate North America and Australia, pre-Columbian
land uses had limited impacts on sedimentation rates, often
constrained to local deposits. This has led to a general concept
in much of the fluvial geomorphology community in these areas
that pre-Columbian cultures were not highly effective in gen-
erating sediment and that, in contrast, the arrival of European
agriculture rapidly generated vast quantities of sediment. In con-
trast, however, many anthropologists and cultural geographers
have challenged for decades the concept that pre-Columbian
societies in the New World were environmentally benign and
refer to this as the Pristine Myth (Denevan 1992, 2003; Butzer
1996; Redman 1999). Population densities in North America
were much higher than previously estimated and substan-
tial environmental changes were generated by these robust
populations. These concepts, which represent an apparent
contradiction between the common perception of many fluvial
geomorphologists and many anthropologists, require attention.
First, it is essential to differentiate between geomorphic and eco-
logical impacts before addressing the question of environmental
changes in the New World (James 2011, 2013). The impact of
pre-Columbian societies on ecosystems was likely pervasive, but
this is a separate issue from the relative geomorphic effectiveness
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Figure 3.2 Pre-Columbian agriculture in North America. Adapted from James
(2011), Denevan (1992; Extensive agriculture) and Butzer (1990; Intensive
agriculture).

of pre-Columbian societies in the New World. Second, it would
be folly to address this question without acknowledging geo-
graphic variations in cultural activity and landscape sensitivity.
Maps of pre-Columbian agricultural intensity presented by
Butzer (1990) and Denevan (1992) and adapted for North
America by James (2011) show strongly non-uniform spatial
patterns of intensive agriculture indicating that pre-Columbian
sedimentation is highly unlikely in many areas (Figure 3.2).
Some studies have documented local pre-Columbian alluvial
deposits, but many more such studies are needed to constrain
the spatial and temporal distribution of these deposits. As a
counterpoint to this debate, Butzer (1996) has argued that the
assumption of pervasive post-Columbian legacy sediment is
ill-founded. He notes that European settlement, especially by
Spaniards in MesoAmerica, was often accompanied by a strong
land-use ethic and relatively little sedimentation over the last
four centuries. In general, legacy sediment can be an extremely
useful tool for recognizing cultural horizons in alluvial strati-
graphies, computing sedimentation rates and identifying links
between cultural activity and environmental impacts. Simple
scenarios of land-use change and aggradation-degradation
episodes should not be assumed, however, and a serious effort
should be made to understand pre-existing conditions and the
nature of perturbations leading to sedimentation. More work is
needed on analysing the sediment underlying legacy sediment
contacts.

3.5 Using archaeological data: case studies

In this part of the chapter, a series of case studies are used to
illustrate how archaeological data can be used to answer geo-
morphological questions. The examples are taken from different
climatic regions and cover different time-scales.
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Case study 1. Fluvial reconstruction from bridge
structures on the River Trent, UK

Archaeological finds can provide both the opportunity and
raison d’étre for the reconstruction of past geomorphic and
hydraulic conditions. The exploitation of aggregate from large
areas of the Middle Trent floodplain in central England has
allowed the excavation and recording of hundreds of archae-
ological finds, including human and animal skeletal remains,
log-boats, fish weirs, anchor weights, revetments, several bridges
and a mill. Together with ‘natural’ finds such as tree-trunks,
organic palaecochannel sediments and flood debris, this has
allowed a geomorphological reconstruction of the Holocene
evolution of the Middle Trent floodplain based on both an
archaeological and radiocarbon chronology. From Heming-
ton and surrounding investigations, a partial fluvial history is
postulated in Table 3.2.

The Middle Trent has been characterized by channel change
throughout the Holocene. The absence of a high slope
(Hemington-Sawley average only 0.0006mm™!) is most
likely due to a rapid downstream increase in discharge from
the four major tributaries that enter the main channel in under
40 km, the flood characteristics of two of these tributaries and
an abundant supply of unconsolidated or cemented sandy
gravels provided by the low and wide Devensian terraces. The
unusual width of the Late Devensian (OIS 3-2) gravel terraces

here is due to proximity to the Devensian ice margin, which
was less than 30km upstream. The early to mid-Holocene
data are largely derived from palaeochannels whilst the late
Holocene period is known in most detail due to the occurrence
of buried bridges (Figure 3.3), a mill and weir and abundant
other evidence of channel change. Several geomorphologists
have attempted to use archaeological structures to quantify
geomorphological parameters. This is based on the rationalist
assumption that structures such as bridges, weirs, etc., were
built to contain a certain flow, and functioned by containing
a run of flows. In some cases, destruction of the structure
by a flood can also be used to estimate the magnitude of the
event. Geomorphological studies of three Medieval bridges
buried under gravels in the floodplain of the Middle Trent
have employed several of these techniques, including simple
slope-area calculations of discharge from channel dimensions,
HEC-II flow modelling and palaeohydraulic calculations based
upon transported and non-transported clasts (Brown 2009c,
2011b). The sedimentology, the archaeology and the pattern of
palaeochannel fragments suggest that this reach of the Middle
Trent was highly unstable during the Holocene and especially
the last 1000 years. The sedimentology suggests relatively shal-
low, unstable channels eroding and depositing sand and gravel.
The predominant sedimentological features, horizontal and
low-angle bedding with shallow channels, suggests a locally

Table 3.2 A chronology of the channel change Hemington—Sawley reach of the Middle Trent derived largely from geoarchaeological studies.

Period Channel type Sites Notes
Windermere Meandering Hemington, basal channel peat (Brown 2008) Down-cutting into terraces and bedrock
Interstadial
Loch Lomond Braided Hemington basal gravels (Brown 2008), Church Deposition of basal ‘Devensian’ gravels and
Readvance Wilne (Coope and Jones 1977; Jones et al. 1977), intense frost action creating polygons
Attenborough (BGS, A.G. Brown unpublished)
Mesolithic Low sinuosity, possibly Shardlow-stocking palaeochannels (Challis 1992; Some avulsion leaving linear palaeochannels,
multiple-channel Knight and Howard 1994), which are often over 1 km from the present
(anastomosing) Repton (Greenwood and Large 1992), A6 Derby channel
By-pass (A.G. Brown unpublished), Attenborough
(BGS, A.G. Brown unpublished)
Neolithic Multiple channel-braided, Hemington (Clay and Salisbury 1990), Colwick Fishweirs and black oaks in small, shallow channels
low sinuosity (Salisbury et al. 1984), Langford and Besthorpe
(Knight and Howard 1994)
Bronze Age Meandering? Colwick (Salisbury et al. 1984), Collingham (M. T. Little evidence except at Colwick and downstream
Greenwood, personal communication)
Iron Age and Meandering, sinuous, Holme Pierrepoint (Cummins and Rundell 1969) Palaeochannel associated with settlement at
Roman point-bar sediments Sawley and evidence of settlement on the terraces,
excavated site RB site at Breaston (Todd 1973)
6th-9th Meandering, highly Hemington (Brown et al. 2010) Large palaeochannel dated by radiocarbon and
centuries AD sinuous palaeomagnetics
11th-13th Braided, unstable Hemington, Colwick (Salisbury et al. 1984), Channels associated with the bridges
centuries AD Sawley palaeochannel
17th-19th Anastomosing to single Hemington Avulsion sometime between 15th and 17th

centuries AD

19th-21st
centuries AD

channel, moderate to low
sinuosity
Meandering, stabilized

Map and documentary evidence

centuries from the Old Trent to the modern Trent

Embanked, partially regulated and engineered,
construction of the Trent and Mersey canal,
Sawley cut and Beeston canal




Figure 3.3 Photograph of last (13th century) Medieval bridge after
excavation at Hemington showing a bridge pier and baffle at the upstream
end. Source: Richard Buckley, Director, University of Leicester Archaeological
Services.

braided river, which is in agreement with the low sinuosity of
the channels during the early Medieval period. However, the
preservation of old palaecochannels and archaeological features
(such as the mill and bridges) and the avulsion of the channel
sometime between the 15th and 16th/17th centuries suggest
that the river underwent a braided and anastomosing phase
before returning to a single-channel meandering form. The
typical form of both braided and anastomosing reaches has
been used in a generalized geomorphological model of the
reach from the 8th to 19th centuries (Figure 3.4).

It is impossible to accommodate both the archaeology and
the palaeochannels unless the reach has at least two (preferably
three) functioning channels and the evidence suggests that there
was a migration of channels eastwards, leaving a Prehistoric
meander core, but that a functioning westerly channel remained
(even if small) until an avulsion sometime between the 15th
and 16th/17th centuries led to the abandonment of the easterly
channel (Old Trent) and conversion of the westerly channel
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into the only permanent channel in the reach. Associated with
this change in channel numbers is a drop in main channel
sinuosity, as would be expected during a period of braiding
and high bedload movement through the reach. This model,
therefore, suggests that this reach of the Trent went from being
a meandering single-channel river in the early Medieval period
(6th-9th centuries) to a braided river in the 10th-11th centuries
back to a single-thread meandering river by the end of the 17th
century, probably passing through an early wandering-gravel
bed phase and a later transitional anastomosing phase. This is
a classic example of medium- to long-term metamorphosis of a
river channel and floodplain. The processes responsible for this
change are large floods, particularly those generated in the Pen-
nine uplands, and an increase in the transport of bedload into
and through the reach. The trigger for this remains unclear but
may have been floods, probably rain on snow, that occurred dur-
ing the 11th-13th centuries, a period that has been labelled the
‘Crusader cold period’ and is part of the Late Medieval Climatic
Deterioration. The cycle of channel change is clearly related to
abundant bedload supply and high sediment transport rates
and can be viewed as channel adjustment to a pulse of sediment
which was, through channel metamorphosis, deposited into
floodplain storage. The nature of the reach (shallow channels)
was taken advantage of for the construction of bridges, the
builders presumably being unaware of the transitory nature of
the channel conditions or constrained by the geography of the
route. The climate changes of the Late Medieval period and early
modern period are now considered probably to have been the
most dramatic in the Holocene (Rumsby and Macklin 1996) and
the Middle Trent is particularly sensitive to changes in hydrom-
eteorology. This is not to say that there were no human impacts
on these events, as deforested uplands are far more likely to
produce large rain on snow events due to the increased depth
of the snowpack that can accumulate over grass as opposed to
tree cover. Likewise, there is little doubt that runoff generation
times have been decreased, and therefore peak flows increased,
by drainage and land-use change (Higgs 1987).

Bridges provide the most obvious evidence of channel change
in the case of either bridges over palaeochannels or old bridges
over modern channels. There is, of course, a conceptual prob-
lem with channel evidence from bridges, because they may
not be randomly located along channels, most replaced fords,
and in many cases were clearly located where the channel and
floodplain were constricted and a terrace or high bank could
be used in construction. This will also depend upon the state
of bridge technology, early bridges with restricted single spans
were restricted to narrow or divided channels and later bridges
requiring solid foundations on terraces or bedrock. However,
the geographical location of a bridge depends upon population
patterns, with routes linking towns or villages by the short-
est or most practical route. Thus bridge site and geomorphic
history are fundamentally geomorphologically controlled (or
unavoidable) whereas bridge location is generally dictated by
routes linking centres of population, at least in lowlands. It has
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Figure 3.4 A model of channel change in the River Trent in the Hemington reach over the last 1000 years. The location and dating of each channel position are
derived from archaeological data including the Medieval bridges, fishweirs, a mill and anchor stones and also sedimentological data. From Brown et al. (2013).

also been argued that bridges prevent channel change; although
this is certainly true in the case of lateral migration, where it
depends upon continued capital investment in the structure, it
is not true where avulsion is a major cause of channel change.

Case study 2. Slags, bedload and hydraulic
sorting in Belgium

Bedload progression has been evaluated in rivers using slags
coming from old ironworks settled in the south Ardennes
valleys at the early 17th century (Sluse and Petit 1998). During
these periods, the slags were disposed of into the rivers. They are
still being transported even if the factories have been closed for
a considerable period of time. The slags are easily recognizable
thanks to their visual characteristics. Their average density is
2.1. The slags have been sampled in 19 riffles situated along
the River Rulles, in its tributaries where ironworks have been
installed, and downstream, in the River Semois into which the
River Rulles flows. Figure 3.5(a) shows the trend of the trend
of Dy, that is, the size corresponding to of the tenth percentile
on the frequency distribution (10% are coarser), along the
River Rulles course, using a cumulative distance from the most
downstream of the iron factories (explaining the decrease in
size in sites 1-3). The slags brought down by tributaries explain
the increase in the slag size in the Rulles (examples: site 4 and

sites 7-10). Slags have also been found in the River Semois (site
15) but none 4 km downstream of this last site.

A relationship is drawn between the slag size and the distance
from the ironworks where these slags have been discarded into
the river (Figure 3.5). This curve shows a rough decrease in par-
ticle size, which decreases from 80 to 20-30 mm in diameter in
less than 5 km; subsequently the slag size decreases only slowly.
The slag refining in the first few kilometres downstream of the
ironworks does not result from modifications in hydraulic char-
acteristics of the river or a diminution of its competence. Indeed,
the unit stream powers remain identical along its course. This
slag size reduction does not result from abrasion, from granular
disintegration or from gelifraction effects (Sluse and Petit 1998).
It results from a hydraulic sorting occurring in the first few kilo-
metres downstream of the input sites.

The slag size, which, after 5km, remains almost constant
regardless of the distance, represents the actual competence
of the river (the particle size transported along substantial
distances and evacuated out of the catchment). The particle
size (12mm maximum with regard to equivalent diameters
using a density of 2.65) is relatively small, but is justified by the
low values of unit stream power (25-30 W m™2 at the bankfull
discharge). Higher competence causes the hydraulic sorting,
but this is exerted only locally and during intense events.
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Figure 3.5 (a) Trend of the mean diameter of the 10 biggest slags measured
by the b-axis, along the River Rulles and the River Semois, using a cumulative
distance from the most downstream iron foundry located on the Rulles. The
arrows on the x-axis indicate the junctions of the tributaries where ironworks
were located. The star symbol on the x-axis indicate the upstream limit of slag
deposition in the Semois. (b) The diameter of the 10 biggest slags measured
by their b-axes in relation to distance from the closest iron foundry. Source:
Sluse and Petit, 1998. Reproduced with permission of Geographie Physiques
et Quaternaire.

Several slags (10-14 mm in diameter or 9-12 mm using equiv-
alent diameters) have been found 12.5km downstream of the
closer iron factory, which produces a bedload wave progression
of 3.3km per century (Figure 3.6a). The most upstream site in
the River Semois where no slag has been found shows that the
bedload wave progression is less than 17 km since the middle
of the 17th century (<3.9 km per century). Such progression is
low in comparison with other studies (between 10 and 20 km per
century), although most of those were of mountain rivers with
strong energy (Tricart and Vogt 1967; Salvador 1991).

Case study 3. Artefactual evidence of floodplain
deposition and erosion in Belgium

The rate of floodplain formation has been estimated in Ardennes
rivers using stratigraphic markers identified by Henrottay
(1973). These consist of scoria (smaller than 105 pm) produced
by the medieval metal industry set up in Ardennes valleys
from the mid-13th century. The debris from these factories

Archaeology and human artefacts 49

Metres

o = N W H

Metres
Metres

—_

Figure 3.6 Transverse profiles of (a) the River Ambléve and (b) the River
Ourthe with the presence of microscopic scoria in the floodplain fill, the
depths of which provides an estimation of the sedimentation rates since the
13th century. Key: (1) gravel and (2) silt with scoria. Circled numbers 1-8:
cores.

was dumped into the rivers so that the presence of microscopic
scoria in alluvial deposits affirms that the floodplain was built
after the 13th century. As shown by Figure 3.6(a), concerning
the River Ambleéve, the whole floodplain contains microscopic
scoria deposited after the 13th century. The thickness of recent
flood silt generally exceeds 1 m and frequently reaches 2m,
which gives a rate of accumulation of 28 cm per century. Hen-
rottay prospected different rivers of the Ourthe basin and the
River Meuse downstream of Liége (Table 3.3). The rate of sedi-
mentation generally exceeds 20 cm per century. Everywhere the
thickness of silt deposited since the 13th century is greater than
the layer of old silt deposited prior to scoria deposition. Human

Table 3.3 Sedimentation and erosion rates determined using microscopic
scoria deposited in floodplain sediments.

River Catchment  Date of Sedimentation  Lateral
area ironworks rate erosion
(km2) (cm per rate
century) (m per
century)
North Ardenne (from Henrottay 1973)
Ambléve 1044 1250 23.5 14.6
Ourthe 1597 1250 28-33 6.3
Ourthe 2691 1250 28 —
Somme 38 1400 8-18 3.9
Meuse 802 1250 21 42
South Ardenne (from Sluse 1996)
Rulles 96 1540 14.4 5.5
Rulles 134 1540 9.1(6) 4.4
Mellier 63 1620 19.6(5) 5.4
Rulles 220 1540 24.9(5) 18.0
Semois 378 1540 19.8(5) 33.0




50 Chapter3

activities (deforestation and expansion of the area under tillage)
have probably played a dominant role in the silt accumulations
in the valleys. The same technique was used in the south of the
Ardenne by Sluse (1996). The rates of sedimentation are slightly
less than in the north of the Ardenne (Table 3.3). Two reasons
explain this difference. Deforestation in the south Ardenne
catchments is now less important and the present land use of
these watersheds is dominated by forests and pastures, so that
soil erosion is less than in the north part of the Ardenne. Fur-
thermore, the loess deposits are less thick in the south Ardenne
and there is therefore less material to erode.

The microscories allow the evaluation of the importance
of lateral erosion of these rivers (Henrottay 1973). As shown
in Figure 3.6(a), the silt contains microscopic scoria and was
therefore deposited after the middle of the 13th century, along
all the width of the floodplain. Silt without scoria (before the
13th century) has been eroded, which implies that from that
time the river has swept away, at least once, all of its floodplain
across a width of 100 m. This gives valuable indications of lateral
erosion rates. In this case, it achieved an average rate close to
15 m per century. In contrast to the River Ambleve, the Ourthe
has not systematically swept the totality of its floodplain since
one can find old silt on which rests the recent silt (Figure 3.6b).
This nevertheless documents lateral erosion of at least 45 m.
The rates of lateral erosion are similar in south Ardenne rivers
(Table 3.3). Using this method, it is clear that the lateral erosion
can be underestimated because the river may have passed the
zone where the old silt was eroded several times and this may
explain low lateral erosion values. However, the rates agree with
measurements taken from old maps (Petit 1995).

Case study 4. Metal mining and fluvial response:
in the Old and New Worlds

Tin mining, which produces large amounts of sediment, has a
long history, since it is one of the constituents of bronze and
has been mined in Europe since the beginning of the so-called
Bronze Age (third millennium Bc in Great Britain). Both
archaeologists and geomorphologists have a shared interest in
the period before written records - the archaeologist in using
sediments to search for pre-Medieval tin mining and geomor-
phologists in both dating alluvial deposits and understanding
river behaviour on the 10° years time-scale. A geochemi-
cal survey of rivers draining Dartmoor, southwest England,
was undertaken in order to address both of these questions
(Thorndycraft et al. 1999, 2004). In this case, archaeological
evidence of pre-Medieval tin mining is unlikely owing to the
almost complete reworking of any earlier deposits by late- and
post-Medieval tin mining and streaming. Floodplain sedimen-
tary successions, which had not themselves been mined but
are downstream of known areas of tin streaming, were found
to retain a geochemical record of the mining activities because
the early tin streaming released large quantities of mine-waste
tailings. Radiocarbon dating of these sequences has shown an
excellent match with the documentary record, confirming a

first phase of streaming commencing in the 12-13th centuries,
reaching a maximum in the 16th century and a later phase in
the 19th and early 20th centuries (Figure 3.7). A combination
of XRF on particle size fractionated sediment and SEM/EDS
studies of density separated samples allowed the geochemical
characterization of, and distinction between, streaming waste
and naturally tin-enhanced sediments. In the Avon, Teign
and Erme valleys in southwest England there is considerable
overbank sediment aggradation coupled with the tin enhance-
ment, and this was probably associated with changes in channel
pattern and morphology.

Another example of the use of archaeological/historical
data in fluvial geomorphology is the study by James (1989) of
hydraulic gold mining sediments in the Bear River, California.
In the lower Bear Basin, subsurface coring indicated that about
106 million m* of mining sediment remained stored 100 years
after the cessation of gold mining. This estimate was more
than double previous estimates and indicated that over 90% of
the lower basin deposits remain in storage. Both topographic
and historical evidence was used to illustrate the continued
reworking of mining sediment as relatively frequent flows are
competent to move channel-bed material derived from mining
sediment. As sediment loads are still greater than pre-mining
values, in contrast to Gilbert’s (1917) symmetrical wave model
of geomorphic response based on a rapid return of channel-bed
elevations to pre-mining values. This suggests that the empirical
foundation of the symmetrical wave model is biased and that
a distinction should be made between bed waves based on
bed elevations and sediment waves representing sediment flux
(James 2006, 2010). Channel incision and hence sustained
erosion and deposition in the Bear River have been promoted
as prolonged reworking of stored sediment that is governed
by several factors in addition to decreased sediment supply,
probably a function of catchment and valley topography and
geomorphic conditions.

Another clear example of active transformation and the
persistence of anthropogenic sediment, in this case associated
with tin mining, is the work by Knighton (1989, 1991) on the
Ringarooma basin in Tasmania. Mining in the basin lasted
for over 100 years from 1875 to 1982, during which time 40
million m* of sediment was added to the river. The result was
channel metamorphosis with bed aggradation, an increase in
width where the channel was not confined and the development
of a multiple channel pattern. Only now is degradation in
the upstream reaches returning the river to something like its
pre-mining condition. Similar results have come from studies
of the fluvial response to lead mining in upland Britain and in
particular the combined effects of increased sediment supply
and climate change in the form of perturbations in the flood
frequency/magnitude (Macklin et al. 1992; Hudson-Edwards
et al. 1999).

Both the archaeological and historical studies of mining and
other legacy sediments in the Old and New Worlds lead to
two geomorphic conclusions. First, the Gilbert symmetrical
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Figure 3.7 The distribution of Medieval tin mining sites (tin streaming sites) and geochemical profiles of alluvial sections in the floodplains of the rivers draining

Dartmoor in southwest England.

wave model and river response is itself a function of basin
conditions including basin topography, channel pattern and
long-term geomorphic trends, such as neotectonically induced
incision/aggradation, in addition to post mining flood history.
Second, in basins where storage goes overbank, the residence
time of episodically derived anthropogenic sediments can be
on the order of geological time, being on millennial rather than
decennial or centennial time-scales. This finding has important
implications for the release of stored contaminants from flood-
plains in response to changing forcing conditions such as global
warming.

3.6 Conclusions
Archaeology can provide far more valuable information than

just dating. Indeed, to some extent, dating has now become the
prerogative of the geomorphologists with artefact typological

chronologies being re-evaluated as a result of the development
of sediment-based dating techniques (luminescence and cosmo-
genic radionuclides). Archaeology can provide rapid evidence
of land surfaces, sediment reworking and palaeoenvironmen-
tal conditions. It can also, under favourable conditions, set
parameters that can be used in the modelling of past processes.
hence archaeological data - including artefacts and the methods
developed for their study — have led to the development of
a set of tools that can be used by geomorphologists to study
past fluvial processes and hydrological change. Conversely,
fluvial geomorphology provides a series of tools that, if properly
understood and applied, can be used to study both the timing
and environmental context of cultural impact on the landscape
(Howard and Macklin 1999; Brown 2008). The explanation for
such strong linkages between archaeological and geomorphic
methods arises from interactions between human societies
and fluvial landforms, that is, river channels and floodplains.
These interactions include anthropogenic alterations of fluvial
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processes and magnitude—frequency relationships in addition
to the incorporation of human relics in alluvium. This interac-
tion is exemplified by the artefactualization of rivers and the
geomorphological implications that result.

In Europe, Asia and Africa, substantial anthropogenic envi-
ronmental disruptions began in the Middle Holocene and the
clear cultural record allows the application of these tools over a
relatively long period. In the Americas and Australia, the early
cultural record can be more subtle and extensive agriculture
and deforestation often came much later, leaving an abrupt
boundary late in the stratigraphic record. There are advantages
to both situations. In the Old World, we can learn about the
effects of long-term and multiple intermittent anthropogenic
perturbations, and in the New World, we can study the effects
of the sudden introduction of environmental exploitation (e.g.
the geomorphic response to mining). Both of these lessons are
essential to an understanding of the future potential for human
impacts on the environment and global environmental changes.
It is unfortunate that one of the driving forces of increasing links
between archaeologists and geomorphologists has been the
relentless drift of funding towards applied and short time-scale
studies in geomorphology. Although such process-oriented
studies are important, they cannot replace the need for an
empirically based understanding of Earth-surface processes
over millennial time-scales.
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CHAPTER 4

Using historical data in fluvial geomorphology
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4.1 Introduction
Long-term monitoring sites that document temporal changes
in the landscape have rarely been established. The most notable
example is the Vigil Network (Emmett and Hadley 1968;
Osterkamp et al. 1991), an international network of areas
including stream channels, hillslopes, reservoirs, precipitation
and vegetation, on which periodic measurements are made
and preserved. However, most studies of fluvial systems extend
for periods of less than 5 years and, at best, provide detailed
snapshots of the system or a small part of it. Therefore, for most
studies, the only way to gain insights into the temporal vari-
ability of river channels in the longer term is by assembling and
analysing historical data. Knowledge of previous conditions in a
catchment, both along the river corridor and in the river chan-
nel, can provide valuable insights into contemporary channel
behaviour. Historical analyses are required to establish channel
and catchment conditions at one or more times in the past and to
define times of major catchment, riparian and channel impacts,
such as land use change, channelization and other engineering
interventions. Consequently, many contemporary problems in
fluvial geomorphology require a historical perspective, whether
the concern is to understand natural patterns of channel form
variation, to establish the nature of human impacts or to define
benchmark conditions for channel restoration and manage-
ment. For example, historical information can be useful in
dating channel and catchment changes, documenting the nature
and in some cases the rate of channel change, documenting
changes in catchment conditions and human pressure on fluvial
processes and forms, documenting channel response to and
recovery from large floods and other disturbances, and so on.
It is only in the context of an understanding of the channel’s
evolution that we can confidently interpret current conditions.
Useful information on a range of geomorphological questions
can be provided by analysis of historical sources (Table 4.1).
For example, Cooke and Reeves (1976) provided a useful early
demonstration of the potential of historical analysis, by com-
bining channel widths from early maps, using old buildings
and other structures to determine erosion rates, using repeat
stage-discharge rating records to demonstrate cross-sectional

changes and reconstructing livestock densities from census
reports, travel accounts and other sources to illuminate land-use
changes. More recently, geomorphologists have benefited from
advances in both historical geography (e.g. Hooke and Kain
1982), waterfront archaeology (e.g. Milne and Hobley 1981) and
palaeohydrology (Gregory 1983; Gregory et al. 1987; Starkel
et al. 1991), and through the latter’s links with geoarchaeology
(Goldberg and Macphail 2006) and palaeoecology (Berglund
1986). Useful overviews include a synthesis of information from
a wide range of sources to examine the history of European
rivers (Petts et al. 1989) and a critical review of the use of histor-
ical data sources for studying fluvial geomorphological change
in the United States by Trimble (2012). Other useful papers
include a review by Patrick ef al. (1982) of methods for studying
accelerated fluvial change, a review by Trimble (1998) of dating
fluvial processes from historical data and artefacts, a review
by Hooke (1997) of styles of channel change, a reconstruction
by Large and Petts (1996) of a channel-floodplain system and
demonstrations of the potential of historical analysis for river
restoration by Sear ef al. (1994) and Kondolf and Larson (1995).

This chapter addresses the range of sources that can be used
to investigate changes in fluvial forms and processes over
time; including documentary evidence, cartographic sources,
topographic surveys and remotely sensed data. We present the
data sources in increasing order of complexity, from individual
human observations of a landscape or fluvial event up to scien-
tifically derived two- and three-dimensional characterizations
of catchment and river conditions. We start with documentary
evidence (Section 4.2). Documentary sources encompass a
diverse collection of records, from travel accounts and diaries
to tax records and inventories of agricultural production, which
in general give a one-dimensional snapshot of the catchment,
river form or dimensions, or fluvial events (e.g. flood extent).
Section 4.2 complements the evaluation of archaeological data
presented in Chapter 3. In Section 4.3, the cartographic record
is presented. Maps provide a wealth of two-dimensional infor-
mation on river catchments and channels (e.g. land cover and
channel position) and are the most commonly used data source
for historical analysis. River topographic surveys are discussed
in Section 4.4. Cross-sectional and long profile surveys allow
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Table 4.1 Some examples of the use of different information sources for historical analysis.

Using historical data in fluvial geomorphology

Attribute Source Example

Channel planform

Width Maps Gurnell et al. 1994
Surian et al. 2009

Migration Land surveys Galatowitsch 1990

Maps Hudson and Kesel 2000

Harmar and Clifford 2006
Greco et al. 2007

Cut-offs Botanical evidence Everett 1968

Planform change
Channel depth and cross-section
Long-profile/bedform

Channel incision

Cross-section

Land cover and riparian vegetation
Land use

Riparian vegetation

Sediment
Sedimentation
Sediment yield

Inventory of engineering structures

Climate and hydrology
Climate

Flood dates
Hydrological conditions

Palaeofloods

Surveys and travel accounts
Maps
Maps and aerial photos

Navigation surveys
Topographic records

Bridge surveys

Stage-discharge ratings and discharge
measurement notes

Repeat channel surveys

Land survey
Land registry
Cadastral surveys
Maps

Travel accounts
Ground photography

Datable artefacts and strata
Lake sediment chronologies

Reservoir storage changes
Topographic records
Government records

Maps and aerial photographs

Diaries, log books and newspapers
Government documents

Diaries, journals and newspapers
Water-level and flood records on buildings
Slack- Downstream Effects of Dams on
Alluvial Rivers water deposits

Erskine 1992

Hooke and Redmond 1989
Comiti etal. 2011

Hohensinner et al. 2013a,2013b

Large and Petts 1996
Piégay and Peiry 1997
Rinaldi and Simon 1998
Kondolf and Swanson 1993
Brooks and Brierley 1997
Williams and Wolman 1984,
Collins and Dunne 1989;
Smelser and Schmidt 1998
Petts and Pratts 1983

Manies and Mladenoff 2000
Bender et al. 2005

Kondolf and Piégay 2007
Hohensinner et al. 2004, 2011
De Jager et al. 2013

Maser and Sedell 1994
Beschta and Ripple 2006

Brown 2009

Davis 1976; Foster et al. 1985;
Foster et al. 2011

Trimble and Carey 1984
Surian and Cisotto 2007
Walter and Merritts 2008
Ziliani and Surian 2012

Bradley and Jones 1992
Uribelarrea et al. 2003
Snell 1938

Pfister 1992

Kochel and Baker 1988
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the reconstruction of the three-dimensional form of the chan-
nel over time and are essential for investigations of base level
changes. This section complements chapters on fluvial form
(Chapter 11) and sediment budgets (Chapter 16). Finally, the
emerging role of remotely sensed data in historical analysis is
discussed in Section 4.5. Remote sensing is covered in detail in
Chapter 6; however, it is becoming an important data source for
historical analysis, so is briefly introduced here. In each section
of this chapter, we give an overview of the sources of informa-
tion, a brief description of how they are analysed, examples from

the literature to illustrate their geomorphological applications
and a general discussion of reliability and accuracy.

4.2 The documentary record

Documentary evidence serves two primary roles in the histor-
ical analysis of channel and catchment characteristics. The first
is to extend analyses back in time prior to the collection of sys-
tematic survey data. In practice, this point in time ranges from



58 Chapter4

the mid-19th to early 20th century when large-scale mapping
programmes commenced in many countries, based upon topo-
graphic surveys that used accurate surveying, levelling and
map-making techniques. The second is to corroborate observa-
tions or measurements from other sources (e.g. large-scale maps
that pre-date modern mapping and surveying conventions) or
to serve as a temporal or spatial benchmark with which to gauge
river change (e.g. the location of a building in relation to historic
channel position).

Historical information can be obtained from a variety of
documentary sources. The specific sources available for a river
depend on the country or region in which it is located, although
typically these sources include land surveys, tax records, agri-
cultural censuses, records from private estates and ecclesiastical
sources, national government acts, legal proceedings and dis-
putes over water rights, navigation passage and fisheries, written
travel accounts and diaries, and photographs, drawings and
landscape painting. There can be a degree of overlap between
documentary and cartographic evidence as many surveys incor-
porated some element of mapping. This is especially true for
land and tax (i.e. cadastral) surveys, which in many countries
include both detailed reports on land ownership and utilization
in addition to large-scale maps of land parcels.

Early documentary records in Britain

The nature of documentary evidence varies enormously, but
the following British examples give a flavour of the variety and
potential and also the quality of such records. Documentary
evidence includes much early information related to property
transactions, rents, tithes, etc., contracts and disputes and legal
cases regarding the breach of these. The larger and wealthier a
landowner, the more likely it was that documents would have
been generated and the more likely it is that they will have sur-
vived. Thus, rivers within the largest, wealthiest estates can often
have a large deposit of relevant documents including letters
(both personal and business), property deeds and surveys with
some maps and rentals. However, estate surveys were expensive
and therefore were made only at extraordinary times, such as
on change of ownership or in response to major agricultural
improvements. Ecclesiastical documents can be valuable sources
and often include information on fisheries, ferries, mill opera-
tions and floods. Large abbeys had major interests in economic
farming practices and weather events affecting crops were of
vital interest. Consequently, many abbeys produced important
Chronicles, which record storms, floods and droughts from as
early as the 13th century.

Thus, in Dugdale (1772, p. 150) there is evidence of the chan-
nelization of the Ancholme River and of the draining of its asso-
ciated marshes (Fig. 4.1). In response to an enquiry from the
king:

Whereupon a jury being impanelled accordingly and sworn, did
say upon their oaths, that it would not be to the damage of the said
king, nor any other, but rather for the common benefit of the whole
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Figure 4.1 A survey of 1640 of the River Ankholme (now Ancholme) in
eastern England showing an early channelization scheme and the natural
course of the river. Source: Dugdale, 1772.



county of Lincoln, if the course of that river, obstructed, in part,
in divers places, from Bishop’s Brigge to the river of Humber, were
open. And they further said, that by this means, not only the mead-
ows and pastures would be drained, but that ships and boats laden
with corn and other things, might then more commodiously pass
with corn and other things from the said river Humbre, into the
parts of Lindsey, than they at that time could do, and as they had
done formerly ...

The records include specific instructions: .. scouring the said
channel from Glaunford brigge to the river of Humbre, to the
breadth of XI feet, as it ought and want to be’ (Dugdale 1772,
p. 150).

A second example is provided by the reclamation of the wet-
land fens in eastern England, which once extended for 3400 km?
(Butlin 1990). Camden (1586) records the general character of
the area prior to drainage:

All this country in the winter-time and sometimes for the greatest
part of the year, laid underwater by the rivers Ouse, Grant, Nene,
Welland, Glene and Witham ... it affords great quantities of turfand
Sedge for firing; Reeds for thatching; Elders also and other water
shrubs, especially willows, either growing wild or else set on the
banks of rivers to prevent their overflowing ...

Of particular importance in England is the later Tithe Survey
(ca 1830-1850), relating to the commutation of tithes previ-
ously paid in kind, as dues to support the local church. These
comprise a large-scale map and a survey including the names
of landholders, tenants and cottage holders, acreages, land use,
fieldnames, parcel numbers and rental value. Other important
documents of local administration were the Parliamentary
Enclosure awards dating from the period 1750-1830, which
combined an accurately surveyed map with a document of
apportionment giving each landowner and tenant the parcels
of land allocated to them. The Acts themselves are rather long,
dense, legal documents but the associated correspondence can
be informative, providing information on land use and value.
Other useful Acts, together with associated correspondence,
include Acts to improve the navigability of rivers, to build
bridges and to build canals. The navigable rivers Acts of 1699
were particularly important for generating information on
English rivers.

Often, documents generated during the formulation of such
bills included detailed plans and surveys of the river supported
by explanatory text. The historical maps that are available for
Britain are listed by Hooke (1997, pp. 240-241). In addition,
maps or charts for navigation date from 1795 when the office
of Hydrographer was established at the Admiralty and the
second Hydrographer, Captain Hurd, originated the Charts
of the Coasts and Harbours in all Parts of the World. Surveys
were also undertaken of the lower reaches of navigable rivers,
and in England between 1810 and 1835 John Rennie published
detailed channel plans as the basis for training rivers, including
the Tyne, Ouse, Nene, Welland and Witham (Fig. 4.2) (Petts
1995, p. 7). All these historical sources provide information
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on the date and extent of channel modification, floodplain and
wetland drainage and land-use change along the river corridor.
Some early surveys, in addition to later ones, also present
opportunities for quantitative analyses of channel planform and
location.

The River Trent

Historical information available for the corridor of the River
Trent provides an illustration of the range and types of doc-
uments that are often available, including local government,
national government and ecclesiastical resources, in addition
to family archives (Large and Petts 1996) (Table 4.2). The Trent
was one of four ‘royal’ rivers. Rights of navigation were founded
in a royal decree of Edward the Confessor of 1065 and disputes
between navigators and mill and fishery interests ensured a long
history of documentation. Legal cases in the Medieval and early
modern period that were used to establish legal precedent have
proved to be valuable resources, including documents concern-
ing disputes over land between a number of large estates in the
15th century. A great deal of associated historical information
survives, including the Harper—Crewe Papers relating to the
Calke Abbey estate, for which rental details exist back to the 16th
century, and the Every Papers, which contain some inscribed
deeds and indentures relating to the period 1250-1600. Detailed
surveys were also carried out at the time of extensive economic
change and agricultural improvement in the 18th century.

The earliest known surveys of the river relate to the 1699 ‘Act
for making and keeping the river Trent in the County of Leices-
ter, Derby and Stafford navigable’ - later known as the Paget Act.
The Paget Act of 1699 provided for the making of a tow-path
by which barges could be hauled, effectively changing the char-
acter of the riparian zone and requiring the maintenance of a
morphologically smooth bank profile. The first detailed surveys
of the river were carried out between 1761 and 1792 in order
to develop the river for inland navigation. The surveys located
and provided detailed low-flow depth soundings of 67 shoals
along the river over a 90 km reach in the low-flow months of
August and September (Fig. 4.3). The surveyor, William Jessop,
made important observations on the fluvial geomorphology
of the Trent (Petts 1995) and recommended works not only to
self-scour the river but also to encourage overbank siltation,
encouraging a natural process of channelization (Large and
Petts 1996).

Other examples of the use of documentary
sources in fluvial geomorphology

Documentary sources can be used to characterize historical
land cover and land use at the catchment scale. For example,
Bender et al. (2005) investigated changes in land use in south-
ern Germany based on information from land registry records
dating back to the early 19th century. They matched the land
use records to parcels in cadastral maps to quantify changes in
the areal coverage of land use types. However, for the United
States, Trimble (2012) cautions against the use of land records or
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agricultural censuses to evaluate changes in land use over time.
In his experience, records are often incomplete spatially (e.g.
only farmed areas are included) and suffer from inconsistent
terminology.

Historical evidence of riparian vegetation and large wood in
rivers can come from early land survey documents and plans,
travel accounts, cadastral surveys, ground photography and
even landscape paintings and drawings. Travel accounts and
early land surveys from the New World often describe vegetation
and the presence of large wood in rivers that were minimally
impacted by humans (Maser and Sedell 1994; Trimble 2008).

Diaries of travellers in European countries also exist and could
be a source of information on the use or condition of the river
and riparian area (Hooke and Kain 1982). The investigation by
Beschta and Ripple (2006) of changes in riparian vegetation and
river planform in Yellowstone National Park (United States)
following extirpation of wolves is an excellent example of the
complementary use of historical ground photography with
remote sensing data (in this instance aerial photography) to
resolve vegetation dynamics.

Historical records can be used to investigate the magnitude
and frequency of flood events. Despite some notable exceptions,



Table 4.2 Documentary sources available for the River
Trent corridor.

1200-Deeds and private legal papers, ecclesiastical sources
Monastic Chronicles (1200-1713; incomplete record)
Every Papers (1620-1890)
Personal correspondence (1630-1890)
Tithe surveys (1830-1850)
1699-National Government Acts
To improve navigation (1699, 1740, 1781, 1783)
To build bridges (1758, 1835)
To build canals (1766, 1777, 1793)
1750-Local Government surveys
Enclosure surveys (1750-1830)
Topographical reports (1800-1820)

discharge records generally exist only from the late 19th century,
so other documentary sources need to be assessed to extend
the analysis further back in time. For example, Uribelarrea
et al. (2003) gathered water stage data associated with historical
flooding from a range of documentary sources as part of a study
of channel change in two rivers in central Spain. Information
mentioned in these documentary sources included sites or
landmarks reached by a flood, areas of the floodplain that expe-
rienced flooding, areas or landmarks that were not flooded and
estimates of flood severity in comparison with earlier floods.
Discharges were then estimated from the historic flood levels
using a one-dimensional hydraulic model and integrated into
the gauging station records to produce a timeline of flooding
dating back to 1557.

Historical inventories of water storage and diversion struc-
tures, sediment control structures and sediment-related
activities within a catchment can be created to support investi-
gations of temporal change (e.g. Boix-Fayos et al. 2007; Ziliani
and Surian 2012). Large dams and water diversion schemes can
significantly alter flow regimes and the magnitude, frequency
and timing of peak flows. For example, coarse sediment delivery
and transport are impacted by dams, check dams, weirs and
torrent controls, whereas fine sediment may be influenced
additionally by drainage ditches and artificial levees. Depending
on the catchment history, it may also be pertinent to acquire
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data for sediment-related activities within the channel, such
as records detailing the quantity and location of sediment
dredging or mining from the channel (e.g. Wishart et al. 2008;
Martin-Vide et al. 2010). One method of summarizing these
anthropogenic pressures is to develop a catchment chronology
(recent examples include Ziliani and Surian 2012 and Downs
et al. 2013) (Fig. 4.4). Typically, a chronology identifies the type
of anthropogenic activities that are present in the catchment,
when they began and ended, and whether the level of activ-
ity intensified or diminished over time. The chronology can
integrate information from all sources in the historical analysis
(e.g. land cover, riparian vegetation, channel dimensions, river
discharge, major flood or drought events) and serve as tool to
identify the underlying causes of temporal change in the river
channel and floodplain.

An excellent example of how a historical inventory of flow
control structures can be used in fluvial geomorphology comes
from the work of Walter and Merritts (2008) on mid-Atlantic
streams in the United States. They used county records, histor-
ical maps and historical photographs to determine the number
and location of mill dams, and also evidence from later mill acts
to document the negative impact that the high density of dams
was having on river flows and sedimentation at the time. This
historical work provided the context for further topographic,
stratigraphic and sedimentological research, which concluded
that mill dams and the conversion of forests to agriculture led
to massive sedimentation in the floodplain that dramatically
altered the channel and floodplain morphology. The study con-
cluded that the current single-thread, deeply incised channels
common to this area had most likely been anabranching rivers
flowing through forested wetlands prior to settlement. This
hypothesis changes the underlying assumptions of contempo-
rary channel processes in these systems and has implications for
river restoration.

Problems of data reliability and accuracy

The reliability of data extracted from documentary sources
varies depending on the original purpose of the data source
and also its age. In general, accuracy increases with decreasing
age of the source and for time periods preceding systematic
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Figure 4.3 A section of William Jessop’s survey of the River Trent showing the location and spacing of 29 shoals in 1792. Source: Jessop, 1782.
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Figure 4.4 Chronology of anthropogenic pressures and natural disturbances on the Lower Santa Clara River, USA. Source: Downs et al, 2013. Reproduced with

permission of Elsevier.

survey techniques (approximately mid- to late 19th century),
the availability and consistency of information are generally
poor over both space and time.

There are three key aspects concerning data availability and
consistency to consider. First, detailed information is often
available only for parts of catchments or some reaches of a
river or for some rivers, and there are questions about the
representativeness of the information that is available. Such
information often focuses upon river reaches experiencing
particular problems relating to flood control, land drainage or
navigation. Second, there are problems caused by changes over
time in survey or recording conventions, such as the areal units
for which data were collected and the measurement technique
or recording procedures employed in different surveys. Expe-
rience in reconstructing climate records (Bradley and Jones
1992) shows that problems can also arise because of changing
calendar conventions. Furthermore, discrepancies in descrip-
tions and records can reflect changing perspectives of surveyors,

including differing cultural attitudes towards natural resources
(Hooke and Kain 1982).

Clearly, all sources require careful scrutiny and verifica-
tion. Harley (1982) considered that the scholarly evaluation
of historical evidence must involve reference to the context
of that evidence - why and for what purpose was it collected?
Topographic and map survey data are discussed later and so dis-
cussion here is restricted to the use of qualitative data sources.
Of prime importance is data verification. Often documents
contain a mixture of both valuable and worthless information.
The latter includes inaccurate or uncertain dating of events or
distortions or amplifications of original observations. Only if
the observations are faithful in both time and space are they
likely to be reliable and valuable for geomorphological inter-
pretation. However, even if information can be verified, Bradley
and Jones (1992, p. 6) emphasize the difficulty of ascertaining
exactly what the information means. Terms such as ‘flood’,
‘frozen river’, ‘drought’ and ‘summer’ or ‘winter’ used in the
past may not be equivalent to terms employed in modern-day



observations. In some cases, for example, the term ‘winter’ has
been used for the period of snow cover rather than for specific
months. Qualifying words such as ‘unprecedented’, ‘extreme’,
‘in living memory’, ‘extensive’ or ‘deep’ can be ambiguous.
Bradley and Jones (1992) suggest that a solution to this problem
is to use content analysis to help isolate the most pertinent and
unequivocal aspects of the historical source. Content analysis
provides an objective approach to assessing the frequency of use
of descriptive terms and the use made of qualifying terms (for
an application to climate data, see Pfister 1992).

4.3 The cartographic record

In this section, we focus exclusively on maps and the planimetric
data that they can provide for historical fluvial geomorpholog-
ical analyses. Other plan sources, most importantly aerial
photographs and multi- and hyperspectral data, are discussed
briefly in Section 4.5. Remotely sensed data sets are presented
in more detail in Chapter 6.

The cartographic record contains an abundance of maps cre-
ated for an array of different purposes. Maps were produced for
many reasons, including exploration and land surveying prior to
settlement (e.g. land survey township plats in the United States),
military and defence purposes, as part of the management of
estates, for land and tax registries, to record land use and agri-
cultural output, and as part of national mapping programmes.
Their role in the historical analysis of fluvial geomorphology
depends on the original purpose of the map, the survey meth-
ods and mapping conventions employed, the map scale and
the map accuracy (positional, attribute and temporal). In ideal
circumstances, maps can be used for quantitative analysis of
temporal changes in channel position, planform characteristics
and dynamics and catchment land cover and riparian vegeta-
tion. However, when inaccuracies and uncertainties associated
with historical maps exceed the magnitude of change being
detected, maps can provide only a qualitative assessment of
channel form or features.

Historical analysis of channel planform is typically conducted
by overlaying maps of different ages within a GIS (i.e. diachronic
analysis). The first step in this process is to conduct an internal
and, if possible, an external check of map accuracy (Hooke
and Kain 1982, Chapter 3). If the map passes these checks, it is
scanned into a digital format at a resolution sufficient to ensure
that information is not lost in the transfer (e.g. colour maps,
minimum 400 DPI and 24-bit colour; Library of Congress
2006). Next, the map is imported into a GIS and registered to
a map projection. Map registration is typically accomplished
by matching landmarks on the historical map with those on a
modern large-scale map, a process known as georeferencing (Hu
2010). Geometric transformations are used in this process and
can involve alterations to the scale, horizontal displacement and
rotation of the historical map (Manzano-Agugliaro et al. 2013).
When georeferencing, the choice of landmarks is important;
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river banks and other features that could have moved are not
suitable, whereas bridges and buildings generally make good
georeferencing points. Some difficulty may arise when working
with very old maps or in remote areas where few, if any, shared
landmarks exist. A possible solution is to work back in time from
the current large-scale maps in a regressive—iterative approach
that bases the georeferencing on landmarks in the next most
recent map (Hohensinner ef al. 2013b). The spatial distribution
of georeferencing points, the precision of those locations (e.g. a
building centroid versus the northwest corner of the building)
and the types of transformation used will influence the posi-
tional accuracy of the map and thus uncertainties in features
measured from it. In general, georeferencing points should be
spaced evenly over a map to minimize distortion (Hu 2010) and
a linear transformation should be used unless there is evidence
of significant warping in the original map document (Gurnell
et al. 1994). Finally, the diachronic analysis can be conducted.
This typically involves digitizing the boundaries of features from
the map (e.g. river banklines) and comparing their positions
with earlier ones or quantifying an attribute of the features (e.g.
channel width, land cover, sinuosity index) and investigating
how the attribute changes over time.

Some examples of using maps to study

channel change

Maps are commonly used in studies of channel and catchment
change and the following examples give an indication of the
types of information that can be extracted.

Temporal changes in planform morphology and channel
width have been identified from maps in numerous studies. For
example, many historical studies of braided rivers in Europe
have used maps to assess the impacts of gravel mining and
sediment control structures on the width of the active braid-
plain, and in some cases have recorded a shift from braiding to
wandering planforms (e.g. Surian 1999; Winterbottom 2000;
Wishart et al. 2008; Piégay et al. 2009; Comiti et al. 2011; Ziliani
and Surian 2012). These studies often use maps from a variety
of sources that have different scales and positional accuracies.
For example, studies on Italian rivers have used a combination
of 19th century military maps, regional maps and aerial pho-
tographs to describe planform changes over the last 200 years
(Surian 1999; Surian et al. 2009; Comiti et al. 2011; Ziliani and
Surian 2012). Although positional errors in these maps have
been estimated to be on the order of tens of metres [root mean
square error (RMSE) = 15-20 m], these are small relative to the
change detected in the highly dynamic braided rivers that were
studied (Comiti et al. 2011).

Diachronic analysis of river position can be used to investigate
other aspects of planform dynamics, including to quantify the
area that has been eroded or deposited by the river over a time
period (Gurnell et al. 1994; Kummu et al. 2008), to investigate
meander migration and cut-oft dynamics (Hooke and Redmond
1989; Hudson and Kesel 2000; Harmar and Clifford 2006; Hooke
2007) (Fig. 4.5) or to estimate the erodible corridor of the river to
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Figure 4.5 Historical maps of (a) river planform and (b, ¢) meander cut-offs
of the Lower Mississippi River from earlier studies. Source: Harmar and
Clifford, 2006. Reproduced with permission of Wiley.

give an indication of the likelihood of lateral movement (Piégay
et al. 2005). A recent and comprehensive example of historical
analysis using maps comes from the Danube River in Vienna,
Austria, where Hohensinner et al. (2013a,b) used the rich carto-
graphic record available for the city and surrounding landscape
to reconstruct the morphology of the river and floodplain back
to 1529. This detailed work revealed that, prior to river regula-
tion and urbanization, the Danube was an anabranching river
that flowed through forested wetlands. Moreover, it was possible
to quantify changes in the areal coverage of river channels over
this period, and also changes in channel and floodplain geomor-
phic features (e.g. gravel bars and backwaters).

Land cover and land use derived from topographical sur-
veys, agricultural censuses and cadastral surveys and maps
can provide important information on riparian and floodplain
vegetation cover. For example, research by Hohensinner ef al.
(2004, 2011) on an upstream section of the Danube used
detailed topographical maps from a variety of sources (Austrian
federal, provincial, aristocracy, monastery and private archives)
to investigate changes in the areal coverage of riparian and
aquatic habitats over time. This information was combined with
site-specific ecological data to estimate changes in habitat type,
age and turnover (i.e. succession). In the United States, Greco
et al. (2007) used a variety of historical maps and aerial pho-
tographs dating back to 1870 to estimate the age of floodplains
created by the meandering Sacramento River, and De Jager et al.
(2013) used historical land cover maps and aerial photographs
to investigate land cover changes in the floodplain of the upper
Mississippi River since 1890.

When channel planform characteristics and vegetation are
examined simultaneously, it allows researchers not only to
detect changes in these attributes but also to identify potential
causal linkages. For example, Kondolf and Piégay (2007) used

19th century cadastral maps, 20th century topographical maps
and recent aerial photography to characterize the riparian
vegetation cover along the Eygues River in France. From these
sources, they extracted the location of the channel, channel
widths, the presence of vegetation and, in some instances, the
type of vegetation from descriptive land use terms (e.g. oseraie
or hermes described willow stands). By developing a chronology
of river and riparian land-use change, the study was able to
conclude that a reduction in local population and associated
agricultural and grazing pressure decreased the sediment sup-
ply, which in turn resulted in channel incision and narrowing.
The establishment of riparian vegetation followed the planform
changes.

General issues of accuracy

Maps are simply abstractions or generalizations of reality that
have been produced with a specific purpose in mind. Therefore,
it is important to avoid attempts to extract more informa-
tion from a map than was there in the first place. National
and regional map-making agencies usually provide detailed
manuals on the survey and mapping conventions used in map
production and frequently give estimates of the accuracy of
their products. These sources should be used to assess whether
the purpose of a particular analysis can be met by the infor-
mation provided in specific maps. For example, only water
courses that are 5m or more wide are shown to scale with two
lines marking their banks on UK Ordnance Survey 1:10,000
scale maps, whereas the threshold is 1 m on 1: 1250 scale maps
(Harley 1975). A careful consideration of the accuracy and
conventions built into map production can provide the basis
for the extraction of quantitative information from the most
unlikely sources. For example, Gurnell (1996) describes the
use of a cover-abundance scale to extract quantitative spatial
information from spatially distorted River Corridor Survey
maps, which are essentially sketch maps produced for the UK
Environment Agency to describe the biogeomorphological
characteristics of 500 m stretches of river course. However, even
if the intentional limitations of maps are taken into account,
a variety of other errors can be introduced inadvertently at
various stages in map production, which may have importance
for geomorphological interpretation.

There are three fundamental dimensions of spatial data: space,
attribute and time (Chrisman 1991) or ‘where something was
observed’, ‘what was observed’ and ‘when was it observed’
(Flowerdew 1991) . The following account indicates some of the
intentional and inadvertent errors associated with all of these
three dimensions, which accumulate into a total map error.

Positional accuracy

The first constraint on positional accuracy is the technical
limitations of the surveying equipment and the methodology
employed at the time of the original field survey. However,
perhaps more important are the conceptual errors that may
have been introduced during field survey, air photograph



interpretation or the interpretation of information from other
sources. The surveyor frequently has to make decisions about
the location of features or boundaries. Such decisions are partic-
ularly difficult in relation to natural features, which rarely have
crisp boundaries. Some features, such as agricultural fields, may
have clearly defined boundaries. However, other features, such
as soils and vegetation, often grade gradually from one type to
the next across transition zones, but the surveyor is still required
to map a boundary. Even natural features with apparently crisp
boundaries are usually ‘fuzzy’ in practice. For example, it may
be straightforward to identify the position of a river bank where
the bank is vertical, but difficulties can arise where the river
bank consists of a gently sloping aquatic-terrestrial transition
or a sequence of benches, slumps and terraces. As a result, con-
ventions are usually devised to define boundaries. For example,
river channel boundaries are defined by the UK Ordnance
Survey in relation to the ‘normal winter level’ (Harley 1975), but
there is still great potential for error in applying such conven-
tions. The timing of the field survey is likely to be an important
influence on the accuracy with which the ‘normal winter level’
is determined. ‘If, therefore, the stream is surveyed in summer it
is the permanent channel, eroded of vegetation, rather than the
water width, which is measured’ (Harley 1975, p. 44). Similarly,
in semi-arid regions where channels are strongly influenced by
infrequent, larger floods, definition of the unvegetated, active
channel may vary in width depending upon the time of the
survey in relation to the time of the last large flood.

Once the information for the map has been assembled, there is
a range of error sources associated with translating the surveyed
information into a map. All maps have a spatial reference sys-
tem, based on a map projection, which translates latitude and
longitude on the curved surface of the Earth onto a flat map
sheet. Thus maps for the same area and at the same scale but
based on different map projections are not directly comparable
and, indeed, may vary in their spatial scale from one part of the
map to another. Similar, but more severe, problems arise when
using information derived from photographs. If the photographs
are oblique, projection problems arise as a result of varying spa-
tial scale over the photographic image. Even with vertical pho-
tographs, significant distortions occur with increasing distance
from the centre of the image and with differences in altitude of
the terrain.

Another source of positional error relates to the map scale.
Scale determines the smallest area that can be drawn and
recognized on a map. It is not possible to locate any object
more accurately than the width of one line on the map. This
determines the resolution of the map, which, assuming a mini-
mum line width of 0.5 mm, is 5, 25 and 50 m for map scales of
1:10,000, 1:50,000 and 1:100,000, respectively (Fisher 1991).
Clearly, this places a limit on the accuracy with which locations
can be measured from a map, but there are many other factors
that further degrade the locational accuracy of the map. For
example, the map scale also influences whether or not features
are shown on a map. Thus maps of soil, vegetation or rock types,
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which may be extremely variable over small areas, have to be
based on a minimum mapping unit — the smallest area that can
be represented on the map. Features smaller than the minimum
mapping unit must either be merged with adjacent areas so
that the map reflects dominant classes or if they are particularly
important to the map theme, they can be represented by symbols
or can be spatially exaggerated so that they can be mapped. This
leads to the issue of information generalization, which is used
to ensure the visual clarity of a particular map. For example,
information may be omitted or spatially smoothed, even when
it relates to areas significantly greater than the minimum map-
ping unit if inclusion of the information is detrimental to map
clarity. As a result, not only do different types of thematic
map at the same spatial scale represent the same information
to different levels of detail, but also different editions of the
same thematic map may present very different quantities of
information on the same features. For example, Gardiner (1975)
showed that the length of streams depicted on 1:25,000 scale
UK Ordnance Survey topographic maps varied greatly with the
map edition. The stream length ratio between the Second Series
and the Provisional Edition varied between 1.10 and 1.80 for
a sample of map sheets from different areas of Great Britain.
Furthermore, several papers (Ovenden and Gregory 1980; Burt
and Gardiner 1982; Burt and Oldman 1986) have explored the
accuracy with which headwater stream networks are depicted
on Ordnance Survey 1:10,560 and 1: 10,000 scale maps. These
papers illustrate that extreme care must be taken in interpreting
such information from different map editions and for different
geographical locations.

A final point relates to the boundaries of map sheets. Tradi-
tional map series were often designed as a series of individual
map sheets with no guarantee of conformity across the margins
of the maps. This can lead to many anomalies on map sheet mar-
gins, which simply reflect decisions relating to the generalization
and presentation of features on the individual sheets. All of these
factors illustrate that although the resolution of a map is funda-
mentally dictated by map scale, there are a range of other factors
that vary within and between maps and that influence the posi-
tional accuracy of the features that are depicted.

Although most of the comments made above relate to printed
maps, it is important to remember that digital map products are
subject to the same surveyor errors if human survey is needed to
derive the data (e.g. geological or soil maps). Furthermore, these
products are frequently derived, at least in part, from paper maps
and so incorporate all of the potential errors discussed above,
with the addition of digitizing error. In addition, many digital
products are provided in a grid format, which in many cases has
been interpolated from non-gridded data derived from printed
maps, so interpolation error is yet another addition to the list of
possible error sources.

Attribute accuracy
The accuracy of mapped attributes varies according to the
measurement scale employed. If the attribute is measured on
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a continuous scale (e.g. precipitation), it can only be recorded
on the map to a given level of accuracy. Particular problems
arise for features, such as elevation, which occur everywhere
and which are often represented on maps by isolines. The first
problem relates to the precision of the attribute estimates on
the mapped isolines. For example, the technical specification
of the contours and grid data of the UK Ordnance Survey OS
Terrain® digital product is given as RMSE less than 2 m. Even
if the attribute values along the isolines are completely reliable,
values of the attribute and error margins for points on the map
that are located between isolines are difficult to assess. If the
attribute is categorical, exact recording is possible. However,
as in the case of soil maps, mapped categories are frequently
based on a classification, which may not represent the level of
discrimination required by the user and which is also open to
inaccurate interpretation by the surveyor.

Temporal accuracy
Every map relates to a particular survey date and so is always
out of date by the time it is published. Because surveys are
undertaken in different places at different times, the extent to
which any particular map is out of date varies between different
map sheets, even within the same thematic map series. Whereas
these sources of temporal inaccuracy can be determined from
information provided with the map, other sources of tempo-
ral (in)accuracy are more difficult to detect. Many maps are
declared to be partial revisions of their predecessors or, more
seriously, Carr (1962) provides examples of the use of informa-
tion from previous maps, without acknowledgement. In both of
these cases, even assuming that the partial resurvey is accurate,
there is no guarantee that the information depicted on the map
is from the indicated date of survey.

A further time-related source of error in paper maps results
from shrinkage and distortion of the paper over time and dis-
tortion resulting from the use of copies of the original map.

Assessing accuracy

The above discussion illustrates that it is important to devote
some consideration to map accuracy if spurious geomorpholog-
ical conclusions are to be avoided.

Positional accuracy of a historical map can be assessed by com-
paring positions on the map with actual locations on the ground
or with their location on a more recent map or digital product
with higher accuracy. This generates a series of displacements,
which can be analysed for both systematic and random or resid-
ual error components (Chrisman 1991; Mount et al. 2003). The
former can often be removed by geometrical transformation in
a GIS, whereas the latter can then be quantified to provide ‘error
margins’ for positional information extracted from the map. This
type of approach is used by mapping agencies to check the accu-
racy of their products.

RMSE is the most commonly used metric for represent-
ing positional error. A single RMSE value is estimated for a
map during georeferencing and is often used as a minimum

threshold for change detection (e.g. Winterbottom 2000).
However, this estimate of error does not incorporate all of the
possible sources of error and may underestimate the uncertainty
in measurements derived from the maps. Errors associated with
the original field survey, cartographic representation and dig-
itization can be combined into a total error estimate using
the quadratic sum (Cheung and Shi 2004; James et al. 2012).
Furthermore, errors propagate when features are compared
over time to detect change, so errors should be summed to yield
a minimum threshold of change, which can be divided by time
to yield a minimum rate of change (Del Rio and Javier Gracia
2013). Other approaches to estimating positional error include
that proposed by Mount and Louis (2005), which allows for
anisotropy of the random error component and the spatially
explicit approaches to accuracy and feature change detection
in historical maps proposed by Tucci and Giordano (2011) and
Manzano-Agugliaro et al. (2013).

As discussed above, additional uncertainty arises when the
features of interest are ill-defined and so do not have sharp
boundaries. In this case, ‘ground-truth’ information may be
required to estimate appropriate additional error margins
relating to positional uncertainty.

Attribute accuracy can be tested in a similar manner to
positional accuracy when the attribute is continuous (e.g. ele-
vation). Where the attribute is categorical, the construction of
a mis-classification matrix based upon map and ‘ground-truth’
information for the same sites can help to assign percentage
errors to different attribute classes.

4.4 The topographic record

Following on from the plan view of rivers and catchments
provided by historical maps, this section discusses the histor-
ical topographic data that help to build a three-dimensional
view of channel form and change over time. Detailed topo-
graphic surveys of rivers began approximately 100-150 years
ago in response to their development for navigation, water
resource use and flood control. These surveys have produced
two kinds of data that are of particular use in the geomorpho-
logical study of river channels: cross-sectional and long profile
surveys.

A cross-section is a two-dimensional representation of the
channel form oriented perpendicular to the flow direction.
Cross-sections provide the basis from which morphometric
indices (e.g. width, depth, thalweg position, water surface level
and bed altitudes, channel asymmetry) or hydraulic indices
(e.g. bankfull cross-sectional area and hydraulic radius) can
be calculated (e.g. Gurnell 1997a). In some rivers, a network
of cross-sections was established in the past and has been
monitored regularly over long periods to assess changes in
bed levels or channel widths (e.g. Brenta River, Italy; Surian
and Cisotto 2007). In others, cross-sections may be limited
to infrastructure that spans the river (e.g. bridges or dams)



or associated with specific local management problems (Kon-
dolf and Swanson 1993; Brooks and Brierley 1997; Erskine
1999). Access to cross-section data may be gained via national
scientific agencies (e.g. United States Geological Survey),
national transportation authorities or local government offices
that hold planning documents associated with infrastructure
construction.

Long profiles are two-dimensional representations of channel
form oriented parallel to the flow direction and are intended
for the study of slopes (channel bed slope, slope of the energy
line for a given discharge). They may be directly constructed
from a longitudinal topographic survey or may be derived
from cross-section surveys that have been regularly distributed
along the river channel. In both cases, the horizontal distance
(x-axis) by which every point of altitude is referenced is the
distance along the channel centre line derived from direct
measurements in the field or from estimates from large-scale
maps. In contrast, the values of altitude presented in the long
profiles (y-axis) may vary: (i) altitudes almost always represent
the water surface when the long profile has been surveyed
along the river from upstream to downstream; (ii) when data
are derived from cross-sections, the altitude may represent the
water level, the average level of the bed or the elevation of the
thalweg (Fig. 4.6). The water surface level is strongly dependent
on the hydrological regime and hydrometeorological events.
For reasons of convenience, historical topographic surveys
were generally made at low flows, unless flood levels were the
focus of the study, as for example when the survey was to be
used to calibrate a hydraulic model. The average bed level is an
altitude that smooths out the shape variability or asymmetry
of the channel. It is frequently used when cross-sections are
available to underpin estimation of the average bed level. The
thalweg altitude or altitude of the lowest point of a channel
cross-section provides useful historical information on the
position of pool-riffles and their changes.
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Figure 4.6 Data surveyed or calculated on a cross-section.
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Some examples of using topographic records

to study channel change

A common use of historical topographic records is to describe
channel aggradation or incision linked to hydrological or sedi-
ment load changes.

Initially, long profile comparisons were used for studying
complex readjustment of channel morphology below reservoirs
(Petts 1979; Williams and Wolman 1984). More recently, fluvial
geomorphologists have explored historical topographic data
from archives to derive indices of natural or anthropogenic river
metamorphosis. For example, Bravard (1987, 1994) demon-
strated aggradation of the upper Rhone River over the 19th and
20th centuries in association with the downstream extension of
braiding associated with the reworking and delivery of sediment
from former glaciated basins. In the French Alps between 1840
and 1950, the longitudinal embankment of most rivers at a
time of abundant bedload supply, associated with the climatic
degradation of the Little Ice Age, frequently led to channel
aggradation (Gemaehling and Chabert 1962). On the Isére
River close to the city of Grenoble, this phenomenon has been
particularly well documented by civil engineers. Topographic
records allow the channel aggradation to be quantified at 1-2 cm
per year between 1880 and 1950 (Blanic and Verdet 1975). In
the last 20 years, topographic records have mainly been used
to document channel incision and its spatial distribution. Such
records have been particularly effective in documenting rapid,
deep incision, which, for example, has reached up to 2 m, mainly
as a result of the impact of gravel mining (Peiry 1987; Kondolf
and Larson 1995; Rinaldi and Simon 1998; Rinaldi 2003; Surian
and Cisotto 2007; Ziliani and Surian 2012).

From a technical point of view, a classical way to undertake
a diachronic analysis of geomorphological changes is to super-
impose cross-sections or long profiles on the same graph (e.g.
Fig. 4.7). When differences in altitude between two long profiles
are moderate, it is often more effective to graph positive and
negative deviations in altitude. These differences in altitude can
be extrapolated from long profiles systematically, at a constant
horizontal interval (e.g. every 250 m to 1km according to the
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Figure 4.7 Change in cross section form and bed level in one reach of the

Brenta River from 1932 to 1997. Source: Surian and Cisotto, 2007.
Reproduced with permission of Wiley.
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Figure 4.8 Long profile change on the Giffre River, French Alps. Source: Piegay and Peiry, 1997. Reproduced with permission of Elsevier.

river length). Positive and negative differences in altitude are
shown by mapping the river line in plan and superimposing
the deviations above and beneath the line (Landon and Piégay
1994; Piégay and Peiry 1997) (Fig. 4.8). Care needs to be taken
to ensure that changes are not artefacts of differences in the
spacing of survey points.

Bedload budgets can also be estimated from repeat long profile
and/or cross profile information. The most accurate budgets are
assessed when both types of data are available.

The superposition of sets of regularly spaced cross-sections
allows accurate local assessment of changes in alluvial sediment
storage and good-quality reach-scale assessments are also feasi-
ble if the cross-sections are closely spaced. For example, Vautier
(1999) used five sets of cross-sections surveyed in 1949, 1965,
1972, 1984 and 1989 to establish channel degradation due to
gravel mining and Surian and Cisotto (2007) used a set of 12
regularly surveyed cross-sections to document severe incision
and channel narrowing over a 70 year period and to estimate
gravel transport using a morphometric approach in the Brenta
River, Italy. When using cross-section information for sediment
budgeting, the cross-section resurveys need to relate to exactly
the same location. If cross-sections are not resurveyed at exactly
the same locations, the position of the channel floor needs to be
interpolated before differences between the two surveys can be
estimated, inevitably introducing significant errors.

Where only long profile information is available, a combina-
tion of changes in altitude derived from the long profiles and
changes in channel width measured from maps or aerial pho-
tographs can be used to quantify bedload budgets at a reach scale
and to study their spatial distribution, where approximate volu-
metric changes between two dates are calculated, reach by reach,
using by the following equation:

n
V=Y IxLx]
i=1
where V is the volume estimation (m?), I; the channel incision
(m), L, the length of the reach (m), /; the channel width (m) and
n the number of reaches.

In such analyses of cross and/or long profile data sets, changes
in the elevation of the thalweg provide information on changes
in the maximum channel depth and bedform position, but sedi-
ment budget estimation is best based on average bed elevations,
for which frequent cross profiles are needed or water surface ele-
vations.

Further information on constructing sediment budgets is
given in Chapter 16.

Errors and uncertainty in the comparison

of topographic records

Diachronic comparison of topographic records requires sets
of comparable data. Unfortunately, several difficulties are
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Table 4.3 Levelling networks in France from 1857 to present day.

Network Year of No. of Network Altitude Altitude (centre  Difference in
name set-up polygons  length (km) accuracy (cmkm") of Paris) (m) altitude (m)
Bardoulaoué 1857-1864 38 15000 +1.00 131.00 -
Lallemand 1884-1931 32 12715 +0.17 130.36 -0.64
IGN69 1963-1969 39 ? +0.13 130.70 +0.34

frequently met when researchers or engineers have to compare
historical data. First, the reference system for altitude may have
changed between survey dates. For example in France, three
successive systems of levelling were set up from the middle of the
19th century (Table 4.3). Between 1857 and 1864, the building
of the first railway lines and the extension of navigable canals led
to the establishment of a first levelling network, which covered
the whole country. The territory was covered by 38 polygons
and zero altitude was the average level of the Mediterranean Sea
at Marseille. On two later occasions, the network was changed
through the replacement of geodetic landmarks and to increase
the network accuracy (Landon 1999). Therefore, prior to any
comparison of topographic records, it is essential to be sure
that the altitude reference is identical for every set of data. In
France, for example, maps are available for altitude conversion
so that former values can be transposed to be compatible with
the system used today. The conversion values are not constant
in space, but increase from the South to the North, reaching a
maximum +60 cm in northern France.

Second, a lack of data homogeneity is a serious obstacle to long
and cross profile comparison. To avoid errors in geomorpholog-
ical interpretation, it is preferable to compare topographical data
of the same type, such as water surface levels with water surface
levels, average bed levels with average bed levels, and so on. Long
profiles constructed from average bed levels allow the most accu-
rate comparisons. Long profiles of the water surface at low flows
are strongly influenced by river discharge at the time of survey.
The lack of discharge data for the time of survey is a frequent lim-
itation to the use of this type of historical data, although in some
cases water level-discharge relationships are available and can
be used to correct the profile for this hydrological effect. Com-
parisons of thalweg profiles are relatively rare. Although these
provide useful information on bedform change, their broader
interpretation should be made carefully, because the migration
of bedforms over time can lead to strong local variations in the
thalweg elevation, which are independent of the general evolu-
tion of the river. Similar problems are relevant when compar-
isons of cross profiles from different survey dates are attempted.
In addition, the precise relocation of cross profiles is essential
because of the very large changes in channel cross-sectional form
that occur within very short distances along a river.

Third, between two georeferenced points whose spatial loca-
tion does not change over time (e.g. two bridges), the channel
length may change with changes in river sinuosity. This is fre-
quently the case on actively meandering rivers or on channels

experiencing fluvial metamorphosis (e.g. from braiding to
meandering). Under such circumstances, it becomes impossible
to superimpose long profiles without first correcting the channel
length. The best way to solve this problem is to calculate the
ratio of channel sinuosity between the two dates and to then
to adjust the horizontal distance scale along the long profile
using this ratio. The ratio can be calculated reach-by-reach
along a river valley, in order to ensure that the length correction
is closely adapted to the local fluvial pattern. Under these cir-
cumstances, comparison of cross profile surveys also becomes
problematic, not only because the channel position may have
moved significantly, but also because the position of the cross
profile with respect to the river’s planform may have resulted in
major cross profile changes that are not representative of wider
adjustments in the channel. Overall resurveys of long or cross
profiles of reaches that are showing changes in sinuosity and
plan position should be undertaken with extreme care since
apparent changes may simply be artefacts of survey locations
relative to the channel planform.

Finally, errors in topographic survey data can be partitioned
into the various sources and summed, as was discussed in rela-
tion to the cartographic record, to give an indication of posi-
tional accuracy. Errors related to the original survey methods,
operator interpretation, geographical projection, location of the
cross-section and, if the raw data are not available, the graphical
or cartographic representation of the data can be accounted for
at each point in time. Errors are propagated when surveys from
different points in time are compared, so estimates of error for
each point in time should be summed to give an indication of
the minimum threshold for change detection.

4.5 The modern historical record:
remote-sensing

The historical analysis of catchments and river channels is rely-
ing increasingly on remote sensing. As the time span covered
by remotely sensed data increases, this resource is becoming,
in effect, the modern historical record. In this section, we give
a brief introduction to remote sensing and highlight its role in
historical analysis using recent examples from the literature.
Detailed discussion on the use of remotely sensed data in fluvial
geomorphology is presented in Chapter 6.

Remote sensing approaches use instruments that are not in
contact with the ground or water whose characteristics are
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being measured. Remote sensing methods may employ passive
sensors that detect the electromagnetic radiation emanating
from an object (e.g. photography) or active sensors that emit
a signal and measure the properties of the signal after is has
reflected off the object (e.g. radar), and the sensors may be
mounted on satellites, aircraft or at points on the Earth’s surface.
Data types that are collected using remote sensing approaches
include aerial photographs, multi- and hyperspectral data and
radar- and laser-derived information (e.g. light detection and
ranging, LiDAR).

The applicability of remotely sensed data to the study of
temporal change in a river system is dependent on the spatial
resolution of the data in relation to the size of the features
and the magnitude of change being detected. For example,
high-altitude (i.e. small-scale) aerial photography and most
freely available satellite data have low spatial resolution, making
them best suited to detect and quantify changes in large-scale
features, such as land cover or the planform of large rivers
(width >~100m). Low-altitude aerial photography, airborne
multispectral and LiDAR data sets have high spatial resolu-
tion, so can be employed to investigate changes in small-scale
features, such as the planform characteristics or migration of
narrow rivers or the characteristics of riparian vegetation.

Similarly, consideration must be given to the period of time
during which the type of remotely sensed data has been col-
lected and the frequency with which it is collected. Aerial
photography is an excellent resource for historical analysis.
Aerial photograph archives date back to the early to mid-20th
century and in many areas photographs were taken routinely
with at least a decadal frequency, which is sufficient to assess
changes in most river systems. In general, satellite-based data
sets span shorter periods, although Landsat has been monitor-
ing the Earth’s surface for over 40 years, but they benefit from
more frequent data collection. Finally, high spatial resolution,
hyperspectral and laser-derived data sets that are collected from
airborne platforms or from terrestrial laser scanning (TLS) have
only been collected over approximately the last decade.

Remotely sensed data can be employed in many types of his-
torical analysis, including the assessment of temporal changes
in catchment land cover/use, coarse sediment production and
delivery to river systems, planform and channel migration,
riparian vegetation and large wood dynamics, and the appraisal
of geomorphic features in the channel and floodplain. Mirroring
the earlier presentation of cartographic and topographic data,
we present a few recent examples in which remotely sensed
data has provided planimetric (two-dimensional) or volumetric
(three-dimensional) information to investigations of historical
change.

Most studies of planform change rely on aerial photographs,
at least in part, for the interpretation of historical planform
characteristics (e.g. Gurnell 1997b; Gaeuman et al. 2005; Bird
et al. 2010; Nicoll and Hickin 2010; Michalkova et al. 2011;
Moretto et al. 2013). Satellite multispectral data, particularly the
long Landsat archive, have been used successfully to quantify

temporal changes in planform for large rivers such as the Yellow,
Ganges and Jamuna Rivers (Yao et al. 2011; Gupta et al. 2013;
Mount et al. 2013). Aerial photographs and satellite data can also
be used to examine the spatial coverage and temporal dynamics
of channel geomorphic features. For example, Latrubesse et al.
(2009) used Landsat imagery and aerial photography to assess
changes in the frequency and size of bars and islands in the
Araguaia River following catastrophic deforestation of the
catchment.

Temporal changes in land cover/use can be assessed from
aerial photographs and multispectral data. For example, Cadol
et al. (2011) used aerial photographs to investigate the rela-
tionship between channel planform changes and the extent of
woody riparian vegetation cover for 50 1 km reaches in Canyon
de Chelly National Monument, United States, over a 70 year
period. At a smaller scale, Meitzen (2009) used aerial imagery
supported by field surveys to investigate changes in riparian
vegetation structure and composition with lateral channel
migration in the meandering Congaree River, United States.
Henshaw et al. (2013) used multispectral data from Landsat
to quantify changes in the position of channels and riparian
vegetation for the braided Tagliamento, Italy, albeit with some
limitations.

Volumetric changes in river channels and floodplains can
be investigated using aerial photography and altimetry data
from airborne and satellite-based sensors. Techniques using
photogrammetry and spectral characteristics from aerial pho-
tography and multi/hyperspectral data are covered in Chapter 6,
so here we focus instead on laser-based elevation data.

The basic technique for quantifying volumetric changes is
known as DEM (digital elevation model) differencing, in which
DEMs from different points in time are subtracted to determine
the volumetric change over that period. The volumes being
estimated can relate to any surface; land, water, bare gravel bars
or riparian vegetation. The resulting three-dimensional data set
is called a DEM of Difference (DoD). Although any topographic
data can be used to construct DEMs and calculate DoDs, even
historical topographic maps and surveys (James et al. 2012),
the detailed spatial resolution and high vertical accuracy of
LiDAR-derived DEMS make them ideally suited to examine
changes in the topography of channel and floodplain surfaces
over time. Much work has been conducted in recent years using
LiDAR and TLS data to quantify volumetric change in river
channels (e.g. Bowen and Waltermire 2002; Milan et al. 2007;
De Rose and Basher 2011; O’Neal and Pizzuto 2011; Brasington
et al. 2012), and also to estimate error in the DEMs and uncer-
tainty in the change estimation (e.g. Wheaton et al. 2010; Milan
et al. 2011). Recent applications by Bertoldi et al. (2011b, 2013)
demonstrate the range of uses for LIDAR data. LIDAR data were
used to investigate changes in bed morphology of the gravel-bed
Tagliamento River and the extent of riparian forest. By combin-
ing these data with high oblique photography, field surveys and
flow stage records, they were able to investigate the influence
of riparian vegetation on the morphology of the braid plain



(Bertoldi et al. 2011b) and wood recruitment and deposition
dynamics (Bertoldi et al. 2013). High-resolution DoDs can
also be used to quantify changes in sediment production and
delivery to the river associated with mass movements (DeLong
et al. 2012 and references therein). In conclusion, LiDAR and
TLS altimetry data provide unparalleled opportunities to inves-
tigate a range of questions related to temporal change in fluvial
geomorphological forms and processes.

On a final note, recent technological advances in photogram-
metry mean that elevation data can now be derived from any set
of spatially overlapping photographs. Structure-from-motion
(SfM) photogrammetry is an image-based method that can
extract relative elevation data from digital images that bypasses
some of the limitations of classical photogrammetry. Tests
have shown that SfM can create high-density point clouds of
topographic data that are comparable to LiDAR using only
a digital camera and freely available software and for aerial
photographs a tethered blimp or kite (Westoby et al. 2012;
Fonstad et al. 2013). Significant issues remain to be resolved,
particularly related to the estimation of error and uncertainty,
but SfM is set to revolutionize and democratize the collection of
high-resolution topographical data in fluvial geomorphology.

Accuracy and uncertainty

Considerable attention has been focused in recent years on
approaches to assessing positional and attribute accuracy for
remotely sensed data sets and to detect change over time. A
thorough review is outside the scope of this chapter. Readers are
referred to the earlier cartographic and topographic sections of
this chapter for aspects that are relevant to remotely sensed data
(e.g. spatial accuracy and digitization errors for planimetric
measurements) and to recent texts (e.g. Congalton and Green
2009; Wheaton et al. 2010; Milan et al. 2011; Carbonneau and
Piégay 2012).

4.6 Conclusion

Analysis of historical sources is often the only means to assess
temporal variability in a river system. These sources allow us to
peel back the layers of time to formulate an understanding of the
past condition of a river and the pressures that have been and are
currently influencing its form and processes and in turn to give
us an indication of the possible future trajectories of the system.
Thus, historical approaches are an important tool for the holis-
tic management of river systems and an essential component
in the decision-making and planning stages of river restoration
measures.

The challenge of historical approaches is to assess and inte-
grate information from a range of different sources that vary
markedly in their reliability, accuracy and uncertainty. Through
a systematic review of the historical data that are available for
a site (Table 4.4), it is possible to evaluate the reliability of each
source and to estimate its accuracy or uncertainty. Through the
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Table 4.4 Steps in compiling historical data. Adapted from Hooke, 1997.

1 Establish research sources and dates available, and if possible use all
available material including complementary archaeological and
remote sensing sources

2 Check background and general reliability of sources
Investigate document quality/laccuracy/applicability: source original
documents or verify compilations based upon secondary sources; note
purpose of records; undertake content analysis if appropriate

4 Investigate topographic survey quality/accuracy/applicability: check
accuracy of individual surveys, including planimetric accuracy and
content accuracy, and identify points of common detail to enable
comparison of different surveys

5 Create time sequence of catchment, river or reach conditions using
both qualitative and quantitative methods as appropriate

6 Field check changes indicated

careful inclusion of historical data into a GIS, it becomes possible
to compare directly different types of data that were collected at
different scales and in relation to different map projections and
to assess change over time inclusive of uncertainty and error.
Also, through the use of catchment chronologies, it is possible to
integrate data sources over time to explore qualitative and quan-
titative changes in catchment and river characteristics and to
identify causal linkages. Only if the sources are fully understood
and uncertainty is fully characterized can scientifically rigorous
conclusions be drawn, otherwise it becomes impossible to dif-
ferentiate genuine spatial or temporal patterns from those that
are artefacts of the observer, recorder or cartographer.

Finally, information extracted from historical sources should
not be seen in isolation. A combination of contemporary data,
particularly field survey data relating to, for example, bed and
bank sediment calibre and structure and riparian vegetation
structure and age, can add new dimensions to the historical
analysis, helping to extend and validate interpretations based on
historical sources (e.g. Bertoldi et al. 2011a, 2013; Rollet et al.
2013).
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CHAPTER 5

System approaches in fluvial geomorphology

Hervé Piégay
Université de Lyon, UMR 5600 CNRS, Lyon, France

5.1 System, fluvial system, hydrosystem

The system, a widespread concept
The system concept, increasingly used in environmental sci-
ences during the last four decades to link physical, chemical
and biotic processes, has had an important influence on flu-
vial geomorphology (Hack 1960; Chorley and Kennedy 1971;
Schumm 1977; Bennett and Chorley 1978; Huggett 2007). As
links among geomorphology, its sister disciplines (ecology,
hydrology and human geography) and river management have
developed, they have strongly influenced fluvial geomorphol-
ogy, notably with articulation of the ‘hydrosystem’ (Amoros
et al. 1982, 1988; Amoros and Petts 1993) and in Australia, the
concept of ‘river styles” (Brierley and Fryirs 2005; Brierley et al.
2008). While equilibrium concepts in geomorphology were
arguably inspired by classical mechanics and thermodynamics,
notions of dynamic equilibrium can be seen as having tracked
developments in open-state thermodynamics (Huggett 2007).
The concept of a system is a tool in the sense that it is used to
organize research. Although providing important insights into
processes, reductionist approaches typically cannot bring a gen-
eral understanding of rivers and their evolution. In this context,
the system concept provides a framework to develop an inte-
grated picture of geomorphic processes and forms on larger time
and spatial scales, which have appeal for river managers who
seek to implement the concept of ‘sustainable development’ and
to better integrate scientific insights into management.

The fluvial system
A system can be defined as a meaningful combination of ele-
ments that form a complex whole, with connections, interrela-
tions and transfers of energy and matter among them. The term
fluvial derives from the Latin word fluvius, a river, but when
carried to its broadest interpretation, a fluvial system not only
involves stream channels but also entire drainage networks and
depositional zones of deltas and alluvial fans and also to the hill-
slope sources of runoft and sediments.

The fluvial system is a complex adaptive process-response
system with two main physical components, the morpholog-
ical system of channels, floodplains, hillslopes, deltas, etc.,

and the cascading system of the flow of water and sediment
(Chorley and Kennedy 1971). The fluvial system changes
progressively through geological time, as a result of normal
erosional and depositional processes, and it responds to changes
of climate, base level, tectonics and human impacts (Fig. 5.1).
Hence there can be considerable variability of fluvial system
morphology and dynamics through time from natural processes
alone. In addition to this, since at least the beginning of the
Neolithic, human activities have played a major role in fluvial
system evolution, affecting vegetation cover, base level, and also
water, sediment and organic matter inputs on time-scales that
may be very short compared with those on which climate and
tectonic changes are usually acting (Park 1981; Gregory 1987).
This human influence is now so important that a new geological
epoch has been proposed, the Anthropocene’, from 1800 to
present (Meybeck 2003). In addition to this temporal variability,
there is a strong spatial variability resulting from different
geological, climatic, topographic and societal environments.
The prediction and postdiction of fluvial system behaviour is
greatly complicated by this variability (Fig. 5.1).

At the channel scale, we conventionally summarize the
fluvial system as a set of variables, some being the control/
external/independent variables (e.g. Q,, the sediment load,
and Q,, the peak discharge) and the others are the adjustable/
internal/dependent variables (e.g. channel pattern, meander
wavelength, channel slope, width and depth). The river is
then seen to be in a dynamic equilibrium when the adjustable
variables vary slightly around an average through time. When
the control factors change, the fluvial system undergoes a
correlative change, the dependent variables adjusting to a new
equilibrium. This stage is called a fluvial metamorphosis and is
often illustrated in the scientific literature by a planform change.

Some systems adjust rapidly to changes within the basin,
whereas others are more resistant. The thresholds for change
(i.e. an erosional or depositional adjustment) vary from one
system to another. Within the French Alps, intensive instream
gravel mining in the 1970s and 1980s induced channel degra-
dation for kilometres upstream and downstream of the mining
sites. In reaches where shallow (~4 m) gravel layers are under-
lain by fine lacustrine deposits of the post-Wiirmian glaciation,
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Figure 5.1 The fluvial system: a conceptual model of the geomorphological functioning of a river basin focusing on the channel reach variability associated

with upstream, local and downstream controls.

once the gravel was gone and lacustrine silts exposed, incision
was rapid, reaching 10 m over many reaches (Bravard et al.
1999). In Wiirmian periglacial areas, the channel contains
blocks transported by palaeofloods, which have stopped chan-
nel degradation upstream and downstream of the mining sites
and now armour the bed.

Changes in conditions along the channel margin can also
induce channel changes independently of upstream controls
(Fig. 5.1). In the Drome basin (1640 km?) in France, a major
rockslide in 1442 at km 81 (measured upstream from its con-
fluence with the Rhone) has strongly influenced the upstream
channel characteristics. Here, the channel has a gentler slope
(0.003 versus 0.005 at the confluence with the Rhone) and a
stable single-bed meandering channel. Without the damming
effect of the landslide, a steep slope and a braided channel would
be expected in this reach. Change in vegetation cover within the
floodplain can also induce a channel metamorphosis. Riparian
vegetation loss from fire, grazing or mechanical removal can
increase bank erosion and favour channel widening and shifting
(Orme and Bailey 1970). Conversely, channel narrowing was
observed in many rivers in France during the 20th century
due to the increase in bank resistance by the establishment of
riparian vegetation after abandonment by agriculture or grazing
(Liébault and Piégay 2002).

Fluvial systems range in scale from that of the vast Amazon
River system (draining nearly 7 million km?) to small badland
basins of a few square metres. Fluvial systems can also be viewed
over periods ranging from a few minutes of present-day activity
to channel changes of the past century and even to the geolog-
ical time required for the development of the billion-year-old
gold-bearing palaeo-channels of the Witwatersrand conglomer-
ate of South Africa.

To simplify discussion of the complex assemblage of land-
forms that comprise a fluvial system, its longitudinal dimension
is traditionally subdivided into three zones: the sediment source
zone, the transport zone and the deposition zone (Schumm
1977). These three subdivisions of the fluvial system may appear
artificial because obviously sediments are eroded, transported
and stored, in all the zones; nevertheless, within each zone
one process is normally dominant through time. However,
the sequence of sediment source zone to transport zone, and
possibly deposition zone, can be repeated many times along a
river with active sediment sources.

Each zone of the fluvial system, as defined above, is an open
system. Each has its own set of morphological attributes, which
can be related to water discharge and sediment movement.

The hydrosystem concept

As geomorphologists increasingly interact with other envi-
ronmental scientists, geomorphic processes are considered in
relation to biological processes and human actions. Predicting
human effects on river systems on a time-scale of multiple
decades allows us to evaluate better the societal costs of human
actions, to understand tradeoffs between societal uses (e.g.
leisure activities, navigation) and natural resources (water,
gravel, forest, fish, hydroelectricity) supplied by the river.

The concept of the ‘hydrosystem’ provides a framework
within which to evaluate such interactions (Amoros et al. 1988;
Amoros and Petts 1993). The hydrosystem can be defined as a
three-dimensional system dependent on longitudinal (upstream
to downstream), lateral (channel versus margins) and vertical
(surficial versus underground) transfers of energy, material
and biota (Fig. 5.2). Its integrity depends on the dynamic
interactions of hydrological, geomorphological and biological
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Figure 5.2 The hydrosystem, a complex system with three bidirectional axes:
upstream/downstream, channel/margins, surficial/underground environments.

processes acting in these three dimensions over a range of
time-scales. The system components are interrelated in the
sense that many fluxes may be bidirectional.

The longitudinal dimension is defined by upstream-
downstream relationships. For example, alluvial channel
form is controlled by the sediment input from upstream and
changes in sediment supply can lead to aggradation, no change
in bed elevations or incision. In turn, channel changes such as
degradation and armouring can influence in-channel features
(e.g. pools, riftles, glides) which are critical habitats for fish com-
munities. Downstream factors may also affect upstream factors.
A drop in base level (e.g. from sea-level lowering or in-channel
gravel mining) can induce regressive erosion upstream, which
in turn can expose rock outcrops and undermine check dams,
which can become barriers to anadromous fish migration.

In the lateral dimension, the bidirectional links between the
main channel and its margins are particularly complex within
alluvial corridors. In alluvial valleys, palacoforms (terraces,
alluvial fans, screes) commonly influence channel character-
istics. The geological setting influences the slope and width of
the valley floor and consequently channel slope and pattern.
The lower valley of the Ubaye River, a tributary of the Durance
in the southern French Alps, is characterized by an unusual
successional pattern (Fig. 5.3). It is braiding across a large valley
cut in marl, but becomes progressively more meandering and
then straight downstream as it traverses more resistant rocks,
becoming narrower, with a higher gradient and coarser bedload
(Piégay et al. 2000). Channel behaviour controls the flood-
plain architecture and consequently its biological diversity. A
freely meandering river has the capacity to create cut-off chan-
nels, within which water bodies support exceptionally diverse
ecosystems. Their life span at the aquatic stage depends on their
efficiency in terms of sediment trapping (frequency of flooding
and critical shear stress) and the upstream characteristics of
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the basin (sediment supply, flood magnitude and frequency)
(Citterio and Piégay 2009).

The third dimension corresponds to vertical interrelation-
ships. For example, channel degradation or aggradation may
induce changes in the biological and chemical functioning of the
floodplain. Channel degradation, for example, may induce water
table decline, terrestrialization of floodplain wetlands, which
consequently increases vegetation encroachment and then
sediment trapping. Several examples are given in Chapter 10
showing how ecological changes can provide information about
the geomorphic adjustment of the river channel.

The hydrosystem concept can be considered as an extension
of the fluvial system concept (Schumm 1977), as applied to large
rivers with well-developed floodplains. It involves geomorpho-
logical parameters but also chemical and biological parameters.
Whereas the fluvial system emphasizes temporal and longitu-
dinal dimensions, the hydrosystem concept emphasizes the lat-
eral and vertical dimensions, which are most important on large
floodplains and which strongly influence alluvial groundwater
storage, ecological richness and regeneration of riparian vegeta-
tion. Moreover, large floodplains are often heavily developed, so
various uses and engineered structures affect natural processes,
channel forms and floodplains.

System theory is increasingly employed within the environ-
mental sciences, with shared vocabulary and explicit integration
of physical factors and their relationships in wider systems
of biological reactions, as reflected in the serial discontinuity
concept (Ward and Stanford 1983), the hierarchy (Frissell
et al. 1986), the flood-pulse concept (Junk et al. 1989) and the
riverscape and patch dynamics (Townsend 1989; Thorp et al.
2006).

The fluvial anthroposystem concept

Neither the fluvial system nor hydrosystem concepts explicitly
consider humans as an element of the system, considering
them as external drivers acting on the system, similarly to
lithology or climate. Hydrosystems widen the system from
physics to biology and chemistry, but not to humans, which
are still considered separately. With increased understanding
of the strength of human influences on river forms and their
processes, it is clear that river evolution also influences social
development and human well-being, which depend on services
and goods provided by the river (Kondolf and Piégay 2011). A
new paradigm is emerging, in which humans are seen as part
of river systems and which considers human benefits of river
conservation, mitigation, management and restoration. More-
over, ‘references’ for river restoration need no longer be pristine
channel features. Anthropogenic channels may also provide
interesting ecosystems, raising new challenges for ecological
engineering and fluvial geomorphology.

Thus we come to the scientific debate about what a healthy
river is and how river managers can act to improve a river’s
ecological state. Are anthropogenic rivers fundamentally
unhealthy, as implied by many assessment methods under the
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Water Framework Directive? Or can rivers manipulated by
anthropic means reach a functional state that is ecologically
valuable? The notion of environmental value is increasingly
driving how we interpret river condition and social, historical
and cultural factors are becoming crucial to understanding
how we interpret river changes and their consequences. As
an example, the disappearance of braiding in the European
Alps has been interpreted by scientists as a human alteration,
and loss of habitats associated with actively braiding channels
were viewed as an impact. Although this is a valid concern, it is
important to recognize that some of the braiding activity was the
result of deforestation and overgrazing during the 19th century
and it was the reduction in sediment delivery resulting from a
spontaneous afforestation that led to narrowing of channels and,
in many cases, consequent expansion of the riparian corridor, a

fantastic ‘renaturation’ of the mountain area due to the decline
in human pressure on the landscape.

After centuries of human policy promoting works to control
and suppress river processes to favour human development,
there is increasing interest in adopting river management
approaches that balance development with ecological values,
allowing natural river processes to function unhindered as
much as possible, while recognizing the inevitability of human
alteration to the formerly pristine system. This implies that
restoration should be guided by a functional paradigm that
views a healthy river as functioning well and being complex
in terms of habitats, rather than attempting to emulate a past
reference condition. In this context, river evolution can be
conditioned by both natural and anthropogenic drivers.



5.2 Components of the fluvial system

Scales of analysis and the range of influencing
factors

The fluvial system and its components can be considered at
different spatial scales and in greater or lesser detail depending
upon the objective of the observer. The river basin is a critical
component as it provides floods and sediments conditioning
channel forms, so that its evolution is of interest for exploring
factors controlling channel changes. At a reach scale, the chan-
nel pattern reveals such river history. At a finer spatial scale,
those of a channel feature, such as a single meander bends, flow
hydraulics, sediment transport and rate of meander migration
can be measured. Within the channel feature itself, grain size
patch is also a valuable spatial scale providing information on
sediment sources or sediment loads.

The fluvial system is characterized by an asymmetry of con-
trols in the sense that the broader scale levels influence the
smaller scale levels (e.g. influence of basin scale on reach scales),
whereas the inverse is rarely true. In the same way, changes
affecting a given reach influence the structure and functioning
of the sediment facies and the vegetation units. For example,
a dam may provoke downstream incision and bed coarsening
(boulder exhumation) and simplification of the channel pattern.
If the broader levels are not considered, the ecologist may be
unable to explain fish abundance and diversity at a reach scale
relative to those elsewhere, or to design sustainable restoration
or mitigation actions.

Various components of the fluvial system can be investigated
at different scales, but no component should be totally ignored,
because hydrology, hydraulics, geology and geomorphology
interact at all scales as human pressures. This emphasizes that
the entire fluvial system should not be ignored, even when only
a small part of it is under investigation.

Non-linear temporal trajectory of fluvial systems
The fluvial system provided a clear framework to theorize the
temporal evolution of rivers, considering the complex time
pattern and developing conceptual basis: adjustment, resilience,
threshold and sensitivity, but also lag time.

Two major time-scales are then distinguished: temporary
channel changes linked to a punctual event, which strongly
modify the channel, such as a large flood, versus long-term,
irreversible changes. The concept of ‘dynamic equilibrium’
considers the channel to be metastable around an average con-
dition, fluctuating in response to the magnitude and frequency
of floods (Hack 1960). This dynamic equilibrium is broken
when a river adjusts to new control conditions and shifts to
a new equilibrium position. River systems may be more or
less resistant or sensitive to changes. A bedrock channel is
evidently very resistant whereas an alluvial system draining
sandy environments with a low vegetation cover will be much
more sensitive to a modification of its hydrology or of sediment
delivery. Moreover, changes in controlling factors have different
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effects on channel geometry according to their own pattern of
change and the distance between each other. The concept of
‘geomorphic thresholds’ is relevant (Schumm 1973). Channel
changes may occur slowly and in a continuous manner up to a
threshold, a critical time step above which change is observed.
Moreover, channel changes tend to lag behind changes in the
controlling factors. This lag time depends not only on the
processes driving the cascade of changes downstream, but
also the channel’s sensitivity to changes. Following the fluvial
anthroposystem theory, with human pressures ubiquitous for
many centuries, rivers are reacting to multiple human pressures
acting at different time-scales and different locations within
the basin, inducing different lag times for channel responses
and producing different combinations of responses (e.g. chan-
nel narrowing versus widening, incision versus aggradation,
coarsening versus fining, increase versus decrease in lateral
shifting). Figure 5.4 illustrates river trajectories as affected by
control factors operating on different temporal patterns. The
relationships displayed in Fig. 5.4 are straight forward. They
demonstrate that, because of the number of variables acting,
the fluvial system has a complex history, as it adjusts to climatic
changes and human influences through time. In addition, at any
one time, the range of geology, relief and climate guarantees that
a great range of morphologic characteristics can exist among
drainage basins.

When multiple control factors operate, their effects can inter-
act, in some cases one factor counteracting another, and in other
cases combining to produce unexpected critical changes. This
idea of complex non-linear fluvial system responses is well illus-
trated by the emerging concept of trajectory, a more complex
concept of adjustment, which reconsiders notions of reversibil-
ity, resilience and recovery, especially in the context of restora-
tion in response to human alteration (Brierley et al. 2008), and
follows the idea of viewing rivers as non-linear dynamic sys-
tems where forms are controlled by chaos and self-organization
(Phillips 1996). If rivers are continuously changing in response
to multiple pressures, then any return to a previous state is diffi-
cult and ‘restoration’ to a historical reference condition impossi-
ble. The concepts of cyclicity and resilience, expressed as the time
needed for a system to return to its pre-disrupted conditions,
may conflict the trajectory model, being evident for perturbation
(linked to a punctual event that occurs at a given frequency) but
not for alteration (linked to an unexpected factor that occurs not
cyclically and with a magnitude that is also variable). These con-
cepts of disturbance and recovery are critical for river manage-
ment because they form the implicit basis for diagnostic studies
of causal factors for management problems. These concepts can
also provide information on how the river works and how sensi-
tive it is to actions, and provide expert knowledge for designing
actions to manage sustainably, to improve or to repair.
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Figure 5.4 Example of temporal trajectory followed by a fluvial landscape due to its adjustment to a complex spatio-temporal framework of control factors
according to the dynamic equilibrium and trajectory concepts. Source: Dufour and Piégay, 2009. Reproduced with permission of Wiley.

5.3 Fluvial system, a conceptual tool
for geomorphologists

Partial versus total system approach

There is more than one approach to the fluvial system. One may
be ambitious and attempt a total-system analysis integrating
information on all aspects of the fluvial system, but usually there
will be insufficient information to permit such an approach.
Rather, one may choose to investigate only the source zone or
a channel reach. This reduced partial-system analysis is usually
all that can be attempted, but its importance lies in the value of
viewing a limited problem or limited study area in a broader
perspective.

If geomorphological studies are characterized by spatial lim-
its, they have also temporal limits. In this context, a system
approach is always partial because time in the fluvial system
is not bounded like a basin but may change at the seasonal,
decadal, century or Holocene scales. Geomorphic systems can
be studied at different time-scales depending on the study
objectives, which are to explain present geomorphic features or
their sensitivity to changes in runoff and sediment yield, but
the observer must have always in mind that their observations

apply in a given temporal setting. On gravel-bed rivers, for
example, the observed channel width integrates effects of the
last large flood (vegetation scouring versus encroaching) and
longer term effects in terms of sediment delivery or floodplain
land-use changes, which influence its resistance and local shear
stress. Depending on when the channel width is observed, it
may be experiencing different trends of short-term evolution
(narrowing versus widening).

The fluvial system, a concept for structuring
hypothesis

The ‘fluvial system’ can be seen as a conceptual model developed
by the researchers based on their results. Complexity is added to
the original simple model through regional studies, which show
the importance of effects such as riparian vegetation and geo-
morphic facies and the cascading effects of geomorphic changes
on living communities and human uses (Bravard et al. 1997; Pont
et al. 2009).

Once the conceptual model has been defined, it can be used
as a tool to focus efforts early in research process. It is then a
basis to formulate hypotheses in a deductive approach, allowing
the researcher to build a preliminary, rough architecture of the



studied component to test the potential factors controlling it,
its sensitivity to changes, the acting range of its processes and
forms, the geomorphic thresholds. Thus, the fluvial system pro-
vides a simple framework into which complexities of the specific
river can be placed in contrast and within which questions can
be posed, such as the potential effects of changes in peak flows or
sediment load, or when currently occurring adjustment is likely
to be finished.

Such a conceptual approach is now applied within the anthro-
posystem framework for restoring rivers considering both
natural parameters (physics, ecology, chemistry) and socio-
economic drivers that influence the natural parameters and
condition actions (Fig. 5.5, from Jacobson and Berkley 2011).
As explained by these authors, such conceptual models are
useful in adaptive management projects to visualize and share
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understanding of how a river works and what can be the poten-
tial cascading consequences of restored actions discussed. It is
then a working tool that both allows scientists from different
disciplines to build a common conceptual model and also aids
in public education and communication.

The comparative space-time framework

The fluvial system concept can serve first to integrate case stud-
ies in a broader spatial and temporal scale context, considering
upstream influences on channel and long-term trends. Many
monographic studies, such as those of Bravard (1987) on the
upper Rhoéne River (France) and Agnelli et al. (1992) on the
Arno River (Italy), have been carried out in this perspective and
brought many useful elements to underline the complex history
of channels. Although a single case study can facilitate the
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understanding of channel change and structural complexity, it
is often risky to generalize the results to provide a reproducible
model of how the river functions and is sensitive to given acting
forces. In such a context, the fluvial system concept facilitates
the development of comparative studies for generalization
purposes and theory.

The analysis of the fluvial system can then be based on compar-
isons of many spatial units corresponding to components of the
system. As noted above, the fluvial system is composed of dif-
ferent open and interacting components (e.g. geomorphic units)
which are nested (drainage pattern > river reaches > channel
features > sedimentary patches) and described by attributes (e.g.
a channel reach can be defined by its geometry, water and sed-
iment processes, morphological changes). Each component can
be compared with others at a single scale by comparing their
attributes or the study can focus on the interactions between
the nested components. Two conceptual approaches can be then
distinguished. By comparing a set of components of the fluvial
system at any spatial scale or within a temporal perspective, sim-
ilarity analyses distinguish them according to attributes, order
them according to key geomorphic questions (such as the stage
of evolution and specific process response) and then build con-
ceptual models. Connectivity analysis can aid in understanding
the cascading factors that control the changes of nested compo-
nents and in building causal and chronosequential models.

Thus, similarity analysis and connectivity analysis are two ways
to study the fluvial system in a comparative manner, one focus-
ing on single temporal and spatial scale components, the other
on the links between components of different scales. The size
and heterogeneity of the study area, the question posed and the
causes of changes should determine which approach (or com-
bination of the two) is chosen. Within a connectivity approach,
similarity analysis can be carried out at each scale level if a set of
components is studied.

In this context, the ways of approaching a river can be sum-
marized by a set of 3D diagrams (Fig. 5.6), each axis being
respectively the spatial scale level (e.g. in-channel feature unit,
channel reach unit, floodplain unit, basin unit), the time-scale
level (season, year, decade, century) and the number of spatial
units or components being considered. The basic approach
focuses on a single spatial unit observed at a single scale level
and without temporal perspective (upper left diagram). This
is the first level of a case study, the description of the geomor-
phic characters of the spatial unit, which usually is augmented
by studying its sub-units in an integrated perspective and its
changes over time. The ultimate level of the case study approach
considers all the characters of the spatial unit: its inner com-
plexity and the relationships between its sub-units (connectivity
analysis) through time (lowest left diagram). A similar approach
can be taken in a comparative perspective (right side of dia-
gram). Rather than describing a single spatial unit, many are
described simultaneously to identify differences among them
or to order them on a longitudinal or a temporal gradient
(similarity analysis). The second level of comparative studies,

which is one of the most developed in the geomorphic literature,
is to compare nested spatial units, typically a channel reach and
its basin. This is the basis of hydraulic geometry analysis (Hey
1978 , Ferguson 1986) or allometric studies, which are based
on empirical power functions, relating basin size, usually basin
area, to channel geometry (e.g. width, depth, cross-sectional
area, channel length, area of alluvial fans) (Church and Mark
1980). Comparative studies can also consider the temporal
trend of each spatial component to consider differences in
adjustment rather than differences in structure. These different
comparative studies can ultimately combine both similarity and
connectivity approaches.

Similarity analysis

Similarity analysis focuses on a set of landforms at a single
spatial scale level for which the comparison of the attributes
allows groups to be identified and ordered. This approach
is commonly used in partial-system analyses. Similarities or
dissimilarities can be assessed at various spatial scale levels: e.g.
a set of channel reaches to study similarities within a set of bars,
a set of basins or of reaches within a basin to study similarities
within a set of channel cross-sections. This analysis is mostly
synchronous in the sense given by Amoros and Bravard (1985),
involving essentially simultaneous measurements at numerous
sites, results of which can be analysed statistically.

Similarity analysis can be also conducted in a temporal
perspective. Diachronic or retrospective analysis (Amoros and
Bravard 1985), involving assessment of changes of a single
components over time, using historical sources, is important
in this approach. According to the intensity, spatial extent and
chronology of these changes, it is then possible to evaluate
the causes of changes of the dependent components and their
respective importance and to assess their present and future
effects.

Two tools or approaches that are particularly useful in such
investigations are location for time substitution to develop
evolutionary models of landform change and location for condi-
tion evaluation for assessing landform sensitivity or resistance
(Schumm 1991) (Fig. 5.7a and b).

The location for time substitution (LTS) is a well-known tool
to geomorphologists and it is often referred to as the ‘ergodic’
method or ‘space for time substitution’, but following Paine
(1985) and Schumm (1991), it will be referred to here as loca-
tion for time substitution. This involves the selection of a sample
of components that can be arranged in a sequence that shows
change through time.

The second technique can be used to identify sensitive compo-
nents in what can be termed the location for condition evaluation
(LCE). This involves measuring the characteristics of relatively
stable and unstable components. A comparison permits the
identification of critical threshold conditions and sensitive
components. Using such a technique, we assume that each
case is in dynamic equilibrium with its controlling parameters,
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Figure 5.6 Schematic 3D models to summarize how fluvial systems can be studied based on time-scale, spatial scale and number of spatial units or
components considered. A number of different approaches are then possible: monographic or comparative, synchronous or diachronous, based on similarity or
connectivity assessment. Source: Pont et al, 2009. Reproduced with permission of Springer.

which means that threshold conditions depend on the intrinsic
characteristics of the system (e.g. geological or climatic setting).

One of the best known LTS analyses has been used to show
incised-channel change with time. A series of cross-sections
surveyed along a channel that has incised illustrate an evo-
lutionary model of channel adjustment resulting of natural
or human-induced changes (e.g. channelization) (Fig. 5.8).

Although this model would not be expected to apply to all
streams, experimental studies support the model’s sequence for
many incision channels (Schumm ef al. 1987) and the model
has been further developed for a range of applications (Simon
1989). The model presented in Fig. 5.8 was developed for incised
channels in northern Mississippi and it has both academic and
practical value because it permits the estimation of sediment
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Figure 5.7 Summary of the different conceptual models used in fluvial system analysis: (a) location for time substitution; (b) location for condition evaluation;
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Figure 5.8 (A) Evolutionary model following a location for time substitution analysis (LTS) of incised channel from initial incision (a, b) and widening (c, d) to
aggradation (d, e) and eventual stability (e). Modified from Schumm, et al. (1984). (B) Measurements at sites a—e provide information for the development of a
model of channelized stream (incised channel) evolution.
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Figure 5.9 Location—time and causal, process-based models of adjustments between geomorphic channel stages observed in the basin. The process-based
model shows cascading responses among different factors explaining the observed adjustments. 1, Decreasing frequency and/or intensity of extreme rainfall
events; 2, decreasing frequency and/or intensity of channel-forming floods; 3, spontaneous afforestation of hillslopes and valley floors due to the abandonment
of agricultural uses; 4, reforestation for soil conservation and construction of check-dams in steep headwater reaches; 6, Increasing the bank roughness and
stability by riparian vegetation and decreasing peak flows; 9, decreasing the sediment supply. From Pont et al. (2009).

production and agricultural land loss and the identification of
channel reaches that require controls (Schumm et al. 1984).
The location for time substitution can be an effective means of
developing a model of evolving landforms. Research carried
out in the European Alps also showed different adjustment pat-
terns to channel incision (Liébault and Piégay 2002). Whereas
the Schumm model predicted channel widening in the loess
landscapes of the Mississippi delta, the Alpine model involves
channel narrowing following incision (Fig. 5.9) (Pont et al.
2009).

Research in central southern England (Gregory et al. 1992),
Zimbabwe (Whitlow and Gregory 1989) and Arizona (Chin
and Gregory 2001) used a LTS framework and a downstream
hydraulic geometry analysis based on the empirical relationship
between channel cross-sectional area at bankfull and the basin
area. Urbanized basins were characterized by increased flood
frequency and consequent channel degradation and widening.
As a result, the urbanized basin channel deviated from the
general relationship by being wider and deeper than what the
model predicts. Data collected in Fountain Hills basins (Ari-
zona) showed the expected downstream increase in channel
width, depth and capacity with drainage area whereas the data
collected in reaches disrupted by urbanization yield channel
widths up to two times wider than expected from undisturbed
longitudinal patterns alone.

When using LTS it is then important to compare features
produced by the same processes that are operating under the
same physical conditions. For example, the evolution of an
incised channel in alluvium can be determined by surveying
cross-sections at several locations where the channel is in allu-
vium, but one cannot combine data or compare channels in
weak alluvium with channels in resistant alluvium or bedrock
and expect to find meaningful results. Therefore, if one is asked
to evaluate the stability of a site, it is wise to search for similar
site conditions within the same general area and with a compa-
rable geological setting and to use these to aid in the specific site

evaluation. Observed sequences reflect exclusively the temporal
evolution step-by-step, which means that we assume that the
studied features are in desequilibrium with their controlling
factors.

Location for condition evaluation has been used to iden-
tify sensitive valley floors that are likely to gully in Colorado
(Fig. 5.10) and New Mexico (Patton and Schumm 1975; Wells
et al. 1983), river reaches that are susceptible to a pattern change
from straight to meandering to braided (Fig. 5.11) and alluvial
fans that are susceptible to fan-head incision (Schumm et al.
1987) and thresholds of hillslope stability (Carson 1975). This
approach is similar to the location for time substitution, as
described above, except that it is the present conditions rather
than an evolutionary model that need to be evaluated.

0.1
C o Gullied

o Ungullied

Valley slope

0.01

| | | | | |
50 75 100 125 150

Drainage area (km?)

o
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(6]

Figure 5.10 Location for condition substitution permits identification of
threshold valley floor slope at which gullies form. Source: Patton and
Schumm, 1975. Reproduced with permission of GSA.
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Figure 5.11 Location for condition substitution of valley floor slope at which
the 1890 Mississippi River channel pattern changed from low sinuosity to
meandering and from meandering to a transition meandering-braided
pattern (high to low sinuosity) as the valley slope varied. (A) river reach where
cut-offs will occur soon, and (B) river reach adjusting for recent cut-offs and
sinuosity. Adapted from Schumm et al, 1972.

In each of these cases, data were collected at a number of loca-
tions and a relation was developed to identify future or threshold
conditions. For example, the slope of the line in Fig. 5.10 identi-
fies a valley floor slope at a given drainage area at which gullies
are likely to form. When a relation such as that in Fig. 5.10 is
developed between drainage area and alluvial fan slope, alluvial
fans that are susceptible to fanhead trenching can be identified.
The curve of Fig. 5.11, when developed for a specific river, can
be used to identify when a river pattern is susceptible to change
from meandering to braided and vice versa. In addition, the ver-
tical position of a point on the plot is an indication of future
change. For example, the point with the highest sinuosity (A)
represents a river reach where cut-offs will occur, whereas the
point that plots very low (B) is adjusting for previous cut-offs
and sinuosity will be increased by meander growth.

The floodplain of the Ain, Doubs and Rhéne rivers in eastern
France has numerous cut-off channels, which range widely in
habitat types as they evolve from fully aquatic to terrestrial, as
they silt up through time. This range of habitat types results in
high biodiversity. LCE analysis has been conducted on a set of 39
cut-off channels in order to understand their silting dynamics
and assessed their sensitivity to terrestrialization (Citterio and
Piégay 2009). The conventional model of sedimentation rate,
decreasing as a function of time, such as those established by
Hooke (1995), has not been observed in these cut-off channels,
the youngest forms (20 years old) having sometimes thicker
overbank sediment than others that are 65-80 years old. LCE
analysis showed that fine sedimentation in cut-off channels
is controlled by overflow frequency from both upstream and
downstream entrances which are linked to channel planform
types when cut-off occurred (Fig. 5.12). When the upstream
overflow frequency is high, cut-off channels undergo scouring,
preventing strong sedimentation. Conversely, when down-
stream overflows are more frequent than upstream overflows,
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Figure 5.12 Observed versus predicted sedimentation rate from multiple
regression model based on frequency of upstream and downstream overbank
flow frequency. The model is based on samples from the Ain and the Doubs
and is used to predict the sedimentation rate of the Rhone former channel
lakes. Source: Citterio and Piégay, 2009. Reproduced with permission of
Wiley.

backwater events exacerbate sediment entrances and deposits.
The meander cut-off channels are mainly flooded by backwaters
and consequently experience high deposition rates, whereas
braided cut-off channels function as secondary channels during
floods and are less susceptible to fine sedimentation due to
high flow velocities. Owing to channel metamorphosis during
the 20th century, braided cut-off channels are often older than
meander ones, explaining the complex pattern of sedimentation
rates in this regional setting.

Along the Ain River, vegetation encroachment and chan-
nel narrowing in the 20th century were initially attributed to
decreased peak flows due to an upstream dam built in 1968.
However, studies of the chronology of vegetation encroachment
on the Ain and other Rhoéne River tributaries (Fig. 5.13)
showed that the encroachment could not be explained pri-
marily by dam-induced flow changes (Piégay et al. 2003).
Vegetation encroachment began on the Ain before the dam
and was observed on other rivers whose peak flows were not
disrupted by dams, evidently affected by land-use changes
on the floodplain and in the basin. Two main types of veg-
etation encroachment were observed: (i) early in the 20th
century, vegetation encroached along braided mountain reaches
(such as along the Ubaye River in the 1920s) in response to
decreased bedload supply from afforestation of the basin and
installation of check-dams from 1880 to 1910; (ii) vegetation
encroached from 1945 to 1970 along the Ain and other rivers
in the region (e.g. the Eygues, Roubion, Drome, Ouvéze, Loire
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Figure 5.13 Conceptual model summarizing causes and chronology of channel narrowing affecting the alpine and piedmont tributaries of the Rhone River

(France) during the contemporary period.

and Allier Rivers), whether influenced by dams or not. This
encroachment occurred as the floodplain was abandoned,
pastures were replaced by forest and trees colonized gravel
bars. In this study, a historical analysis conducted on the Ain
showed that the vegetation encroachment preceded the dam.
This was then confirmed for other rivers in the region. The
multiple case studies were the basis for an LTS analysis, from
which a conceptual model of channel changes over the 20th
century was developed. The chronology of changes was key to
understanding the causal relations. Mountain reaches located
close to the sediment sources were the first to show vegetation
encroachment, due to decrease in sediment delivery, whereas
piedmont reaches downstream experienced encroachment later,
probably reflecting both floodplain land-use change and lately
decreased sediment input.

Geomorphologists collect data at many locations to develop
evolutionary models (LTS) or to determine the sensitivity of
landforms (LCE), for practical purposes of prediction, and
for environmental reconstruction. Of even greater value, both

techniques require that the investigator back away from a single
site and look at many sites, which provides the ‘big picture’ and
a basis for generalization.

Connectivity analysis

Connectivity analysis focuses on the links between nested com-
ponents of the fluvial system (e.g. basin and channels, channel
reach and former channels) to evaluate better the sensitivity
of the lower, dependent components to changes in processes
in upper component (Fig. 5.7c). In this context, it is not a
comparative analysis of attributes of single-scaled components,
but it is a comparative analysis of changes affecting different
sets of single-scaled components from which causes (agents,
chronology) can be determined. Connectivity analysis can also
be termed integrated analysis when it concerns links between a
basin and the channel reach (Van Beek 1981; Kirby and White
1994). Connectivity analysis means that elements are interacting
in a bounded physical system, here the basin. It focuses upon the
relationships between components (e.g. relationships between
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sub-basins, between river reaches, between a basin and the
river channel or between a river channel and its floodplain)
integrated within the basin.

Diachronic analysis can identify different adjustments occur-
ring in various components of the system and the timing of those
adjustments, especially in relation to changes in land use or other
independent basin variables. The combination of these analy-
ses can provide insights relevant to management questions such
as causes of coastal erosion when riverine sediment supply has
been reduced by dams or in-channel mining.

Connectivity analysis is based on a ‘hydrosystem’ framework,
which assumes that geomorphological attributes of a component
result from multiple adjustments, which have cascading effects
on the other attributes (biological ones mostly). The aim is to
highlight the cascading causal factors of observed changes and
to estimate the relaxation time (Fig. 5.7c).

Such models can be time oriented (Fig. 5.14) or component
oriented (Fig. 5.15). In the first kind of models, the studied
component is the end of a nested system with higher hierarchi-
cal levels. When the changes affecting the different hierarchical
levels are studied and dated, it is possible to plot them on a
temporal axis and identify higher scale changes that explain
those observed at a lower scale. The common example concerns
the links between a basin and its channel network, but links
between a channel reach and its former channels can also be
analysed, leading to conceptual models of the effects of one
level on others, evaluating the intensity and duration of the
propagation of changes downstream or from the channel to its
margins. In component-oriented models, the temporal scale
and relaxation time scale are less established, but the cascading
changes of attributes from one component to another are more
clearly modelled.

The East Fork of Pine Creek, Idaho, provides a good example of
time-oriented connectivity analysis. Kondolf et al. (2002) docu-
mented channel widening in the 20th century and identified two
potential causal factors: (i) a bedload supply increase from the
sub-basins caused by mining activities and mining waste inputs
and (ii) an increase in bank sensitivity to erosion from grazing
and logging on the floodplain. Detailed study of the chronology
of the geomorphological phenomena and their potential causes
indicated that the first factor predominated (Fig. 5.14).

Good examples of connectivity analysis with component-
oriented modelling were given by Bravard et al. (1997). They
described the general trends in river incision in France during
the 20th century, underlined the causes and geomorphological
consequences and effects of incision on ecosystems of the
alluvial plains, such as riparian vegetation, aquatic vegetation
of former channels, benthic and hyporheic macroinvertebrate
communities and fish assemblages. Conceptual models of
cascading factors from geomorphological components to bio-
logical components show how vertical channel changes (e.g.
aggradation, incision) affect interactions between the channel
and former channels, notably rates of fine sediment deposition
and rates of vegetation succession (Fig. 5.15).
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Figure 5.14 Conceptual models of time-oriented connectivity analysis:
effects of basin land use changes on downstream channel morphology (East
Fork Pine Creek, Idaho).

Quantitative versus qualitative analysis

The systems approach is flexible, in that it can be fully qualitative
but also very quantitative, supported by experiments and sim-
ulations or intensive characterization of spatial and/or tempo-
ral frameworks. It can be developed with increasing precision
from expertise to detailed scientific analysis of each of its com-
ponents and it can be adapted to the management needs of a par-
ticular river. Fully qualitative approaches (e.g. geomorphological
expertise) are popular in river management to assess different
engineering options.

One can use the system concept to pose preliminary hypothe-
ses, then as a framework within which to combine other geomor-
phic tools. Such holistic approaches are best used in conjunction
with reductionist approaches, the first providing an understand-
ing of the river functioning at a large spatial and temporal scale
while the second can test hypothesized linkages and simulate
processes and changes (Richards 1996).

Experimental (flume) studies have been widely used to
validate preliminary hypotheses posed by a larger systemic
approach (Schumm et al. 1987). The approaches are comple-
mentary, as field observations can reveal the complexity of the
systems without clearly distinguishing the respective impor-
tance of controlled factors, which is more accurately done by
experiment.
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Empirical approaches with large sample sizes can help cali-
brate models based on physical laws and identify their boundary
conditions and the extent of their applicability. This can be done
with comparative studies to identify thresholds or correlations
between attributes of components in similarity or connectivity
approaches. Allometric analysis is a well-known quantita-
tive approach based on the fluvial systemic, which facilitated
major developments in geomorphology (Church and Mark
1980). The fluvial system concept also underlined efforts to

establish discriminate models of fluvial pattern (Bridge 1993)
and regression models linking discharge and channel forms
(Hey and Thorne 1986). All these empirical models are based
on large samples of spatial objects, each one being a binomial of
nested components basin-channel, to establish similarities.
Moreover, similarity analyses facilitate the development of
field experimental studies to test hypotheses and identify thresh-
old conditions. Comparative analysis (paired or multi-basin
approach) can then be used to evaluate the effects of human
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actions on the natural environment, as done by Trimble (1997)
at a short time-scale and by Brooks et al. (2003) at a longer
time-scale concerning riparian vegetation effects on channel
geometry. These approaches can be used in river restoration
projects for which experimentation in natural conditions is
necessary to improve proposed mitigation measures. Henry
and Amoros (1995) proposed to compare a restored reach
(geometric modifications of cut-off channels and their hydro-
logical connections with the main channel) with a control reach
unaffected by restoration works but whose its functioning is
similar to it, to distinguish effects of the intervention from
other system-wide influences (Fig. 5.16). Such approaches have
been used to assess restoration project effects on invertebrate
populations (Friberg et al. 1994) and fish populations (Shields
et al. 1997) sensitive to habitat changes. Using similarity analysis
(paired or multiple spatial objects) to assess post-project geo-
morphic changes may require long observation periods (5-10
years) to capture high-flow years in which geomorphological
changes are more likely to occur at a measurable level.
Basin-scale modelling (Benda and Dunne 1997; Coulthard
et al. 2000) can use historical data to simulate and predict
channel adjustments in response to basin changes. Geograph-
ical information system (GIS) databases can be combined
with numerical modelling to reproduce sediment routing and
its resultant changes in channel features (Montgomery et al.
1998) (see Chapter 15) and allowing better predictions of
potential channel response, in terms of duration and extent

Time

and to characterize better longitudinal discontinuities and
downstream changes in bed elevation, channel geometry, grain
size and habitats.

From fluvial system to riverscape

Over the last decade, with the development of GIS technology
and the increased availability of GIS information at the network
scale, the spatial framework has been significantly enlarged
and led to the concept of riverscape, considering the channel
network as a complex set of geomorphic features connected
and nested. The river style framework of Brierley and Fryirs
(2005) and riverine ecosystem synthesis (RES) of Thorp et al.
(2006) opened up this new research perspective in a conceptual
way, whereas Alber and Piégay (2011) and Carbonneau et al.
(2012) developed new technical procedures to characterize it
quantitatively. Figure 5.17 shows the GIS procedure proposed
to determine geomorphic features (e.g. channel reaches) char-
acterized by specific properties (e.g. channel width significantly
different between neighbouring reaches). This allows reconsid-
eration of the cascading sediment system in a wider framework
with new concepts for characterizing connectivity, such as
buffers, barriers and blankets (Fryirs et al. 2007), and also with
new technical issues to explore future channel changes as shown
by the different scenarios of channel evolution and associated
expected aquatic habitats developed by Bertrand et al. (2013) on
the Drome River. It relates geomorphic questions on forms and
processes, notably cascading sediment transfers, with ecological
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Figure 5.16 Application of similarity analysis in restoration projects. The restored site evolution is compared n times, at least one time before the
implementation and one time after, with those of a control site unaffected in order to evaluate the efficiency of the measures done, removing the possible
effects of factors affecting all the system and proposing corrected measures if the previous project does not reach the objectives. Source: Henry and Amoros,

1995. Reproduced with permission of Elsevier.
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Figure 5.17 Conceptual framework of GIS procedure implemented at a network scale to determine geomorphic features at an appropriate spatial scale from
spatial disaggregation and aggregation and showing the generic spatial units and the linear referencing axis for characterizing geographical objects UGO, DGO
and AGO are respectively Unitary, Desaggregated and Aggregated Geographic Objects. Source: Alber and Piégay, 2011. Reproduced with permission of Elsevier.

issues linked to habitat assessment and associated ecological
models (e.g. species presence or abundance for given physical
conditions). Such approaches are emerging in ecology for char-
acterizing riverine habitats at the network scale and targeting
actions (see, for example, the use of a graph-based approach for
targeting conservation effort by Eros et al. 2011).

5.4 Examples of applications

Research carried out based on the fluvial system concept com-
monly combines multiple approaches such as similarity (mainly
LTS) and connectivity analysis. The most advanced approaches
compare multiple nested components over time, as done for the
Bega and Hunter Rivers in Australia (Brierley and Fryirs 2000,
2005) and in the French Pre-Alps (Liébault et al. 1999; Pont et al.
2009; Bertrand et al. 2013).

Bega River, Australia

Brierley and Fryirs (2000) and Fryirs and Brierley (2000)
illustrated the importance of considering geomorphologi-
cal adjustment to human impacts at a broad scale to frame
river management and biological restoration. They used a
total-system perspective to assess consequences of European
settlement on fluvial forms of the Bega river (1040 km?) on
the south coast of New South Wales. The pre-settlement river
was characterized by extensive swamps along the middle and
upper reaches and a continuous low-capacity channel along
the lowest gradient reaches. European settlement strongly
modified hydrological regime, sediment supply and transfer
and bank resistance, producing widespread channel widening
and incision. To identify the character, capacity and stages

of river recovery, comparative analysis (LTS) was based on
retrospective analysis (e.g. archival plans, explorers’ accounts,
old ground and aerial photographs, hydrological data analysis
to derive critical discharges) and on current field observations
and measurements (long profiles and channel cross-sections,
description of valley floor sedimentary structures, valley and
channel morphology).

Channel features varied in space because of the internal
characters of reaches (mainly valley morphology and distance
downstream from the sediment sources) and in time because
they have not reached the same adjustment stage at time t.
Several homogeneous structural reaches were identified, within
each of which the LTS model produced a distinct set of evo-
lutionary stages: (i) the cut-and-fill river style, in wide, fully
shaped valleys with steep slopes, (ii) the transfer style valley
occupying the mid-basin reaches, bedrock confined with a
lower gradient and a valley width up to 200m and (iii) the
floodplain accumulation river style in downstream reaches with
a wide and low slope valley (Fig. 5.18a). With a detailed and
fully documented evolutionary framework of river change and
an appreciation of geomorphic linkages with a basin and asso-
ciated limiting factors that may inhibit recovery potential, five
stages of the LTS model were distinguished: the intact stage, the
self-restored stage, the turning-point stage, the degraded stage
and the created stage for which the character and the behaviour
of the river reach do not equate to those of the predisturbance
conditions) (Fig. 5.18b) (Fryirs and Brierley 2000). None of the
narrow channels documented historically still exist. By 1900,
the degradation and widening process was well advanced (real
case B) and is still acting in the 1940s (real case C). The turning
point occurred in the 1960s with island formations and exotic
vegetation establishment (real case D). The authors expect
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Figure 5.18 Conceptual model illustrating the temporal positions of different reaches of the Bega river system according to their style and the characters of the
adjustment following human disturbances. Part (a) shows the different potential evolutionary stages according to the style and (b) gives stage examples
concerning the floodplain accumulation river style. Modified from Fryirs and Brierley (2000).

created conditions (predicted case E) with a low-flow channel
deepened and an increase in floodplain-channel connectivity
with sediment removing along the channel bed (Fryirs and
Brierley 2000).

The Drome, Roubion and Eygues Rivers

Research on channel incision on the Dréome (1640 km?), the
Roubion (635km?) and the Eygues (1100 km?) also illustrates
the application of different conceptual tools presented in this
chapter to understand the system evolution and to inform
management decisions. Since 1994, an integrated analysis has
been conducted on these systems located in the southern French
Pre-Alps, focusing on multiple temporal and spatial scales and
a wide range of tools (Fig. 5.19). The rivers all drain westward
from limestone mountains under 2000 m in elevation, and flow
into the middle Rhone River.

The approach utilized (Fig. 5.19) can be considered as an inte-
grated or total-system analysis, as the geomorphological ques-
tion is posed within basins, but with nesting information from
sub-units. In this broad context, at each given spatial scale, com-
parisons are made between (i) the Dréme, the Eygues and the
Roubion and (ii) the set of sub-basins, the tributary reaches, the
main river segments (Fig. 5.19). The approach is then based both
on similarity analysis, as single-scale components are compared
(e.g. downstream alluvial reaches of the tributaries), and con-
nectivity analysis, as the changes occurring on the upper levels

are compared with those occurring at a lower level (downstream
reach of tributaries in relation to their respective basins).

On the Drome River, incision averaging 3 m was observed
in downstream reaches where gravel mining was concentrated.
Channel degradation has caused serious environmental prob-
lems, such as reduced channel dynamics and riparian vegetation
regeneration, groundwater drawdown and undermining of lev-
ees and other infrastructure. River managers have recognized
the need to assess the causes of the degradation beyond the
reach scale and to manage bedload on longer time-scales than
previously (e.g. decades instead of years) and over a larger
spatial scale (i.e. from upper reaches to the Rhone instead of
reach scale).

Enlarging the scope of analysis to the tributaries showed that
the bedload supply from the basin was decreasing as a result of
afforestation and erosion control since the 19th century (Landon
et al. 1998). It was then necessary to understand the sediment
transfer changes affecting the basin, to develop precise chronolo-
gies and analyse causes and to identify the active and potential
sediment sources.

A similarity analysis was conducted on 50 sub-basins with field
measurements (geometry and grain size analysis, scour chains
and tracers in order to assess the bedload transport, erosion
pins to evaluate the inner bedload input, '3’ Cs and 2!°Pb profiles
but also dendrochronology to precise chronology of channel
narrowing and deepening) in a historical perspective, aerial
photographs taken in 1945, 1970 and 1995 and a land-survey
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map of the middle 19th century being studied. A GIS developed
from a digital elevation model (DEM), remote sensing images,
aerial photographs and also archival data (maps, diagrams, writ-
ten documents) was used to evaluate changes in vegetation and
stream regulation and multivariate statistical analysis was per-
formed to identify similarities among sub-systems (Fig. 5.20).
Three fundamental phases of the approach are outlined in Table
5.1. Phase 1 is a detailed investigation of the study sites in the
zone of sediment transfer. Phase 2 is an expansion of the study
to adjacent landforms and to zone of sediment delivery. Phase 3
involves collection of historical information and the integration
of the results of all three phases.

The connectivity analysis showed that tributaries still actively
yielding high sediment loads are typically high gradient, with
well-developed steep headwaters and many contacts between
the stream network and highly erodible geomorphological
units (see Fig. 5.20 for the Dréome case) (Liébault et al. 1999).
The results indicated that a self-restoration process following
the mining period was possible on the Eygues, but not on the
Drome. Even with a history of gravel mining comparable to
the Drome, the Eygues still experienced high bedload delivery
from the basin, because the basin is more influenced by a
Mediterranean climate (the vegetation cover is less extensive
and the rainfall is more intense), and because of its geological
setting, which resulted in a rapid transfer of sediment from the
valley slopes to the channel. Of the three, the Roubion River has
experienced the greatest reduction in sediment supply. A LCE
analysis then indicated potential threshold factors explaining
differences in channel adjustment among the three river systems.

5.5 Conclusions

A system approach is useful in fluvial geomorphological
research, as it can provide a holistic framework within which to
organize research, to understand sediment routing and to inte-
grate sediment sources and their spatial and temporal variability
(Table 5.2). The approach is also useful in river management as it
permits hydraulic, hydrological, socioeconomic and ecological
questions to be posed simultaneously and answered to solve
interdisciplinary and applied problems.

The basin is recognized as the obvious unit for analysis and
planning, a well-defined territory. Management at the basin
level is increasingly recognized in the literature as necessary
and increasingly adopted by government agencies, as illus-
trated by the European Water Framework Directive (adopted
2000), which requires hydrogeomorphic diagnosis and plan-
ning restoration measures performed at the river basin scale
(so-called ‘hydrographic districts’). The US Environmental
Protection Agency has supported ‘basin’- based planning, but
so far these efforts are only encouraged and not universally
effective.

In this new context of river management, a geomorphological
approach allows better assessment of how and at what rate
natural or human changes in a given part of a basin are likely
to influence sedimentary and morphological features upstream
and downstream (Newson 1994) and provide guidelines for
restoration (Sear 1994; Kondolf and Downs 1996). Several
authors have underlined the need to consider a geomorpho-
logical framework for biological improvement strategies (Sear
1994; Downs 1995; Brierley et al. 1999) (see also Chapter 21
for examples and detailed references) as well as engineering
guidelines. Following Gilvear (1999), there are key contributions
that fluvial geomorphology can make to the engineering pro-
fession with regard to river and floodplain management, such
as promoting recognition of connectivity and interrelationships
between river planform, profiles and cross-sections, stressing
the importance of understanding fluvial history and chronol-
ogy over a range of time-scales, highlighting the sensitivity
of geomorphic systems to environmental disturbances and
changes, especially when close to geomorphic thresholds.
Physical habitats are often mapped in detail, but the temporal
evolution of habitat mosaics, various spatial scales and the
connectivity between components (nested perspective) must
also be addressed in an interdisciplinary perspective to solve
practical problems (Newson and Newson 2000).

Fluvial system approaches not only have advantages, but can
also yield questionable conclusions when conducted without
sufficient care or without adequate background (Table 5.2).
When a good scientific practice is used, it can be very time
consuming to collect sufficiently large data sets to describe
different components of the system, and careful selection of
samples is needed to develop an inferential statistical approach
and support robust conclusions.
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Figure 5.20 Example of integrated analysis performed on the Drome basin to highlight basin characters which control tributary narrowing. The two graphs
give the results of a normed Principal Component Analysis performed on 24 sub-basins with 14 morphometric, geomorphic and biogeographic variables. On
the upper graph are projected the positions of the 24 tributaries grouped in three sets according to the chronology of their changes. On the lower graph, ‘the
correlation circle’, are projected the variables measured on each tributary. Their directions allow interpretation of the position of the tributaries and the sets of
tributaries in the graph above. From Liébault et al. (1999). Reproduced with permission of Arctic, Antarctic, and Alpine Research.
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Table 5.1 List of elements to be considered in a coupled similarity—-connectivity analysis, the example of the Dréme, Roubion and Eygues Basins.

Basic axis Description

1. Present forms and processes within
the study site

Geomorphic description of the reach (channel geometry and grain size), analysis of processes, e.g. assessment of
reach conveying and trapping capacity (measurement of velocity, discharge and MES concentration, bedload

transport, sedimentation rate within the floodplain, channel shifting and bank stability)

2. Spatial enlargement considering
the floodplain/valley bottom and/or
the basin

3. Temporal enlargement considering
the channel, the floodplain/valley
bottom and/or the basin

Study of floodplain (sedimentology and geometry, vegetation cover, land use) and basin characteristics
(hydrographic network, basin morphometry, rainfall distribution, geology and vegetation patterns, sediment
sources) from fieldwork and laboratory procedures (remote sensing and GIS analysis)

Study of changes over time in channel form and the variables listed above. At this stage, research may consider
biological, physicochemical, geoarchaeological and sedimentary indicators but also archives (stream gauging
records, plans for regulation of channel reaches, etc.). Written archives can be useful to understand the character

and the chronology of land-use changes and some of the previous states of the system. The historical analysis
should be conducted at a holistic scale, encompassing the nature and timing of changes affecting the
neighbouring floodplain, the upstream channel network, or the whole basin

Table 5.2 Advantages and limitations of fluvial system approaches.

Main advantages

e Enlarge time and spatial scales when considering channel reach sensitivity allowing consideration of medium- and long-term changes and then

consequences of human actions on river processes and forms

e Provide a conceptual framework for formulating hypotheses on channel evolution controls or critical processes, which can be tested by geomorphic tools

such as experiments, mathematical modelling or GIS analysis

e Underline geographical complexity to understand limitations of reductionist approaches
e Formulate interdisciplinary questions and apply geomorphological knowledge for ecology and engineering purposes

Main limitations

e Based on empirical laws or expertise judgement, not necessarily on physical laws controlling river system, so that human experience and data available

may significantly influence interpretations

e Errors in interpretation are common and risks of confounding facts and interpretation of facts are high
e Risk also of generalizing conclusions from a case-study to regional settings or from short-term (one-shot) field observation to a general understanding of

driving factors

e Time consuming because it must cover a large area and uses multiple methods and materials (field data, documents, archives) to obtain robust conclusions
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6.1 Introduction

Aerial photography and other remotely sensed data have
increasingly been used as tools by the geomorphologist and
river scientist. Remote sensing is based upon principles sur-
rounding the transfer of energy from a surface to a sensor. Prior
to the 1970s, the sensor, in the context of geomorphological
mapping, was usually black and white photographic film and
the platform an aeroplane. Since the early 1970s, however, there
has been a huge increase in the number and spatial and spectral
resolution of sensors and platforms (Tables 6.1 and 6.2) and
accessibility of remotely sensed data offering the geomorpholo-
gist enhanced capabilities for interrogating the earth’s surface.
Remote sensing compared with traditional cartographic and
field-based data collection has several advantages, including
better spatial and temporal resolution, storage of data in digital
format and interrogation of electromagnetic radiation (EMR),
emitted or reflected, from land and water that is not detected
by the human eye. A number of reviews have thus advocated
the potential of using remote sensing as a tool to aid the inves-
tigation of rivers (e.g. Muller et al. 1993; Malthus et al. 1995;
Milton et al. 1995; Lane 2000; Wealands et al. 2008; Marcus
and Fonstad, 2008; Carbonneau and Piégay 2012). Given the
impending launch of higher specification satellite sensors
together with improvements in airborne sensors and digital
camera and camcorder technologies, the future appears exciting
in terms of gaining geomorphic coverage of rivers at multiple
scales. The smallest of streams may also be interrogated at the
reach scale using remotely sensed data acquisition methods via
hand-held, tripod, crane or ‘blimp’ mounted sensors.

This chapter aims to provide a general review of the analysis
of aerial photography and other remotely sensed data as a tool
for studying fluvial processes and landforms with an emphasis
on channel and floodplain environments. In particular, we aim
to focus on remote sensing data taken from above-ground,
aerial and space-borne remote systems. Techniques such as

echo sounding, use of electrical resistivity and surface-based
ground-penetrating radar are also forms of remote sensing but
are not within the scope of this chapter. It is worth noting that
remote sensing does not seek to replace traditional field-based
methods of investigation, but rather to complement them by
providing greater spatial coverage and in some cases greater
temporal resolution, in each case giving access to a larger and
more- ynamic sample population. Indeed, the real potential of
applying remotely sensed data to fluvial research may only be
realized if field-based methods are used to support remotely
sensed data. For example, morphological data obtained at a
cross-section on the ground can be extended to the reach
and thence to the channel segment and finally the catchment
scale. Overall, therefore, image analysis applied to remotely
sensed data can potentially be used to provide information on
hydrology, fluvial processes and spatial and temporal variability
in land use at the catchment scale, thus putting riverine data
into a landscape context. Indeed Whited et al. (2013) estimated
juvenile salmon habitat from remotely sensed data on rivers
within Alaska, British Columbia and the Kamchatka peninsula,
encompassing an area of over 3 million km?. Moreover, in the
case of very large rivers (e.g. Amazon or Brahmaputra), viewing
and capturing an image from the air is the only way to observe
and quantify the overall morphology of the river. Furthermore,
seeing the problem from a different viewpoint (literally) can
provide new insights and suggest new hypotheses, which can
then be tested in the field (Milton et al. 1995).

6.2 The physical basis

Photogrammetry

The two key geometric properties of an aerial photograph are
angle and scale. According to the angle at which an aerial
photograph is taken, it is referred to as either vertical, high
oblique or low oblique. The following discussion relates to
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Table 6.1 A selection of (a) currently or recently available data for high- and medium-resolution polar-orbiting platforms/sensors and (b) forthcoming high- and
medium-resolution polar-orbiting platforms/sensors that are likely to be most relevant to geomorphological applications (for more details, see http://www.itc.nl/
research/products/sensordb/).

(A)
Sensor name Launch Archive Spectral Spatial Temporal
and platform date bandwidths resolution resolution
SPOT 123/4 S1.1986 1986-2003 Pan: 510-730 nm (S123) 10m 2-26 days
(HRV/HRVIR)
S2 1990 1990-2009 Pan: 610-680 nm (S4) 10m depending on
overlap coverage
S3 1993 1993-1996 1: 500-590 nm 20m
S4.1998 In orbit 2:610-680nm 20m
3: 790-890 nm 20m
SPOT 5 2002 In orbit Pan: 480-710nm 5m(2.5m) 2-3 days
(HRG)
1: 500-590 nm 10m
2:610-680nm 10m
3: 790-890 nm 10m
4: 1580-1750 nm 20m
Landsat 5 (MSS) 1986 1972—- 1: 500-600 nm 80m 16-18 days
Landsat 4 1982 2: 600-700 nm
Landsat 3 1978 3: 700-800 nm
Landsat 2 1975 4: 800-1100 nm
Landsat 1 1972
Landsat 6 (ETM) 1993 (failed) 1993-1993 1: 450-520 nm 30m 16 days
Landsat 5 (TM) 1984 In orbit 2:520-600 nm 30m
Landsat 4 (TM) 1982 1982-1993 3: 630-690 nm 30m
4: 760-900 nm 30m
5:1550-1750 nm 30m
6: 10400-12500 nm 120m
7:2100-2350 nm 30m
Landsat 7 (ETM+) 1999 In orbit (faulty scan Pan: 520-900 nm 15m 16 days
line as of 2003)
1:450-515nm 30m
2:525-605nm 30m
3: 630-690 nm 30m
4: 750-900 nm 30m
5:1550-1750 nm 30m
6: 10400-12500 nm 60m
7:2090-2350nm 30m
EO-1 (Hyperion) 2000 2000-2011 Hyperspectral 30m Variable
400-2500nm
220 bands with a 10nm
resolution
EO-1 (ALI) 2000 2000-2011 Pan: 480-690 nm 10m Variable
MS-1*: 433-453 nm 30m
MS-1: 450-510 nm 30m
MS-2: 525-605 nm 30m
MS-3: 630-690 nm 30m
MS-4: 775-805 nm 30m
MS-4*: 845-890 nm 30m
MS-5: 1200 —1300 nm 30m
MS-6: 1550 =1750 nm 30m
MS-7: 2080-2350 nm 30m
ALOS 2006 2006-2011 PRISM 2.5m 2-46 days
(PRISM) 520-770 nm
(AVNIR) AVNIR
Blue: 420-500 nm 10m
Green: 520-600 nm 10m
Red: 610-690 nm 0m

Near-IR :760-890 nm 10m
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Table 6.1 (continued)

(A)
Sensor name Launch Archive Spectral Spatial Temporal
and platform date bandwidths resolution resolution
DMC (Disaster 2002/3 In orbit Pan: 520-900 nm 4m Potentially 1 day
Monitoring
Constallation)
2005/10 Green: 520-600 nm 32(22)m
Red: 630-690 nm 32 (22)m
SILIM-6 Near-IR: 770-900 nm 32(22)m
(SILIM-6-22)
Ikonos 1999 In orbit Pan: 450-900 nm 0.8m ~3 days
Blue: 450-530 nm 3.2m
Green: 520-610nm 3.2m
Red: 640-720 nm 3.2m
Near-IR: 770-880 nm 3.2m
GeoEye-1 2008 In orbit Pan: 450-800 nm 0.41m <3 days
Blue: 450-510nm 1.65m
Green: 510-580 nm 1.65m
Red: 655-690 nm 1.65m
Near-IR: 780-920 nm 1.65m
Orbview 3 2003 2003-2007 Pan: 450-900 nm m <3 days
Blue: 450-520 nm 4m
Green: 520-600 nm 4m
Red: 625-695 nm 4m
Near—IR: 760-900 nm a4m
Quickbird 2 2001 In orbit Pan: 450-900 nm 0.6m 2.5-5.6 days
Blue: 450-520 nm 2.4m depending on
Green: 520-600 nm 2.4m latitude
Red: 630-690 nm 2.4m
Near-IR: 760-890 nm 2.4m
Rapideye 2008~ In orbit Blue: 440-510nm 6.5m
Constallation Green: 520-590 nm 6.5m
Red: 630-685nm 6.5m
Red edge: 690-730 nm 6.5m
Near-IR: 760-850 nm 6.5m
Cartosat 1 (IRS-P5) 2005 In orbit Pan: 500-850 nm 25m 4-5 days
Cartosat 2 2007 2007-2012 Pan: 500-850 nm 0.8m
Cartosat 2A 2008 In orbit Pan: 500-850 nm 0.8m
Cartosat 2B 2010 In orbit Pan: 500-850 nm 0.8m
IRS-1C/D 1995 (1C) 1988- LISS3 58m 5-24 days
(LISS3) 1997 (1D) Pan: 500-800 nm 23.5m depending on
Green: 520-590 nm 235m latitude
Red: 620-680 nm 23.5m
Near-IR: 770-860 nm 23.5m
SWIR: 1550-1700 nm
Resources at 1 200372011 2003- LISS4 5.8m 5 days
and 2
LISS3/4 520-590 nm 5.8m
620-680 nm 5.8m
770-860 nm
WorldView 1 2007 In orbit Pan: 450-800 nm 0.5m 1.7-5.9 days

(continued overleaf)
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Table 6.1 (continued)

(A)
Sensor name Launch Archive Spectral Spatial Temporal
and platform date bandwidths resolution resolution
WorldView 2 2009 In orbit Pan: 450-800 nm 0.46m
Coastal: 400-450 nm 1.85m
Blue: 450-510 nm 1.85m
Green: 510-580 nm 1.85m
Yellow: 585-625 nm 1.85m
Red: 630-690 nm 1.85m
Red edge: 705-745nm 1.85m
Near-IR 1: 770-895 nm 1.85m
Near-IR 2: 860-1040 nm 1.85m
FORMOSAT-2 2004 In orbit Pan: 450-900 pm 2m 1 day
Blue: 450-520 nm 8m
Green: 0.52-0.60 pm 8m
Red: 0.63-0.69 pm 8m
Near-IR: 0.76-0.90 pm 8m
EROS-A/B 2000 A In orbit Pan: 450-900 nm 1.90m A 1-15days
2006 B In orbit 0.70mB
SPIN-2 1999 1999 TK-350 camera 10m Variable
Pan: 510-760 nm 2m
KVR-1000 camera
Pan: 510-760 nm
Terra and Aqua 2000 (Terra) 2000- 36 spectral bands ranging in VIS 250 m 1 day
wavelength from 0.4 to
14.4pm
(EOS AM-1 and 2002 (Aqua) Terra NIR 500 m
PM-1)
MODIS 2002—- TIR 1km
Aqua
MERIS (ENVISAT) 2001 In orbit 15 programmable bandwidths 300-1200m 2-3 days
with a spectral resolution of
2.5 nm ranging from 390 to
1040 nm
B)
Sensor name Launch Spectral Spatial Temporal
and platform date bandwidths resolution resolution
SPOT 6/7 2012-2013 Pan: 0.51-0.73 nm 2m 1-5 days
(NAOMI) Multispectral 8m
Pléiades 1 and 2 2011-2012 Pan: 480-830 nm 0.5m 1-3 days
Blue: 430-550 2m
Green: 490-610 2m
Red: 600-720 nm 2m
Near-IR: 750-830 nm 2m
GeoEye-2 2013 Pan: 450-800 nm 0.25m <3 days
Blue: 450-510 nm <1.65m
Green: 510-580 nm <1.65m
Red: 655-690 nm <1.65m
Near-IR: 780-920 nm <1.65m
Landsat 8 2012 Pan: 500-680 nm 14m 16 days
Landsat Data Coastal: 433-453 nm 28-30m
Continuity Mission Blue: 450-515nm 28-30m
(LDCM) Green: 525-600 nm 28-30m
Red: 630-680 nm 28-30m
Near-IR: 845-885 28-30m
Cirrus: 1360-1390 nm 28-30m
SWIR 1: 1560-1660 nm 28-30m
SWIR 2: 2100-2300 nm 28-30m
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®)
Sensor name Launch Spectral Spatial Temporal
and platform date bandwidths resolution resolution
NPOESS 2011 36 spectral bands ranging in 370-740m 1 day
Preparatory Project wavelength from 402 to
(NPP) 11800 nm
(VIIRS)
Worldview 3 2014 Pan: 450-900 nm 0.31Tm 4-5 days
Blue: 450-510nm 1.24m
Green: 510-580nm 1.24m
Red: 630-690 nm 1.24m
Near-IR: 770-895 nm 1.24m
Coastal: 400-450 nm 1.24m
Yellow: 585-625nm 1.24m
Red edge: 705-745nm 1.24m
Near-IR 2: 860-1040 nm 1.24m
Cartosat 3 2011 Pan: 500-750 nm 0.3m <5 days
Blue: 450-520 nm <im
Green: 520-590 nm <1m
Red: 620-680 nm <lm
Near-IR: 770-860 nm <Im
Formosat 5 2013 Pan: 450-900 pm 2m 1-3 days
Blue: 450-520 nm 4m
Green: 0.52-0.60 pm 4m
Red: 0.63-0.69 pm 4m
Near-IR: 0.76-0.90 pm 4m
EnMAP 2013 Hyperspectral: 30m Unknown
420-1000 nm (94 bands)
900-2500 nm (134 bands)
PRISMA 2013 Pan: Unknown
400-700 nm 2.5-5m
Hyperspectral:
400-2500 nm (10 nm bands) 20-30m

Table 6.2 Examples of common operational airborne multispectral and hyperspectral remote sensing systems.
See http://www.eufar.net/ and http://arsf.nerc.ac.uk/ for a detailed list of airborne sensors and platforms.

Sensor name Acronym Spectral No. of available
coverage (nm)  wavebands

Airborne Visible/Infrared Imaging Spectrometer AVIRIS 410-2450 224

Reflective Optics System Imaging Spectrometer ROSIS 430-880 28

Multispectral Infrared and Visible Imaging Spectrometer ~ MIVIS 400-2500 92

Modular Airborne Imaging Spectrometer MAIS 440-2500 71
7800-11800 7

CCD Airborne Experimental Scanner for Applications

in Remote Sensing CAESAR 520-780 9

Digital Airborne Imaging Spectrometer DAIS 400-2500 72

ITRES — Compact Airborne Spectrographic Imager CASI 410-925 288 or 15

As above CASI 1500 950-2450 100

As above CASI 550 8-11.5um 32

ITRES Hyperspectral SWIR Imaging System SASI 600 3700-4800

ITRES Pushbroom Hyperspectral Thermal Sensor System  TASI 600

ITRES Thermal Airborne Broadband Imager TABI 1800

Daedalus/Argon 1268 ATM ATM 420-2350 10
850-13000 1

Daedalus/Argon AHS - Airborne Hyperspectral Scanner AHS 443-13384 80

Specim AISA Eagle AisaEAGLE ~ 400-970 200

Specim AISA Hawk Hyperspectral Instrument AisaHAWK  970-2450 185

Specim AISA DUAL AisaDUAL 400-2500 320
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Individual

aerial photograph Overlap

area

= Centre of image

Figure 6.1 The principles of aerial photograph acquisition from an aircraft to
allow subsequent photogrammetry and quantification of channel and
floodplain topography.

vertical aerial photography. Vertical aerial photographs are
normally taken in sequences along an aircrafts flight line with
an overlap of usually more than 60% to allow the photographs
to be viewed three-dimensionally or stereoscopically (Fig. 6.1).
A small-scale aerial photograph will provide a synoptic, low
spatial resolution overview (e.g. 1:50,000) of a large area; such
a photograph may be useful for mapping drainage networks
but is only appropriate for detailed reach-scale analysis of river
morphology on large rivers. A large-scale aerial photograph
will provide a high spatial resolution view of a small area; such
a photograph will be useful for detailed analysis of a reach but
if data for a long length of river are needed, it would entail the
use of a large number of such aerial photographs. The scale of a
photograph is determined by the focal length of the camera and
the vertical height of the lens above the ground.

Overlapping pairs of aerial photographs can provide a
three-dimensional view of the Earth’s surface by the effect of
parallax. Parallax refers to viewing an object from two different
angles; humans use the principle by focusing on an object
with their left and right eyes. In the case of aerial photographs,
optical devices called stereoscopes are used to view a pair of
stereo aerial photographs and the ground appears to the viewer
to be in three dimensions. The phenomenon of parallax can be
used to measure the height of objects. Parallax results in points
of higher elevation having a greater horizontal displacement
on successive aerial photographs than a lower elevation fea-
ture. The value of parallax displacement is positively related to
the distance between the centre of the two photographs and
the height of the object of interest and negatively related to
the height above the ground from which the photograph was
taken (Fig. 6.1). Modern computer-based photogrammetry
allows automated production of digital terrain models from
stereo aerial photography and such techniques are obviously
important for the subject of geomorphology (Lane et al. 1993).
More detail on the potential of analytical and digital pho-
togrammetry in geomorphological research can be found in
Lane et al. (1993), Dixon et al. (1998) and Chandler (1999). An
excellent review of photogrammetric applications for the study

of channel morphology and associated data quality issues can
also be found in Lane (2000).

Electromagnetic radiation and remote sensing
systems

EMR reflected from the Earth’s surface can vary with location,
time, geometry of observation and waveband (Verstraete and
Pinty 1992) (Fig. 6.2). Consequently, the successful interpreta-
tion of remotely sensed data for a particular river will depend
upon an understanding or characterization of these four factors.
In particular, an understanding of the way in which EMR inter-
acts with the surface of the Earth and what factors affect its cap-
ture by a sensor is important. Many good reviews of the nature
and interaction of EMR and Earth surface features exist (e.g.
Asrar 1989). Aspects relevant to fluvial geomorphology are sum-
marized here.

Electromagnetic radiation

EMR occurs as a continuum of wavelengths. The wavelengths
of greatest interest when remotely sensing the Earth are the
reflected radiation in the visible and near and middle infrared
wavebands, emitted radiation in the middle and thermal
infrared wavebands and reflected radiation in the microwave
wavebands. EMR originates from a source; this is usually the
Sun’s reflected light or the Earth’s emitted heat but can be
man-made as in active microwave radar. Initially, EMR passing
through the atmosphere may be distorted and scattered. In
general, greater scattering and distortion occur with greater
distance between the Earth and sensor and the greater the levels
of atmospheric moisture, pollutants and dust. Generally, atmo-
spheric noise is wavelength specific and can be easily removed
by ignoring those wavelengths that are affected (e.g. for hazy
image scenes caused by Rayleigh scattering, short wavelengths
can be omitted from the image set). However, some atmospheric
effects (e.g. Mie and non-selective scatter of EMR) are more
difficult to remedy or take account of (Kaufman 1989; Cracknell
and Heyes 1993). Overall, the level of correction undertaken
for atmospheric effects can depend on whether qualitative or
quantitative data are to be extracted from imagery. For the
latter, correction and calibration using in situ (alternatively
called ground-truthed) data are commonly necessary.

Once EMR interacts with the surface, one of three processes
can occur: (i) reflection of energy, (ii) absorption of energy and
(iil) transmission of energy. In general, the amount and charac-
teristics of each of these three energy interactions will depend
upon the inherent characteristics of the Earth’s surface and the
wavelength of EMR that is interacting with it. For example, visi-
ble wavelengths are reflected from water in a different way than
those wavelengths in the near and middle infrared regions. Con-
sequently, in order to generate geomorphologic information suc-
cessfully from remote sensing data, a knowledge of how EMR
interacts with the specific surfaces is needed. Most objects can
only be differentiated if the reflectance from the surface is dif-
ferent from that of the adjacent object in the wavebands being
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Properties of sensing systems controlling change detection accuracy

Spatial properties

Radiometric/spectral properties

Temporal properties

Resolution Bandwidth

and location

Geometric
registration

Contrast between
features is dependent
on bandwidth and
location of bands

Controls minimum
size of changes
detectable. Generally
larger than the
instantaneous field-
of-view of the sensor

Controls minimum
size of detectable
changes by adding
error term to resolution.
Strongly affected
by pixel size

Radiometric
resolution

Controls size of
radiance differences
that are detectable

Intra-image

Often assumed that
consistent values are obtained
throughout an image but
atmospheric variability plus
sensor defects may result in
variable relationships between
DN values and radiance

Radiometric
calibration

Frequency
of imaging

Must take account
not only of re-visit
frequency but also
cloud/haze cover
frequency

Length of period
between images

Intra-image

Quantitative estimation of
differences in radiance
requires inter-image or

absolute calibration. However,
reliable estimation of changes
may prove possible even if
absent so long as relationships
between times are linear

Impacts on how
small are the
changes that can
be detected

Figure 6.2 The main properties of remote sensing systems controlling the accuracy of temporal change and spatial variability detection. Source: Townshend

and Justice, 1988. Reproduced with permission of Taylor and Francis.

captured by the sensor and above the radiometric precision of
the sensor. In most cases, such information can be obtained from
either the literature (e.g. Irons et al. 1989), spectral libraries (e.g.
online libraries such as at: http://speclib.jpl.nasa.gov) or field col-
lection of reflectance spectra coincident with image acquisition
using a spectroradiometer. A brief review of the spectral prop-
erties of surfaces within the fluvial realm is outlined later.

Sensors and platforms
Most sensors commonly may have several channels captur-
ing information in narrow, broad or continuous bandwidths.
Generally, sensors with few channels (1-10) and broad bands
(50-100nm) are referred to as multispectral. Sensors with
the capability of measuring in numerous (up to 250 bands),
narrowly defined (to 1-10 nm) bands or continuous parts of the
electromagnetic spectrum are referred to as hyperspectral. Dif-
ferent sensors may also have different radiometric resolutions,
which will control the size of radiance differences at the Earth’s
surface that can be detected. Different sensors normally also
capture different components of EMR (Tables 6.1 and 6.2).
Given a knowledge of the reflectance properties of fluvial
surfaces, it is important to understand how these data will be
recorded at the sensor (Tables 6.1 and 6.2). Most photographic
sensors/cameras differ from hand-held cameras only in that they
have dedicated film magazines, automated drive mechanisms
and a large supporting lens cone. Similarly, the cameras can
record data using common film types. For visible wavelengths,
either black and white panchromatic film or true colour film
can be used. For other wavelengths, black and white and false

colour near-infrared film may also be utilized. Photographic
sensors can produce hard-copy images using either (1) strip, (2)
panoramic or (3) frame formats. Digital sensors can essentially
have two different types of design, either (i) an optical mechan-
ical scanner (or multispectral across-track scanner) or (ii) a
linear array (i.e. an along-track push-broom of charge-coupled
devices ). In addition, sensors of each type have a predetermined
spatial resolution (the edge length of a square or rectangular
land parcel from which an individual signal can be deduced;
see later for more detail) and swath width (visible area on each
pass). Useful reviews of imaging spectrometry can be found
in Curran (1994) and Plummer et al. (1995). It should also be
noted that recent advances in combining the output of global
positioning systems (GPSs) with image capture on a variety of
platforms has increased the potential for accurate identification
of absolute location on the Earth’s surface. Similarly, now that
geomorphic data are routinely geo-referenced with GPS (e.g.
Milne and Sear 1997), these can be linked to individual pixels
on imagery, permitting more accurate image calibration and
validation.

Sensors can be further characterized by their platforms.
These can range from a satellite to aircraft or even balloons.
For most existing and forthcoming satellite platform-sensor
combinations, the repeat period can range from 12 hours to
44 days (Table 6.1). In the case of airborne sensors, a greater
temporal flexibility can be afforded (Table 6.2). The pros and
cons of airborne data versus satellite data for river research are
given in Table 6.3.
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Table 6.3 The pros and cons of airborne data versus spaceborne data for fluvial geomorphology.
Airborne Airborne Airborne Spaceborne
photography* imaging multi-spectral multispectral
spectrometer’ scanner* scanner$
Resolution
Spatial range (m) <0.5 0.5-20 0.5-20 10-80
Spectral bandwidth (nm) ~10 1.8 5-20 60
Radiometric range (DN) Hard copy 4092 256-4029 256
Temporal repetition (days) Upon request Upon request Upon request 3-18
Logistics
Number of spectral bands 1-3 288 1-15 7
Swath width Small¥ Smallf Smallf Large
Mission targeting Upon request Upon request Upon request None or limited
Flight time Upon request Upon request Upon request Fixed
Repetitive coverage Low cost High cost High cost Default (lower cost)
Cost per km? Low High High Lower
State-of-the-art technology No Most recent Most recent 10-15 year lag
Atmospheric influence Low Less Less Highest
Sky conditions required Less critical Critical Critical Extremely critical
Sensor platform motions Roll, pitch and yaw  Roll, pitch and yaw  Roll, pitch and yaw  Negligible
Hands-on repairs/adjustments  In situ In situ In situ Almost impossible
Standardized products All Few Some More
*E.g. Wild RC10 Survey Camera (black-and-white panchromatic, black-and-white infrared, colour and colour infrared).
TE.g. CASI, AVIRIS.
E.g. Daedalus 1268 ATM.
SE.g. SPOT, Landsat TM.
Depends on the flying height.
Modified from Dekker et al. (1995).
Considerations processing. The grey-tone in an aerial photograph when cap-

The most important considerations when acquiring imagery
for a particular site are whether the radiometric resolution
of the sensor, the amount of atmospheric scatter, the surface
roughness of the objects and the spatial variability of reflectance
within the wider field of view can affect the ability to differ-
entiate between objects. The latter factor is important because
the radiance recorded from an area of ground also contains
radiance from surrounding areas. Another important factor to
be aware of is that the raw digital number (DN) values often
need to be calibrated to radiance units and this calibration
may not be constant across an image or between images if
atmospheric distortion or illumination is variable. Even after
calibration, some wavebands may have to be discarded owing
to high nois-to-signal ratios or simply to poor calibration (e.g.
Bryant and Gilvear 1999). Uneven radiation capture at the
sensor, due to variations in scene illumination, equally applies
when scanning aerial photographs to allow image processing.
Hence Gilvear et al. (1995) needed to apply shade correction to
scanned aerial photographs of different parts of Faith Creek in
Alaska to detect meso-scale habitat change. Shade correction
was necessary because of differences in natural illumination
(i.e. atmospheric conditions) at the time the photographs were
taken, uneven illumination when the photographs were scanned
(using a video camera system) and differences in photographic

tured in digital format is assigned an 8-bit DN value between 0
(black) and 255 (white) according to its grey-tone. This number
of grey-tones is much greater than the human eye can detect,
allowing image analysis to identify spatial variability that would
go undetected with manual observation.

Scale and spatial accuracy issues

Size of river

One of the main considerations in using remote sensing to
study the fluvial geomorphology of rivers is channel width.
A number of studies of large rivers (>200 m wide) have been
undertaken using satellite remote sensing (e.g. Salo et al. 1986;
Phillip et al. 1989; Ramasamy et al. 1991) and more recently
during space shuttle missions (see later). Milton et al. (1995)
suggest that for smaller rivers (~20-200m wide), airborne
remote sensing, incorporating high-resolution advanced sen-
sors and improved temporal/spatial flexibility, may be a more
suitable approach for mapping and monitoring change. For very
small rivers (<20 m wide), a hand-held helium blimp or model
aircraft with remotely operated camera or oblique imagery, that
is subsequently rectified, may be more appropriate in gaining
the spatial resolution of imagery required (Carbonneau et al.
2012).



Image format

One key characteristic of aerial photography and satellite
imagery is that it provides typically a square format (whether
digital or hard-copy). Unfortunately, this does not match well
with rivers, which form linear features in the landscape. When
these images are used, the length of river shown will not be
much greater than the edge length of the image unless it has high
sinuosity (Fig. 6.3a). Therefore, to cover an appreciable river
length a number of images often have to be pieced together to
form a mosaic unless very small-scale images (e.g. >1:25,000)
are used. Even with large-scale photographs covering a small
reach, with small- to medium-sized rivers channel features may
be hard to detect given the small area that the river covers on
the image, especially where riparian woodland obscures some
of the channel. This mismatch in geometry results in increased
costs in the purchase of imagery, increased time for image
rectification and more ground control points.

A distinction should also be highlighted here between aerial
photography flown specifically for the purpose of a riverine
study with systematic coverage of a whole region or country. In
the first case, overlapping aerial photographs will be oriented
along the direction in which the river is flowing and this will
maximize the length of river on each photograph. In the second
case, the photographs will not be oriented parallel or be focused
on the river and only small lengths of the river will be found
on some of the appropriate photographs. Coverage of countries
or regions is also typically small-scale and if large-scale, the
number of flight lines needed to permit full coverage may
become excessively large. Aerial photography that follows a
watercourse (unless it is very wide and very small-scale photog-
raphy is needed) requires only one flight line and larger scale
photography is therefore more acceptable. In the US regional
surveys of 1:20,000 or 1:25,000 scale for example, might be
commissioned by the US Geological Survey or Department
of Agriculture, whereas 1:12,000 scale or better photography
might be commissioned by the US Army Corps of Engineers
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or Bureau of Reclamation (e.g. for flood hazard mapping), but
may or may not give good coverage of riparian and floodplain
areas. With digital data and appropriate image analysis software,
one can zoom in on areas of the channel of interest to gain a
large-scale picture, but this may not be appropriate if the spatial
resolution of the image is too small. However, airborne remote
sensing captures digital data with a fixed swath width, for a
given flying elevation, but with infinite length. Thus data can
be captured, for example, as a 1km by 10km area, covering
perhaps a 15km length of a medium-sized river together with
its floodplain. It is therefore ideally suited to collecting data on
rivers (Milton et al. 1995).

Sensor resolution

The spatial resolution of a sensor is usually described by a
distance in metres, which relates to the edge length of a single
square or rectangular parcel of land from which a radiation
value can be assigned (a pixel). Pixel size relates to sensor type

Figure 6.3 The effects of image scale, scanning resolution and river size on
spatial resolution. (a) Aerial photograph scale, minimum river length
observable and width of the channel on the photograph for 20 and 200 m
widths. (b) Ground pixel resolution on scanned aerial photographs for
differing scales and scan resolution.

and altitude. The higher the platform, the larger is the pixel
size for a given sensor and the wider the swath width (Fig. 6.4),
although this can vary depending on the sensor optics and the
size of the charge-coupled devices (CCDs) used. In scanning
aerial photographs and producing digital imagery, one must
also calculate the pixel size in relation to the photographic scale
and scanning resolution (Fig. 6.3b). This will limit the amount
of detail and minimum size of object that can be detected.
Although one can enlarge a particular area of a photographic
print or zoom in on a digital image to gain greater detail, there
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Figure 6.4 Relationship between pixel size and swath width with platform
altitude for the Daedalus 1268 airborne thematic mapper (ATM) scanner.
Modified from Wilson, 1995.

must come a point where no further information can be visually
obtained, particularly on an image made up of pixels. The grain
size of the photographic film may also, but only rarely, limit
the minimum size of fluvial features that can be detected (Lane
et al. 1994). Grain size is the theoretical minimum and scanning
density the practical minimum.

A key question in remote sensing is whether the pixel size is
smaller than the object (e.g. landform) of interest. If larger, iden-
tification of a landform will be difficult and delimitation of its
boundaries impossible. Even if the pixel size is smaller than the
landform of interest, problems can still arise because normally
a number of pixels are needed to identify a feature effectively.
First, pixel edges may not necessarily coincide with the edge
of features on the ground. Therefore, many pixels will contain
a number of objects (mixed pixels). In the case of the fluvial
environment this could be bed material, water and vegetation.
The combination of these reflectances may result in the pixel
appearing similar to another type of surface and hence be mis-
interpreted. In the case of multispectral imagery, the problems
of mixed pixels can be met using mixture modelling to estimate
the proportion of each spectral ‘end-member’ present within a
pixel (Mertes et al. 1993; Bryant 1996). Second, problems arise
because a scanner not only receives radiation from the area
of ground demarcated by pixel edges (the ground resolution
element - GRE) but also surrounding areas (instantaneous
working area — IWA). Indeed, even within a GRE, the scanner
will not respond uniformly to radiation from its area because
pixel intensities are not independent but auto-correlated. More
detail on what a pixel means in reality can be found in Crack-
nell (1998). On a scanned black and white aerial photograph,

individual pixels of soil and water can have the same DN value.
A density sliced image would therefore assign them to a similar
land cover type when from visual observation of the image
the difference in surface type would be obvious because of the
pixels’ location in the larger image and contextual information.
In this regard, feature integrity needs to be incorporated into the
classification procedure used. Image analysis should therefore
not always be seen to be superior to visual interpretation but
rather as a complementary approach. Of course, with colour
aerial photographs, soil, water and vegetation surfaces are more
easily distinguished, but distinguishing pure water and areas
with submergent and emergent aquatic plants may be difficult.

Geometric accuracy

Spatial resolution and scale control precision and should not be
confused with accuracy in that the image may not be geometri-
cally correct and may include tilt and warping. To rectify images,
ground control points (GCPs), for which a relative or absolute
location is known, have to be matched with the corresponding
feature on the image using a mathematical transformation. In
the consideration of temporal change and an absence of GCPs,
image registration to each other using objects that are known not
to have moved can be undertaken. In some remote areas, with
no man-made objects, such identification can be problematic. If
the chosen objects move (e.g. bank lines due to erosion), results
can be spurious. Satellite platforms are highly stable (i.e. they
remain perpendicular to the ground surface and do not suffer
roll and pitch as with an aircraft) and often a first-order transfor-
mation based on relatively few GCPs is sufficient to gain a high
level of accuracy. Airborne platforms are often less stable, but
techniques to correct photographic images geometrically from
nadir and oblique pointing cameras are well developed (Lane
et al. 1993; Chandler 1999). Successful rectification of airborne
scanner data may require the survey area to be split into smaller
sections (e.g. Christensen et al. 1988) or the transformation to be
localized (e.g. Devereux et al. 1990), or the use of a parametric
correction procedure based on aircraft altitude measurements
(e.g. Wilson 1997). It may benefit from the incorporation of a
digital elevation model (Cosandier et al. 1994), but probably
not in level, relatively flat floodplain environments. Information
on spatial accuracy and error in relation to aerial photography
is provided in Chapter 4. Townshend and Justice (1988) have
reviewed the properties of remote sensing systems that control
the accuracy of land cover assessments, focusing on spatial
aspects (Fig. 6.2). They emphasize the importance of matching
the spectral, radiometric and spatial capabilities of the sensor
with the properties of the surfaces being sensed. Moreover, the
timing and frequency of sensing must coincide with that of
temporal change or events within the fluvial environment, and
even then, in the case of many sensors, cloud cover may prevent
observation.
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Spectral properties and the fluvial environment
Landscape components

Figure 6.5 shows typical spectral response curves, measured
using airborne thematic mapper (ATM) data, for surfaces
and features found in the fluvial environment. It is apparent
that spectral responses normally fall into three distinct classes
(Hooper 1992; Milton et al. 1995): (i) water, shadow and
aquatic vegetation; (ii) trees and other green vegetation; and
(iii) exposed sediment. It should be noted, however, that in
the case of black and white aerial photographs and some other
spectral wavebands, these classes might not be so clearly differ-
entiated. These three classes may be thought of as the ‘spectral
end-members’ of the riverine environment. In the context of flu-
vial geomorphology, the two main end-members are water and
sediment. Interrogation of subtle differences in the radiation
from water and exposed sediment can reveal more about their
nature and hence the relationship between these surfaces and
electromagnetic radiation is explored further below. Vegetation
is another component that is often of interest to the fluvial
geomorphologist in that floodplain vegetation mosaics often
relate to topography and soils and channel mobility (Hickin and
Nanson, 1975).

As mentioned earlier, the majority of visible, near and mid-
dle infrared radiation reaching a soil or sediment surface is
either reflected or absorbed and little is transmitted. The five
characteristics of sediment, which are interrelated and which
determine its reflectance properties, are, in order of importance:
moisture content, organic content, texture, structure and iron
oxide content. Most important is the relationship between soil
moisture and reflectance. Reflectance decreases substantially
in the visible wavelengths with increasing moisture content
until soil reflectance becomes saturated. Reflectance in the near
and middle infrared wavelengths is also negatively correlated
with soil moisture and an increase in soil moisture will result
in rapid falls in reflectance, particularly in wavelengths centred
at 0.9, 1.4, 1.9, 2.2 and 2.7 nm. Moisture will have a greater
effect on the reflectance of clay soils than sandy sediments. Soil
organic matter will also decrease reflectance up to a content
of 4-5%.

The complex relationship between fluvially deposited sedi-
ment and spectral characteristics is demonstrated by the results
of Bryant et al. (1996) and Rainey et al. (2000) (Fig. 6.6).
Figure 6.6 shows that immediately before a high tide there is
a positive reflectance between ATM band 9 reflectance and
increasingly particle size, but immediately after the high tide
and thorough wetting of the inter-tidal sediments there is a
negative relationship. Such knowledge of changes in spectral
reflectance—physical substrate properties with differing degrees
of wetness is obviously vital to the sound interpretation of
remotely sensed data and also illustrates the need for con-
comitant field-based measurements. It also demonstrates that a
sound knowledge of the spectral characteristics of the features
of interest and how they respond to environmental variables
can also help in optimizing the use of remotely sensed data.
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Figure 6.5 Spectral signatures for the fluvial environment based on imagery
of the River Teme, UK. (a) Representative spectral response curves ascertained
from ATM data. (b) Differentiation of fluvial environments using the range of
ATM band 7 and band 3 values for each surface type and their relationship
to channel change. Modified from Hooper, 1992 and Milton et al., 1995.

The radiance of thermal infrared wavelengths from a soil is
primarily determined by its moisture content. The wetter the
soil is, the cooler it will be during the day and the warmer it
will be at night. Soils and sediment in general generate a low
radar return, and only when they are recorded at moderate to
low incidence angles do they generate a moderate return and
are sensitive to soil moisture variations.

Unlike soil and sediment, the majority of visible, near and
middle infrared radiation is either absorbed or transmitted
at pure water surfaces. In visible wavelengths, little light is
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Figure 6.6 Variable ATM reflectance from inter-tidal sediments either side of
a high tide on the River Ribble, England, showing that moisture content not
only results in a shift in reflectance but also reverses the relationship between
reflectance and particle size. (a) Inter-tidal morphology and sedimentology. (b)
Spatial variation in spectral reflectance of the inter-tidal sediments before the
high tide. (c) Spatial variation in spectral reflectance of the inter-tidal
sediments after the high tide and re-wetting. Source: Rainey et al, 2000.
Reproduced with permission of Taylor and Francis.

absorbed, a small amount (usually under 5%) is reflected and
the majority is transmitted. Water also absorbs near and middle
infrared wavelengths strongly. This results in sharp contrasts
between water and land boundaries, with pure water appearing
black, for instance, on infrared aerial photographs. The factors
that affect the spatial variability in the reflectance are depth
of water, the suspended and solute content of the water and
the surface roughness of the water. In shallow water, some
radiation is reflected not by the water itself but by the sub-
strate. Therefore, in shallow water it is often the channel bed
that determines the water’s reflectance properties and colour,
in the absence of high suspended sediment loads or colour
levels.
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Figure 6.7 Spectral reflectance as recorded on the River Tummel, Scotland,
using a field spectrometer showing the affect of (a) water depth and (b)
bottom types. After Gilvear et al, 1997.

The effects of differing water depths and differing substrates on
spectral reflectance, as measured using a field spectrometer, are
shown in Fig. 6.7. Water has a similar thermal inertia to soil and
yet it has a much smaller diurnal thermal range. It may there-
fore be differentiated by being warmer at night and cooler dur-
ing the day, with differences most marked early in the morning.
Thermal imagery, especially where collected in the early hours
of morning, is therefore often best used in differentiating soil,
water boundaries and soil moisture variability. A water body is
usually an area of low radar return and appears black on radar
images, although speckling may occur if waves are present and
at right-angles to the radar pulse.

In the case of the spectral reflectance from an image or part of
an image of particular interest not encompassing the full range
of DN values, contrast stretching can be applied to heighten
differences in the image. Thus, given that the grey-tone vari-
ability across the water surface was limited on scanned aerial
photographs of Faith Creek, Alaska, a contrast stretch was
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applied solely to the water surface (Gilvear et al. 1995; Winter-
bottom and Gilvear 1997) to allow a stronger link to water depth
to be extrapolated. Other parts of the image were masked off
and the lightest grey-tone (equivalent to the shallowest areas)
was assigned a value of 255 and the darkest areas (equivalent to
the deepest areas) a value of zero. This allowed the differences
in water depth in the image to be more clearly identified. Many
other image enhancement techniques are available to improve
the ‘quality’ of images but are outside the scope of this chapter.

Classification of imagery into Earth surface categories based
on their spectral properties can be undertaken using a variety of
methods. For more detailed types of classification and further
information on enhancement and classification techniques, a
textbook on remote sensing should be consulted (e.g. Sabins
1996). Raw DN values or radiation fluxes can be converted to
an environmental variable (e.g. water depth or soil moisture
content) using an empirically based relationship derived with
ground-truth data or an established algorithm. Supervised clas-
sification of pixels is based upon assigning pixels with similar
spectral characteristics to pixels identified in training areas.
Training areas are one or more pixels assigned a land surface
category because the cover type is known from field survey.
Unsupervised classification relies on methods that assign pixels
to a predetermined number of groups according to spectral
similarity. This may or may not relate to land cover types or
features on the ground.

Summary overview

The preceding sections have demonstrated that there are many
factors to be taken into account when selecting a remote sensing
approach to interrogate a fluvial system. The key variables that
will determine the choice of data and approach taken are: (i) the
length of river being studied; (ii) the width of the river; (iii) the
spatial resolution required; (iv) the land cover or water surface
or sub-surface properties to be detected; (v) the degree of preci-
sion and accuracy acceptable; and (vi) the frequency with which
changes might need to be detected. Following consideration of
these variables, the fluvial geomorphologist may then be able
to determine whether a ground-based, airborne or spaceborne
approach will be most appropriate and whether single spectra or
multispectral or hyperspectral data are required. Table 6.5 pro-
vides a generic protocol for assessing the most suitable remote
sensing approach according to the type of fluvial study being
undertaken

6.3 River geomorphology and in-channel
processes

2D channel morphology and channel change

Two-dimensional mapping of river channel morphology and
channel change has been the focus of fluvial geomorphology for
a number of decades (Table 6.4). In recent years, the synoptic
mapping of channel planforms has been revolutionized by the
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availability of Google Earth (Lisle 2006), which has created a
unique new resource for 2D mapping of channel morphology
and floodplains. The key issue is always scale, however, whatever
the nature of the remotely sensed data. Large channels are easy
to observe on aerial photographs and satellite data using a range
of imagery at all scales. The only constraint is restricted river
lengths on large-scale images and thus high purchase costs and
time involved in producing maps of drainage networks for large
areas. For example, the anastomosing channels on the Niger
delta have been mapped with satellite data (Diakite et al. 1986;
Brivo et al. 2002). As the channel becomes smaller, however,
spatial resolution becomes critical. France et al. (1986), working
in Wales, concluded that Landsat TM data could record lakes
as small as 0.6 ha and streams down to 3-5m in width with
acceptable accuracy. Thirty-three first-order streams were thus
detected. However, 1:10,000 aerial photograph interpretation
revealed 156 first-order streams, many of which were less than
1.0 m wide. For the delineation of ephemeral streams in Nevada,
76% of second-order and larger streams could be identified in
SPOT panchromatic images (Gardner et al. 1987). At a smaller
scale and in a more complex situation, Schumann (1989)
identified the ‘parent’ channel and the relative importance of
anabranches in an anastomosing reach of Red Creek, Wyoming,
using black and white aerial photographs. The parent channel
was darkest due to grasses and sagebrush flanking the channel
where moisture availability was highest.

The effect of spatial scale and re-sampling regime on planform
detection from remotely sensed data is covered in Chapter 4. In
the case of the spatial resolution of the imagery being used to
its limit, a waveband that achieves the greatest contrast between
land and water is most suitable (e.g. near and middle infrared).
Increasingly robust automated classification of channels will
become possible (Argialas et al. 1988). Many other examples of
imagery being used to map channel planform could be cited,
but this is not necessary given the straightforward and obvious
simplicity of the technique. However, problems can some-
times occur in detection and bankfull definition, and here the
expertise of the geomorphologist is of paramount importance.

In-channel features have also been mapped extensively using
aerial photographs and satellite imagery. Aerial photography, for
example, has been used to map bar forms for over five decades
as part of channel planform studies (e.g. Werritty and Ferguson
1980; Warburton et al. 1993). Similarly on large rivers, satellite
imagery has been used to map bar morphology (Thorne et al.
1993). Figure 6.8, for example, clearly shows overall channel
planform and bar morphology of the Mississippi River above
Vicksburg. The image, covering an area of about 28 km by 21 km
was acquired in October 1994 by spaceborne imaging radar.
Imagery such as that shown in Fig. 6.8 can be used easily to pro-
duce quantitative data on geomorphic attributes such as channel
width and size and shape of exposed channel bars. However, the
bar size and shape as depicted on the image is stage dependent
and successive images cannot always be compared directly
unless water levels are known to be the same at each of the
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Table 6.4 Recent examples of the application of remote sensing to fluvial geomorphology and river science.

Location

Geomorphic
purpose

Imagery type,
and scale/pixel size

Reference

(a) 2D channel morphology and channel change

Mekong River, Thailand-Lao PDR
Soda Butte Creek, Montana and
Cache Creek Wyoming, USA

River Tummel, Scotland

North Pacific Rim rivers; North America
and Russia

Bank erosion
In-channel hydrogeomorphic units
including coarse woody debris

Channel planform change and bank
erosion
Juvenile salmonid habitat

(b) 3D and quasi-3D channel morphology and substrates

North Ashburton River, New Zealand

Waimakariri River, New Zealand

Platte River, Nebraska, USA
Rhone River, France

Below water line morphology and
exposed sediments

Channel morphology and DEM
production in large braided systems
Channel bed topography

Channel morphology and substrate

(c) 2D mapping of suspended solids concentrations and bed material

River Ribble, northwest England

Saint Marguerite River, Canada
Yangtze River, China

Percentage clay, silt and sand in
inter-tidal sediments

Gravel size

Suspended sediment

(d) 2D and 3D mapping of floodplain morphology

Madre de Dios, Peru

River Tummel, Scotland

Floodplain geomophology and
ecosystem structure
Hydromorphology

Aerial photography and Spot 5
Airborne multi-spectral (blue, green,
red and infrared bandwidths); 1 m
resolution

Aerial photography, 1:10,000 and
1:12,000

Landsat TM; Quickbird and airborne
multi spectral imagery

Aerial photography 1:3000

Aerial photography; 0.5 m resolution
LIDAR

Drone and digital camera (5-14 cm
resolution)

Airborne thematic mapper data; 2m
pixel size

Gantry-mounted digital photography
Landsat-7 ETM+

Landsat ETM+; JERS1; Radar C band

Airborne multi-spectral imagery; 1m

Kumma et al. (2008)
Wright et al. (2000)
Winterbottom (2000)

Whited et al. (2013)

Westaway et al. (2000)
Lane et al. (2000)
Kinzel et al. (2007)
Lejot et al. (2007)
Rainey et al. (2000)

Carbonneau et al. (2005)
Wang et al. (2009)

Hamilton et al. (2006)

Gilvear et al. (2007)

(e) 2D mapping of flood inundation
Amazon floodplain.
River Meuse, The Netherlands

Mapping of the nature of inundation
Mapping of the extent of inundation

(f) 2D and 3D mapping of overbank sedimentation, deposition and scour

River Ob, Siberia Floodplain deposition and scour

Yuba River, California Fllodpalin morphology and overbank
sedimentation

resolution (2 m resolution)

JERS | Alsdorf et al. (2007)

SAR Bates and De Roo (2000)
SAR Smith and Alsdorf (1998)
Photogrammetry and aerial Ghoshal et al. (2010)
photography

epochs. More recently, airborne multispectral imagery has been
used in attempts to map a wide-range of geomorphic features
with mixed success (eg. Wright et al. 2000). The potential is
high but increased knowledge of the spectral characteristics of
geomorphic features is still required.

Channel planform change has also been the research focus
of a number of fluvial geomorphologists and sequential sets of
aerial photographs have commonly been used to detect change
(eg Lapointe and Carson 1986; Werritty and Ferguson 1980)
(Table 6.4). Large-scale changes in channel position are often
apparent from visual interpretation, but geometric recitification
is required for accurate measurement of change, especially for
small changes in bank position. For example, although Gilvear
et al. (1999) could identify large-scale changes in channel
position on the Luangwa River, Zambia, visually (Fig. 6.9),
geometric rectification and digitization of rivers bank lines
within a GIS was necessary to detect changes in other channel
features and to measure accurately bank erosion rates.

The accuracy of visual comparison, without the use of geo-
metric rectification or rectification of photographs to each
other using fixed ground-control points, will depend on the
degree of tilt and distortion of the aerial photographs. Williams
et al. (1979) managed to superimpose 39 photogrammetrically
recovered bank profiles to measure retreat rate to an accuracy of
0.06 m per year for the Ottawa River, for which 16 aerial flights
were available from 1921 to 1979. However, the temporal reso-
lution of aerial photography will vary widely between regions.
In many cases, particularly in the New World, the temporal
resolution will be much less. If short-term change, particularly
resulting from a single flood event, is of interest, commissioned
flights are often necessary to gain temporal resolution (e.g.
Winterbottom 2000). When comparing images, it is also neces-
sary to remember that gross changes between dates will mask
cycles of erosion and accretion, and perhaps channels ‘flipping’
position only to return to the original course at a later date.
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Figure 6.8 An image of approximately 28 km by 21 km of the River
Mississippi and its floodplain north of Vicksburg. The image was acquired in
October 1994 by the spaceborne imaging radar C/X-band synthetic aperture
imaging radar system (SIR-C/X-SAR).

Figure 6.9 Channel change on the Luangwa River, Zambia, from 1956 to
1988. Source: Gilvear et al., 1999. Reproduced with permission of Wiley.

Since the 1970s, satellite data have been used to enhance our
knowledge of channel planform change of large river systems for
which the synoptic view of a spaceborne sensor has advantages
over the restricted coverage of individual aerial photographs
(e.g. Phillip et al. 1989; Perez and Muller 1990). For example,
Salo et al. (1986) used multi-date Landsat MSS images of the
meandering and anastomosing stretches of the Ucayili and
Amazon in Peru to quantify lateral migration rates of 200 m per
year between 1979 and 1983. A more rudimentary approach
based on the visual interpretation of photographic images was
used by Ramasamy et al. (1991) to identify relict channels in the
Yamuna River, Western India. Most remarkably, Jacobberger
(1988) mapped abandoned river channels that were active in
Sahelian Mali 6000 to 8000 years ago using MSS and TM images.

3D and quasi-3D channel morphology

and channel change

Increasingly, various remote sensing methods have been used to
produce 3D or quasi-3D reach-scale channel morphology. The
major problem with quantifying channel morphology in three
dimensions using remote sensing methods is the fact that a dif-
ferent approach is needed for exposed and submerged areas of
the river channel. For exposed channel bars, large-scale aerial
photogrammetry can be used to produce accurate elevation data
(e.g. Westaway et al. 2000) (Table 6.4). Laser altimetry is also now
being used to map the morphology of exposed channel beds,
including mapping of change from sequential data sets (e.g. large
braided rivers of New Zealand). Unfortunately, large areas of the
channel are exposed under low-flow conditions only on some
rivers. Hence a more important concern for the fluvial geomor-
phologist, and from a remote sensing perspective a more chal-
lenging problem, is that of mapping submerged areas.

A relatively robust technique for applying image analysis to
aerial photographs to derive water depths for shallow non-turbid
rivers has been developed in fairly recent years (Gilvear et al.
1995; Winterbottom and Gilvear 1997; Lane et al. 2000). The
technique relies on a good correlation between the ‘grey-tone’
on aerial photographs and water depth. This is not always visible
to the eye but with image enhancement can be detected. The
variation in ‘grey-tone’ in shallow, clear water rivers and simple
situations relates to variations in the reflectance of light from the
river bed. The absorption of light radiation in water increases
exponentially with depth and a number of algorithms have been
developed to model this relationship (Lyzenga 1981; Clark et al.
1987; Bierworth ef al. 1993) and to map the 3D morphology of
gravel-bed rivers (e.g. Gilvear et al. 1995; Winterbottom 1995;
Hicks et al. 1999). The results of these studies have proved to
be relatively accurate in comparison with ground-truth data
collected contemporaneously with imagery. Unless tied to
direct measurements of the elevation of exposed sediments,
this method produces only a quasi-3D model in that absolute
elevations are not known.

Another approach to obtaining 3D channel morphology
using combined remote sensing and ground data was that
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Figure 6.10 Example of a bathymetric map produced by image analysis
applied ATM data of the confluence of the Rivers Tay and Tummel, Scotland.
A, B and C are adjoining reaches in the downstream direction. Source:
Winterbottom and Gilvear, 1997. Reproduced with permission of Wiley.

undertaken by Lane et al. (1994). Above water line topography
was quantified repeatedly over a 21 day period by rigorous ana-
Iytical photogrammetry applied to oblique aerial photography.
Below water line measurements were undertaken using a rapid
tacheometric survey and tied into the same ground-control net-
work, producing daily 3D images of the stream bed. Differences
between these images then formed the basis for calculation of
bedload transport rates and zones of aggradation and degra-
dation. For this case, the results suggest that a cross-section
spacing of less than 2 m is required to estimate cut or fill on wide
braided rivers (>10 m wide) to within 20% of the correct value.
This demonstrates the need for rapid, high spatial resolution
techniques for mapping 3D channel form to be developed for
further understanding of channel bed dynamics.

Multi- and hyperspectral imagery can potentially provide the
geomorphologist with the ability to detect variations in water
depth in deeper and more turbid channels. Using airborne
multispectral data, Winterbottom and Gilvear (1997) found
the best relationship between water depth and radiance in the
interval 605-625nm (Fig. 6.10). Comparison of the 3D image
produced by Winterbottom and Gilvear (1997) with a later
image, produced by applying the same technique and which
followed a 1:70 year return period flood, also allowed subtle
changes in bedforms to be identified (Bryant and Gilvear 1999).
In contrast to the work of Winterbottom and Gilvear (1997),
Acornley et al. (1995), using CASI data, found that wave-
lengths of 800-820 nm produced the best results, although all
bands in the ranges 510-610 and 645-820 nm gave satisfactory
results. Here the imagery was captured in autumn when aquatic
macrophytes were absent, which would have complicated image
analysis. Using a multispectral video imaging system that could
detect in the green (550 nm), red (650 nm) and near-infrared
(850 nm) regions of the electromagnetic spectrum, Hardy et al.
(1994) were also able to classify water depths and features such
as runs, pools and riffles on the Green River, Utah.

Following these pioneering studies, further work has
improved our knowledge of the effect of water column, water
quality and bed type on depth measurements (Legleiter et al.
2004, 2009; Gilvear et al. 2007; Lejot et al. 2007; Feurer et al.
2008) and as such the technique is becoming more routinely
incorporated into geomorphological investigations. The accu-
racy of such depth classifications is greatest in areas of low
surface roughness, because a ‘broken’ water surface can scatter
light and cause erroneous values; such phenomena, however,
may aid the mapping of hydraulic habitat. Other limitations
to the technique may include excessive shading of the bed, the
presence of submerged, floating and emergent vegetation and
high water turbidity. A range of new multispectral videography
systems are also becoming available that should give good
image geometry, a greater number of bands and spectral res-
olution and a convenience in deployment and data processing
unmatched by more traditional systems (Sun and Anderson
1994; Hardy 1998). On larger rivers, bathymetric mapping has
been undertaken using satellite data, but high turbidity and
deeper water often preclude success. Vinod Kumar et al. (1997),
however, undertook bathymetric mapping in the vicinity of
the Rupnarayan-Hooghly river confluence, India, to depths of
8-10m using LISS-II data in the wavelengths 0.77-0.80 nm.
This was undertaken to guide dredging operations within the
port of Calcutta.

Production of 3D images of bed topography for long chan-
nel reaches from remotely sensed data offers great potential for
linking hydraulic modelling with channel change. The primary
assumptions of these techniques are that both (i) the attenuation
coeflicient and (ii) the substrate reflectance remain constant over
the full length and breadth of the extrapolated area. For the most
part these assumptions will hold true for short river reaches, but
ground data are needed to verify the assumptions or produce
separate algorithms to account for differences in the attenuation
coefficient and substrate.

Over the last decade, airborne and terrestrially mounted light
imaging, detection and ranging (LiDAR) has also been added
to the tools available to geomorphologists to map and detect
change in 3D channel geometry. It is a device that is similar
in operation to radar but emits pulsed laser light instead of
microwaves. Each pixel that is scanned is assigned an x,y,z
coordinate that allows for accurate 3D mapping of the object
being scanned. Thoma and et al. (2005) advocated airborne
laser scanning for riverbank erosion assessment and Kinzel
et al. (2007) mapped the bed topography of shallow sand bed
streams using an airborne-derived LiDAR dataset. McKean et al.
(2008), using a narrow-beam, water-penetrating green LiDAR
system (NASA’s Experimental Advanced Airborne Research
LiDAR - EARRL) were also able to map both floodplain and
channel morphology over a 10 km reach on a mountain stream
and link geomorphic patterns to salmon spawning (Fig. 6.11).
Repeat LiDAR surveys of a river reach can also be used to
determine accurately channel change and inferences made
about sediment budgets (e.g. Fuller ef al. 2003). Legleiter (2012)
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Figure 6.11 Channel and floodplain morphology for Bear Valley Creek, Idaho, USA, as determined by green LiDAR (EARLL) The digital terrain models are
corrected for valley gradient. Source: McKean et al., 2008. Reproduced with permission of ESA Journals.

has also developed a hybrid approach to bathymetric mapping.
He fused bathymetric data from spectrally based methods with
LiDAR data to provide maps that would not have been possible
with just one of the methods.

2D mapping of turbidity, suspended solids
concentrations and bed material

The use of satellite imagery on large river systems and airborne
data on smaller rivers provides the opportunity to measure
spatial and temporal changes in suspended sediment concentra-
tions at the water surface over long reaches (Bustamante ef al.,
2009; Wang et al., 2009). However, because water chemistry,
surface water roughness, sediment size, shape and mineralogy,
atmospheric conditions and shadow all also affect the spectral
properties of water, in addition to water depth in shallow areas,
ground-truth data are often needed to allow calibration. Using a
field-derived relationship between suspended sediment concen-
trations and spectral data, Aranuvachapun and Walling (1988)
used satellite data to map spatial variability in suspended sedi-
ments for the Yellow River. The relationship between suspended
sediment concentrations and reflectance has been explored
more in the literature relating to coastal environments than for
fluvial environments per se (e.g. Lathrop and Lillesand 1986;
Novo et al. 1989a,1989b; Xia 1993; Ferrier 1995). Few studies
have extended these analyses upstream to streams and rivers
and problems may arise in shallow and heterogeneous aquatic
environments where mixed pixels are also likely. However, the
use of remotely sensed data in understanding the suspended
sediment dynamics of medium-sized and large rivers is likely to
increase.

Recent success has been obtained with mapping bed material
size remotely (Table 6.4). This has been achieved using two
different approaches. The first technique relies on the different
spectral characteristics of sands, silts and gravels, mapping
surificial sediment sizes on exposed inter-tidal areas (Rainey
et al. 2000) (Fig. 6.12). In this situation, however, mapping was
complicated by differences in soil moisture content because
different areas were subject to differing drying times since the
last high tide and spectral properties of sediments are moisture
dependent (see earlier and Fig. 6.6). Image analysis techniques,
which identify edges, have also been applied to high spatial
resolution aerial photography to determine bed material size
for river gravels, giving unparallel knowledge on patterns of
grain size variability at multiple scales (Carbonneau, 2005;
Carbonneau et al., 2005).

6.4 Floodplain geomorphology and fluvial
processes

2D and 3D mapping of floodplain morphology

Many landforms, including oxbow lakes, levees and scroll bars,
are present on floodplains, resulting in a complex mosaic of
topographical and sedimentological forms, often masked by
vegetation. Identification of these features may be possible
from variations in soil moisture and vegetation. Aerial pho-
tography has thus been used extensively to map floodplain
features. Colour aerial photographs are particularly useful in
that subtle differences in land cover that relate to underlying
topography and sedimentology are more easily seen. Lewin and
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Figure 6.12 Particle size variation for the inter-tidal area of the River Ribble, England, as mapped using ATM data (Rainey 1999). Using a regression relationship
between particle size and radionuclide concentrations on the river, the data were used to produce a map of radionuclide concentrations in bequerels per
kilogram (Bgkg™), hence the key classification. Source: Rainey, 1999. Reproduced with permission of the author.

Manton (1975) used 1:5000 stereo pairs to map the floodplain
topography of three Welsh rivers to a vertical resolution of
0.10m and a horizontal resolution of 0.3 m. In the Garonne
Valley, Muller (1992) found band 5 of TM imagery to be best
for discriminating the floodplain from adjacent terraces and
mapping spatial variability in alluvial surfaces on the floodplain.
Davidson and Watson (1995) were able to map spatial variabil-
ity in soil moisture on the floodplain. The areas of highest soil
moisture were in topographic hollows left by relic channels.
High spatial and vertical resolution topographic data can also
be acquired by using scanning aircraft laser altimetry (Ritchie
1996). Laser altimetry is now being used by the UK Environ-
ment Agency to map floodplain topography for flood hazard
mapping. Recent advances in the integration of scanning LIDAR
technology with CCD digital imaging technology has produced
airborne technology with access to real-time orthoimaging
systems. The NASA ATM is a conically scanning airborne laser
altimeter system capable of acquiring a swath width 250 m
wide with a spot spacing of 1-3m and a vertical precision of
10-15 cm. The potential of this in geomorphological and flood-
plain research has been demonstrated by Garvin and Williams
(1993) and Marks and Bates (2000). Changes to the floodplain
either side of a 1:65 year flood event were also quantified by
Bryant and Gilvear (1999) using ATM data. Flood-induced
depositional forms such as gravel lobes and sand splays were
mapped. At a much larger scale, Trigg ef al. (2012) mapped and
classified all the stream systems on the middle reaches of the
Amazon upstream of Manaus using ETM+ data (Fig. 6.13).

2D mapping of flood inundation

The use of airborne and satellite imagery to provide a synoptic
perspective of flooding is relatively straightforward, except in
forested floodplains, and has been extensively reviewed (e.g.
Salomonson et al. 1983; Barton and Bathols 1989; Smith 1997).
Sensor and platform use will depend upon the extent of inun-
dation and spatial resolution, timing of the flood in relation to

orbiting satellites or response times of airborne campaigns, the
importance of emergent and floating vegetation and weather
conditions. On small river systems, the extent of inundation can
easily be seen on aerial photographs taken at the time of flood-
ing. However, on such systems inundation is often short-lived
and rarely are photographs available, particularly for the time
of maximum inundation, which is often of greatest interest.
Gilvear and Davies (unpublished work) were able to reconstruct
the maximum extent of inundation using 1:5000 colour aerial
photography taken 10 days after a 1:100 year flood event on
the River Tay, Scotland, by the location of strand lines (i.e. flood
debris).

When the flood coincides with a satellite orbit overhead and
normally absence of clouds, and large areas of open water exist,
inundation mapping can be undertaken simply using satellite
imagery (Table 6.4). However, inundation mapping below
a forest canopy can be problematic, although Ormsby et al.
(1985) found that the L-band data from the Shuttle Imaging
Radar (SIR-A) was helpful in separating forest vegetation from
partially submerged grasses and shrubs and permitted a good
definition of the land-water boundary even below a forest
canopy. Cloud cover can be a problem in mapping inundation
during the height of a flood except in the case of radar. The
all-weather capability of radar is thus highly advantageous
(Wagner 1994; Rudant 1994). Radar images record differences
in roughness that indicate flood conditions. Sippel et al. (1994,
1998) used the scanning multichannel microwave radiometer
on board the Nimbus 7 satellite to track changes in inunda-
tion on the Amazon River near Manaus over a 7 year period.
Despite the coarse spatial resolution of the annual inundation
area determined using mixing models, they correlated well
with changes in river stage. Similarly, Brakenridge et al. (1998)
were able to map the extent of flooding during the July 1993
flood on the Mississippi river using a SAR image of Iowa from
the ERS-1 satellite. Moreover, by coupling SAR imagery with
topographic imagery during the same flood, Brakenridge et al.
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Figure 6.13 The location of a study by Trigg et al. (2012) (a) where they used an Orthorectified Pan-Sharpened ETM+ image mosaic (1999-2003) to digitize
the stream network of the Amazon floodplain (b). Source: Trigg, 2012. Reproduced with permission of AGU Journals.

(1998) were able to measure water surface and hence the flood
wave in Wisconsin. Alsdorf et al. (2007) were also able to
demonstrate using remote sensing the hydraulic complexity of
Amazonian flooding in time and space and as such increase
flood inundation processes (Fig. 6.14).

2D and 3D mapping of overbank sedimentation,
deposition and scour

Remotely sensed data also afford the possibility of deriving
estimates of suspended sediment concentrations in flood waters
and floodplain deposition. Mertes et al. (1993), working within
the floodplain wetlands of the Amazon, showed that after
nominal calibration to water-surface reflectance, near-surface
suspended sediment concentrations could be estimated for each
30m X 30 m pixel using linear spectral mixture analysis. Simi-
larly, Gomez et al. (1995) used a Landsat 5 TM image to derive
estimates of near-surface overbank suspended sediment con-
centrations in floodwaters during the 1993 Mississippi floods.
Gomez et al. (1997), in conjunction with field measurements of

deposition, were also able to use a TM image to produce a high
spatial resolution map of floodplain sedimentation within the
vicinity of the 1993 Sny Island levee break on the Mississippi
near Canton, Missouri. Oblique aerial photography was also
used to map scour, topsoil stripping, a sand rim and sand sheets
close to the levee break, but spatial accuracy is compromised
in such situations unless rigorous photogrammetric methods
are adhered to. Evidence from field survey and 1: 10,000 colour
aerial photography (Gilvear and Black 1999) and ATM imagery
(Bryant and Gilvear 1999), found similar geomorphological
patterns to that of Gomez et al. (1997) in relation to flood
embankment failures during a large flood in the same year on
the River Tay, Scotland.

Synthetic aperture radar (SAR) interferometry also has some
potential for assessing wide-scale floodplain erosion and depo-
sition by allowing sequential construction of high-resolution
digital elevation models (DEMs) and disturbance mapping from
repeat-pass interferometric phase de-correlation. The latter is
based on the fact that interferometric correlation or phase
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Figure 6.14 Patterns of inundation and flow direction on the Amazon
floodplain during two flood conditions and derived from spaceborne
interferometric synthetic aperture radar (SAR) JERS-1 measurements. Note the
scale bar. Source: Alsdorf et al., 2007. Reproduced with permission of AGU
Journals.

coherence will decrease if the scattering properties of a surface
change over time (Smith and Alsdorf 1998). Thus, floodplain
scour or deposition can create a new scattering surface. While
other factors can cause temporal phase de-correlation (e.g.
soil moisture differences, vegetation growth), areas that do
yield high phase coherence can be assumed to remain stable.
Construction of accurate DEMs using SAR can also be prob-
lematic in heavily vegetated areas, but the method has been used
successfully in identifying flood damage (Izenberg et al. 1996).

6.5 Conclusions

Analysis of aerial photography and remotely sensed data has
wide application in detecting and mapping landforms, mea-
suring temporal changes in fluvial landforms and controlling
processes. The pros and cons of using differing sensor platforms

and imagery are summarized in Table 6.5. For the study of
large rivers (~200m wide or greater), spaceborne sensors
provide the fluvial geomorphologist with information on
channel morphology. For medium-sized rivers (~20-200m
wide), data derived from airborne remote sensors or rela-
tively large-scale aerial photography (approximately 1:5000
to 1:25,000) scale is better suited and can provide specific
information. Increasingly, spaceborne systems will have the
spatial resolution to map features on smaller rivers. Small river
systems are more amenable to study by traditional terrestrial
techniques and large-scale aerial photography (approximately
1:2500 or better) often taken from ‘blimps’ or remotely con-
trolled aircraft. On small and medium-sized rivers, conventional
photography with a hand-held camera can sometimes also be
analysed to reveal information not otherwise obtainable at high
spatial resolution.

Maximizing the potential of the analysis of aerial photographs
and other remotely sensed data as a tool in the study of fluvial
systems depends upon a sound understanding of the spatial
and temporal capabilities of different sensors, the range and
usefulness of a variety of image analysis techniques, the spectral
characteristics of the fluvial environment and the nature and
scale of the geomorphic problem under investigation. No one
remote sensing system or type of image analysis provides the
panacea, in that rivers vary in size, fluvial landforms and features
have markedly different spectral characteristics and sensors vary
in their spatial and spectral capability. Nevertheless, analysis of
various types of terrestrially based and aerial photographs, data
from first-generation satellite sensors and the latest generation
of remote sensing systems offers the fluvial geomorphologist a
rich set of tools. They allow the visualization, description and
classification of a host of geomorphic attributes of rivers over
a wide range of spatial scales and the detection and analysis of
river channel change over time-scales from days to decades.
Such information is crucial to planners interested in the stability
of rivers before authorising adjacent developments, ecologists
interested in fluvial disturbance and engineers concerned with
river training or whether bridges, transport networks and flood
defences may be threatened by erosion.
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Table 6.5 Feasibility and advantages and disadvantages of various remote sensing approaches according to river channel size and type of geomorphic
investigation (see also Table 6.3).

(A) Small sized river channels (<20 m wide)

Investigation type 2D channel 3D and quasi-3D 2D mapping of 2D and 3D 2D mapping of 2D and 3D
and remote morphology and channel suspended solids mapping of flood inundation mapping of
sensing format channel change morphology and concentrations and  floodplain overbank
channel change bed material morphology sedimentation,
deposition and
scour
Black-and-white aerial photography
(General Advantages Advantages Advantages Advantages Advantages
advantages) Widely ~ 1:5000 scale or Image analysis 1:5000 scale or Feasible 1:5000 scale or
available, relatively larger photography  applied to scanned larger photography larger photography
cheap and easy to sufficient for photographs can sufficient for sufficient for
commission flights detailed analysis of be used in clear, detailed mapping detailed mapping
which can coincide  planform shallow streams to of floodplain of floodplain
with cloudless detect variations in landforms. landforms.
skies. Historical water table depth Photogrammetry Photogrammetry
record as far back can be applied to can be applied to
as the 1940s and stereo pairs for stereo pairs for
1950s for most detection of relief detection of relief
developed Disadvantages Disadvantages Disadvantages Disadvantages Disadvantages Disadvantages
countries For long reaches Not possible in Not generally For long reaches a Confusion over For long reaches a
(e.g.>2km)a relatively deep or possible unless very  large number of classification of large number of
large number of turbid rivers. Need marked differences individual water with other individual
individual for validation of in concentrations photographs are land uses possible. photographs are

photographs are
needed, especially
when the
photography is not
specially
commissioned

Colour and infrared aerial photography

(General
advantages)

As above but less
widely available
and limited
historical record.
Easier to interpret
than above

As above

water depths using
ground-based
measurements

As above

are apparent. Need
for ground-based
measurements.
Possibility of
confusion with
variations in stream
bed reflectance in
shallow streams

As above but
variability in
turbidity often
more marked than
on black-and-white
aerial photographs

needed especially
when the
photography is not
specially
commissioned.
Experience in aerial
photograph
interpretation may
be necessary for
distinguishing
some features

As above although
colour aerial
photography can
aid feature
recognition.
Infrared also
enhances
differences in soil
moisture, which
often aids feature
recognition

For long reaches a
large number of
individual
photographs are
needed, especially
when the
photography is not
specially
commissioned

As above but
enhanced
capability for water
detection. On
infrared
photographs water
shows up as black

needed, especially
when the
photography is not
specially
commissioned.
Experience in aerial
photograph
interpretation may
be necessary for
distinguishing
some features

As above although
colour aerial
photography can
aid feature
recognition.
Infrared also
enhances
differences in soil
moisture, which
often aids feature
recognition

(continued overleaf)
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(A) Small sized river channels (<20 m wide)

Investigation type 2D channel 3D and quasi-3D 2D mapping of 2D and 3D 2D mapping of 2D and 3D

and remote morphology and channel suspended solids mapping of flood inundation mapping of

sensing format channel change morphology and concentrations and  floodplain overbank

channel change bed material morphology sedimentation,

deposition and
scour

Airborne multi- and hyperspectral imagery

(General Disadvantages Advantages Advantages Advantages Laser Advantages Advantages Use of

advantages) Digital ~ The scale or such Enhanced water Enhanced altimetry provides Easy detection of specific wavebands

format and specific
spectral
wavelengths can
be prescribed
according to the
purpose of the
study. Flights can
be planned to
coincide with
cloudless skies

imagery is not
generally
appropriate. Only
on streams greater
than 10 m wide
would information
be useful and then
detection of bank
position only
accurate to
approximately the
nearest metre.
Problems of mixed
pixels

Satellite and spaceborne imagery

(General
advantages)
Widescale
coverage and
availability and
high frequency of
over flights. Spatial
and spectral
resolution
becoming higher

Generally not
appropriate except
for crude channel
planform detection

Black-and-white aerial photography

Advantages
120,000 scale or
larger photography
sufficient for
detailed analysis of
planform

depth penetration
at certain
wavelengths. Laser
altimetry provides
the opportunity for
accurate digital
elevation models
for exposed
sediments (useful
in braided rivers at
low flows)
Disadvantages
The scale or such
imagery is not
generally
appropriate.
Problems of mixed
pixels. Need for
validation of water
depths using
ground-based
measurements

Not appropriate

Advantages
1:10000 scale or
larger photography
sufficient. Image
analysis applied to
scanned
photographs can
be used in clear,
shallow streams to
detect variations in
water table depth

detection but
confusion with
bottom reflectance
in non-turbid
shallow stream
Disadvantages
The scale of such
imagery is not
generally
appropriate.
Problem of mixed
pixels. Need for
ground-based
measurements

Not appropriate

the opportunity for
accurate digital
elevation models.
Possible to map
the floodplain
surface through
wooded canopies
Use of specific
wavebands aids
feature recognition
and soil moisture
and particle size
variations
Disadvantages

On small
floodplains
problems of spatial
resoluton and
mixed pixels

Generally not
appropriate

Advantages
1:10000 scale or
larger photography
sufficient for
detailed mapping
of floodplain
landforms.
Photogrammetry
can be applied to
stereo pairs for
detection of relief

water surfaces.
Possibility of
estimating water
depth

Spatial resolution
generally not
appropriate except
on small rivers with
wide floodplains.
Problems of mixed
pixels

Advantages
Feasible using
1:20,000 scale or
larger

aids feature
recognition and
soil moisture and
particle size
variations. Repeat
flights using laser
altimetry provide
the opportunity for
mapping areas that
have undergone
significant changes
in erosion and
deposition.
Possible to map
the floodplain
surface through
wooded canopies
Disadvantages

On small
floodplains
problems of spatial
resolution and
mixed pixels

Generally not
appropriate

Advantages
1:10000 scale or
larger photography
sufficient for
detailed mapping
of floodplain
landforms.
Photogrammetry
can be applied to
stereo pairs for
detection of relief
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(B) Medium-sized river channels (20-200 m wide)

River channel 2D mapping of 3D mapping of 2D mapping of 2D and 3D 2D mapping of 2D and 3D
size/investigation channel channel suspended solids mapping of flood inundation mapping of
type morphology and morphology (3D) concentrations and  floodplain overbank
channel change bed material morphology sedimentation,
deposition and
scour
Disadvantages Disadvantages Disadvantages Disadvantages Disadvantages Disadvantages

For reaches longer
than 5km more
than one
photograph is
needed. Numbers
of photographs
may be large for
long reaches,
especially when
the photography is
not specifically
commissioned

Colour and infrared aerial photography

As above

Airborne multi- and hyperspectral imagery

Advantages

Spatial resolution is
often appropriate
except at the lower
end of this channel
size range where
mixed pixels are a
problem and
reduce the
accuracy with
which the position
of river banks can
be mapped

Not possible in
relatively deep or
turbid rivers. Need
for validation of
water depths using
ground-based
measurements. For
reaches longer
than 5km more
than one
photograph is
needed

As above

Advantages

Spatial resolution is
often appropriate
except at the lower
end of this channel
size range where
mixed pixels are a
problem. Enhanced
water depth
penetration at
certain
wavelengths. Laser
altimetry provides
the opportunity for
accurate digital
elevation models
for exposed
sediments (useful
in braided rivers at
low flows)

Not generally
possible unless very
marked differences
in concentrations
are apparent. Need
for ground-based
measurements.
Possibility of
confusion with
variations in stream
bed reflectance in
shallow streams

As above but
variability in
turbidity often
more marked than
on black-and-white
aerial photographs

Advantages
Enhanced
detection but
confusion with
bottom reflectance
in non-turbid
shallow streams

For long reaches a
large number of
individual
photographs are
needed, especially
when the
photography is not
specially
commissioned.
Experience in aerial
photograph
interpretation may
be necessary for
distinguishing
some features

As above although
colour aerial
photography can
aid feature
recognition.
Infrared also
enhances
differences in soil
moisture, which
often aids feature
recognition

Advantages

Laser altimetry
provides the
opportunity for
accurate digital
elevation models.
Possible to map
the floodplain
surface through
wooded canopies.
Use of specific
wavebands aids
feature recognition
and soil moisture
and particle size
variations

Confusion over
classification of
water with other
land uses possible.
For long reaches a
large number of
individual
photographs are
needed, especially
when the
photography is not
specially
commissioned

As above but
enhanced
capability for water
detection. On
infrared
photographs water
shows up as black

Advantages

Easy detection of
water surfaces.
Possibility of
estimating water
depth and seeing
water through
wooded canopies

For long reaches a
large number of
individual
photographs are
needed, especially
when the
photography is not
specially
commissioned.
Experience in aerial
photograph
interpretation may
be necessary for
distinguishing
some features

As above although
colour aerial
photography can
aid feature
recognition.
Infrared also
enhances
differences in soil
moisture, which
often aids feature
recognition

Advantages

Use of specific
wavebands aids
feature recognition
and soil moisture
and particle size
variations.Repeat
flights using laser
altimetry provide
the opportunity for
mapping areas that
have undergone
significant changes
in erosion and
deposition.
Possible to map
the floodplain
surface through
wooded canopies

(continued overleaf)
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Table 6.5 (continued)

(B) Medium-sized river channels (20-200 m wide)

River channel 2D mapping of 3D mapping of 2D mapping of 2D and 3D 2D mapping of 2D and 3D
size/investigation channel channel suspended solids mapping of flood inundation mapping of
type morphology and morphology (3D) concentrations and  floodplain overbank
channel change bed material morphology sedimentation,
deposition and
scour
Disadvantages Disadvantages Disadvantages Disadvantages
Need for validation ~ Need for On small On small
of water depths ground-based floodplains floodplains
using measurements. problems of spatial problems of spatial
ground-based Spatial resolution is  resolution and resolution and
measurements. often appropriate mixed pixels mixed pixels
Not appropriate for ~ except at the lower
depths greater end of this channel
than a couple of size range where
metres or turbid mixed pixels are a
river systems problem
Satellite and spaceborne imagery
Generally not Not appropriate Not appropriate Spatial resolution Generally not
appropriate except generally not appropriate
for crude channel appropriate except
planform detection with small rivers
with wide
floodplains.
Problems of mixed
pixels
Black-and-white aerial photography
Advantages Advantages Advantages Advantages Advantages

150,000 scale or
larger photography
sufficient for
detailed analysis of
planform

Disadvantages
For reaches longer
than 10 km more
than one
photograph is
needed

1:10000 scale or
larger photography
sufficient. Image
analysis applied to
scanned
photographs can
be used in clear,
shallow streams to
detect variations in
water table depth
Disadvantages

Not possible in
relatively deep or
turbid rivers. Need
for validation of
water depths using
ground-based
measurements

Disadvantages

Not generally
possible unless very
marked differences
in concentrations
are apparent. Need
for ground-based
measurements.
Possibility of
confusion with
variations in stream
bed reflectance in
shallow streams

1:10000 scale or
larger photography
sufficient for
detailed mapping
of floodplain
landforms.
Photogrammetry
can be applied to
stereo pairs for
detection of relief
Disadvantages

For long reaches a
large number of
individual
photographs are
needed, especially
when the
photography is not
specially
commissioned.
Experience in aerial
photograph
interpretation may
be necessary for
distinguishing
some features

Feasible using
1:20,000 scale or
larger

Disadvantages
Confusion over
classification of
water with other
land uses possible.
For long reaches a
large number of
individual
photographs are
needed, especially
when the
photography is not
specially
commissioned

1:10000 scale or
larger photography
sufficient for
detailed mapping
of floodplain
landforms.
Photogrammetry
can be applied to
stereo pairs for
detection of relief
Disadvantages

For long reaches a
large number of
individual
photographs are
needed, especially
when the
photography is not
specially
commissioned.
Experience in aerial
photograph
interpretation may
be necessary for
distinguishing
some features
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(B) Medium-sized river channels (20-200 m wide)

River channel 2D mapping of 3D mapping of 2D mapping of 2D and 3D 2D mapping of 2D and 3D
size/investigation channel channel suspended solids mapping of flood inundation mapping of
type morphology and morphology (3D) concentrations and  floodplain overbank
channel change bed material morphology sedimentation,
deposition and
scour
Colour and infra red aerial photography
As above As above As above but As above although As above but As above although

variability in
turbidity often
more marked than
on black-and-white
aerial photographs

colour aerial
photography can
aid feature
recognition.
Infrared also
enhances
differences in soil
moisture, which
often aids feature

enhanced
capability for water
detection. On
infrared
photographs water
shows up as black

colour aerial
photography can
aid feature
recognition.
Infrared also
enhances
differences in soil
moisture, which
often aids feature

recognition recognition
(C) Large river channels (>200 m wide)
River channel 2D mapping of 3D mapping of 2D mapping of 2D and 3D 2D mapping of 2D and 3D
size/investigation channel channel suspended solids mapping of flood inundation mapping of
type morphology and morphology (3D) concentrations and  floodplain overbank
channel change bed material morphology sedimentation,
deposition and
scour
Airborne multi- and hyperspectral imagery
Scale is sufficient Advantages Advantages Advantages Advantages Advantages

for overall
planform detection
and individual
reaches can be
zoomed in on for
detailed analysis

Spatial resolution is
not a problem
Enhanced water
depth penetration
at certain
wavelengths. Laser
altimetry provides
the opportunity for
accurate digital
elevation models
for exposed
sediments (useful
in large braided
rivers at low flows)
Disadvantages
Need for validation
of water depths
using
ground-based
measurements.
Not appropriate for
depths greater
than a couple of
metres or turbid
river systems

Spatial resolution is
not a problem.
Enhanced
detection but
confusion with
bottom reflectance
in non-turbid
shallow streams
Disadvantages
Need for
ground-based
measurements

Laser altimetry
provides the
opportunity for
accurate digital
elevation models.
Possible to map
the floodplain
surface through
wooded canopies
Use of specific
wavebands aids
feature recognition
and soil moisture
and particle size
variations

Easy detection of
water surfaces.
Possibility of
estimating water
depth and seeing
water through
wooded canopies

Use of specific
wavebands aids
feature recognition
and soil moisture
and particle size
variations. Repeat
flights using laser
altimetry provide
the opportunity for
mapping areas that
have undergone
significant changes
in erosion and
deposition.
Possible to map
the floodplain
surface through
wooded canopies
Disadvantages
Huge volumes of
data are generated
even with modest
channel lengths
(e.g. 5km)

(continued overleaf)
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Table 6.5 (continued)

(C) Large river channels (>200 m wide)

River channel 2D mapping of 3D mapping of 2D mapping of 2D and 3D 2D mapping of 2D and 3D
size/investigation channel channel suspended solids mapping of flood inundation mapping of
type morphology and morphology (3D) concentrations and  floodplain overbank
channel change bed material morphology sedimentation,
deposition and
scour
Satellite and spaceborne imagery
Advantages Water depths and Ideal but need Ideal although Ideal. Ideal although
Spatial resolution turbidity usually ground-based mixed pixels cause mixed pixels cause
generally too great measurements for detection of detection of

appropriate except
at the lower end of
the size range and
with lower
resolution imagery

calibration

smaller features to
be problematic.
Use of specific
wavebands aids
feature recognition
and soil moisture
and particle size
variations. Digital
elevation
modelling not
normally feasible

smaller features to
be problematic.
Use of specific
wavebands aids
feature recognition
and soil moisture
and particle size
variations.
Sequential
synthetic aperture
radar

Disadvantages
More than one
image for long
river lengths
(>100 km) needed

interferometry
allows disturbance
mapping by
identifying changes
in the roughness of
surfaces — difficult
to use in
well-vegetated
areas
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You cannot step in the same river twice, for the
second time it is not the same river.

- Heraclitus

7.1 Introduction

Rivers range widely in size, in channel form and in their degree
of dynamism. Regional variability in river processes and river
characteristics imparts a fundamental tension between attempts
to develop generalizable classification systems and explicitly
regional river approaches. It is not surprising, therefore, that
attempts to classify rivers have resulted in a wide variety of
classification schemes, serving a wide range of purposes from
typologies for interpreting and understanding landscape evo-
lution over geological time to those attempting to aid in the
development of engineering designs for channel restoration
projects. As with any tool, classification can be useful if applied
properly to the appropriate problem. However, classification
schemes are at best limited tools, whose capabilities are often
overestimated by users lacking sound technical training in
geomorphology. Moreover, reliance on classification systems
can lead to serious problems, such as unnecessary and unwise
interventions when misapplied or used in unskilled or inex-
perienced hands. This chapter discusses general philosophies
of classifications in fluvial geomorphology, reviews examples
of geomorphic classification systems and explores uses and
limitations of classifications as a tool in fluvial geomorphology
and river management.

Classification defined

Classification is the ordering of objects into groups based on
common characteristics and attaching labels to the groups.
Classification permits objects to be inventoried, so as to tally
the number falling into various classes. If sub-groups of a
collection of objects can be identified with common character-
istics and behaviour patterns, distinct from other sub-groups,

then a set of traits can be ascribed to the object (based on
detailed study of other members of that class), which may then
allow the prediction of the behaviour of the object under new
circumstances. Classification may allow scientists to stratify an
otherwise confusing universe into sets of similar objects, study
representative objects and extrapolate results to other similar
objects.

Classification refers both to the process of ordering objects
in groups (the activity) and the resulting system of groups
(the result). In common usage, the term is also used for the
application of the resulting system, i.e. encountering new
objects and placing them in the predetermined classes, a step
referred to in the taxonomic literature as identification (Sneath
and Sokal 1973). Taxonomists distinguish between natural
classifications, a codification of natural clustering of objects
with similar characteristics, and special classifications, which
involve arbitrary distinctions drawn across a natural continuum
(Sneath and Sokal 1973). Classifications of animals into species
are considered natural classifications. Despite disagreements
over details, most independent workers would reach similar
classification decisions for major taxa, because evolution has
provided a natural nested clustering. However, animals also can
be organized into useful, albeit arbitrary, special classifications
such as all carnivores or all aquatic invertebrates that cannot
tolerate water temperatures exceeding a given level.

The process of classification development and application can
be broken down into discrete steps. Based either on an a priori
understanding of the system or cluster analysis on large data
sets, a set of categories is proposed. The definition of categories
depends, in part, upon the purpose of the classification, as a
given set of objects can be classified in many different ways.
The variables determined to be particularly diagnostic under
the classification scheme are then emphasized in the subse-
quent collection of data. As additional objects are encountered,
they are assigned to categories in the existing classification
scheme (identification) or recognized as not fitting within
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pre-existing categories. In the latter case, objects that do not
fit into the classification can indicate the limits of the existing
classification and thereby provide feedback for revising it and
identifying a new group.

Classification and typology are often considered as synony-
mous, but are actually subtly distinct. Both terms focus on two
aspects of the ordering process: (1) the clustering itself and (2)
the variables on which the clustering is based. The typology is a
classification of types, considered as features of a complex sys-
tem, which can be considered a natural classification in the sense
given by Sneath and Sokal (1973). In this chapter, we use the
more general term ‘classification’. Buffington and Montgomery
(2013, p. 730) emphasize the distinction between descriptive
and process-based classifications, noting that descriptive classi-
fications can be quantitative (based on measurement of physical
parameters) and process-based classifications can be qualitative,
but the key difference is that the latter are based on ‘mechanistic
arguments and explanation of the physical processes associated
with a given channel morphology’.

Purposes of classification

A wide range of classification schemes have been developed for
fluvial systems, reflecting the intended purpose of the classi-
fication, different disciplines involved and the characteristics
of the systems being classified (i.e. the studied environment,
as per Gurnell et al. 1994). Classification can focus on spatial
features such as river patterns, floodplains, in-channel features
(e.g. pools and riffles), which can be separated according to a set
of parameters, some of them being descriptive of the form itself
(width, depth, slope, length, geometry of nested features such
as braided index for a braided reach) or inferring differences in
terms of functioning linking forms and associated processes.
For example, Buffington and Montgomery (2013) illustrated
this aspect showing hillslope stability according to valley side
and channel gradients or risk of a side-slope mass wasting
event entering the channel as a function of channel width
relative to valley width. Bertrand et al. (2013a) showed that it is
possible to distinguish small basins dominated by debris flows
from those dominated by fluvial sediment transport, based on
two variables, the Melton index and the channel or fan slope
(Fig. 7.1).

We can distinguish two main objectives for river classifi-
cation: (1) scientific understanding of how rivers function
(e.g. existence of natural thresholds that produce longitudinal
complexity on different spatial scales and whether channels can
be clustered in homogeneous’ classes) and (2) geomorphically
based management guidance to inform decisions about channel
maintenance, improvement, restoration or conservation. In
the latter case, geomorphic criteria may be complemented by
criteria from other disciplines (e.g. ecology, water chemistry).
These two kinds of objectives are not mutually exclusive but
can be linked through elaborating river classifications based
on quantitative and qualitative field studies that integrate in
a hierarchical view that distinguishes between independent
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Figure 7.1 Small basins dominated by debris flows distinguished from those
dominated by fluvial transport based on channel slope and the Melton Index.
Source: Bertrand et al, 2013a. Reproduced with permission of Springer.

and dependent variables, forms, processes, channel adjust-
ments (Brookes 1987; Downs 1994) and temporal trajectories
(Brierley and Fryirs 2005). Although such classifications can
potentially serve several uses in physical habitat assessment,
restoration and evaluating the impacts of engineering works
(Malavoi 2000), they are easier to elaborate in relatively small
catchments.

A fundamental motivation for using classification of forms
is to simplify complexity and improve communication and
understanding, especially in interdisciplinary settings. As biol-
ogists sought to classify aquatic habitat components to provide
a common framework for the input of diverse disciplines and
sites (Platts 1980; Hawkins et al. 1993), a number of authors
recognized the need for a classification system for stream chan-
nels (Pennak 1971; Hawkes 1975; Terrell and McConnell 1978;
Newson and Newson 2000). Classification systems intended to
improve communication should be objective, so that operators
from different disciplines and in different regions will reach the
same classification decisions.

Another aim of classifications is more practical, namely to
identify spatial units on which various management policies are
implemented. For example, Bavarian Water Law uses a classifi-
cation system to assign responsibility for river maintenance and
flood control of large rivers (Class 1) to the state, medium-sized
rivers (Class 2) to the seven districts within Bavaria and smaller
watercourses (Class 3) to local communities (W. Binder, Bay-
erisches Landesamt fiir Wasserwirtschaft, Munich, Germany,
personal communication, 1991). The classification system
serves admirably for this administrative purpose, but it may
not serve for other purposes, such as distinguishing among
rivers with different ecological characteristics. Similarly, the US
Forest Service incorporates fishery and water supply values in a
classification system used to determine the degree of protection



from timber harvest impacts afforded to a reach. The system
is based on presence of perennial flow, presence of resident or
anadromous fish, use for municipal water supply and relative
size of stream (Gregory and Ashkenas 1990).

The influence of the classifier’s discipline is readily apparent
in the diverse classification systems proposed for South African
rivers: geographic, limnological, chemical and biological criteria
result in different groupings (King et al. 1992). Classification
systems based on variables relevant to different disciplines
can produce entirely different groupings, such as those based
on bed-material size (ASCE 1992), water quality (BES 1990),
macrophytes (Holmes 1989), invertebrates and fish (Pennak
1971; Furse et al. 1984), recreational potential (Zachman 1984),
restoration potential (NRA 1992) or stability characteristics for
engineering works (Simons 1978).
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Finally, the geomorphic characteristics of fluvial systems in
the region under study influence the resultant classification. For
example, many channel classes used by the Tsongas National
Forest in southeast Alaska, such as ‘beaver dam/pond’ channels
and ‘deeply incised muskeg’ channels (Paustian et al. 1992)
would have little relevance in England, where basin lithology
(e.g. chalk or clay) is a principal determinant of channel form
(Holmes 1989), or in the Great Plains of North America, where
the percentage of silt and clay in the river bed and banks is a
good predictor of channel processes and morphology (Schumm
1963). Table 7.1 summarizes many classifications based on
geomorphic criteria, organized by objectives.

Classifications vary in spatial scale. Those that focus on
process understanding may address spatial context only sec-
ondarily, sampling spatial units but not always mapping them.

Table 7.1 Examples of geomorphic-based river classification and sectorization objectives.

Objective

Scales

References

Describe valley geomorphology,
quantify drainage network

Classify and characterize hydrologic
regimes

Provide a theoretic hierarchical
framework for river classification
Elaborate hierarchical typologies
and/or ecoregional studies

Characterize valley bottom or
floodplain dynamics

Describe (or predict) alluvial channel
patterns

Regionalize channel morphology and
dynamic

Sectorize streams in reach having
homogeneous geomorphic
functioning for management purposes
Classify streams for management
purposes

Classify streams on the basis of their
morphodynamic processes and
adjustments

Classify reference natural states of
streams (Leitbild; German approaches)
Identify reaches sensitive to erosion
Identify reaches producing/storing
LWD

Stratify a River Quality Index

Identify reaches for rehabilitation
purposes
Manage biological resources

Identify aquatic habitats/make biotic
typologies (fish, macro-invertebrate,
macrophytes)

Basin, valley, drainage network
Basin
All scales

All scales

Valley bottom, floodplain

Channel pattern

Channel reach, often viewed
in the basin context
Channel reach, often viewed
in the basin context

Channel reach, often viewed
in the basin context

Channel reach, often viewed
in the basin context

Channel reach, often viewed
in the basin context
Channel reach

Channel reach

Channel reach, often viewed
in the basin context
Channel reach, often viewed
in the basin context

All scales

Channel reach,
morphodynamic unit and
microhabitat, often viewed in
the basin context

Davis 1899; Strahler 1957
Gustard 1992

Hynes 1975; Schumm 1977; Lotspeich 1980; Brussock et al. 1985; Frissell
et al. 1986; Kern 1994

Rohm et al. 1987; Cupp 1989a; Hugues et al. 1993; Omernik 1987; Wasson
et al. 1993; Imhof et al. 1996; Allan and Johnson 1997; Heritage et al. 1997;
Souchon et al. 2000

Galay et al. 1973; Cupp 1989b; Nanson and Croke 1992; Bravard and Peiry
1999; Ferguson and Brierley 1999

Leopold and Wolman 1957; Galay et al. 1973; Rust 1978; Schumm 1985;
Paustian et al. 1984; Van den Berg 1995; Nanson and Knighton 1996;
Alabyan and Chalov 1998

Petit 1995; Rosgen 1996

Maire and Wilms 1984; Cupp 1989b; Agence de I'Eau Rhin-Meuse et al.
1991; Orlowski et al. 1995; Van Niekerk et al. 1995; Bernot et al. 1996;
Heritage et al. 1997; Schmitt 2001

NRA 1993; Corbonnois and Zumstein 1994; Rosgen 1994, 1996; Zumstein
and Goetghebeur 1994; Bernot and Creuzé des Chatelliers 1998; Doyle et al.
2000; Schmitt 2001; Piégay et al. 2009; Belletti et al. 2013

Kellerhals, et al. 1976; Schumm 1963, 1977; Tricart 1977, Brookes 1987;
Whiting and Bradley 1993; Downs 1994, 1995; Montgomery and Buffington
1997; Schmitt 2001; Emery et al. 2003; Orr et al. 2008

Otto and Braukmann 1983; Otto 1991; Miiller et al. 1996; Bostelmann et al.
1998a,1998b; Tolk 1998

Piégay et al. 1997

Piégay et al. 1996

AQUASCOP 1997; Raven et al. 1997; Malavoi 2000; Schmitt 2001
NRA 1992; Bostelmann et al. 1998a,1998b; Brierley and Fryirs 2000

Otto and Braukmann 1983; Wright et al. 1984, Cupp 1989a; Biggs et al.
1990; Souchon et al. 2000

Huet 1949; Pennak 1971; Vannote et al. 1980; Wright et al. 1984; Cupp
1989a; Holmes 1989; Malavoi 1989; Biggs et al. 1990; Hawkins et al. 1993;
Robach et al. 1996; Allan and Johnson 1997; Nicolas and Pont 1997;
Montgomery et al. 1998; Beechie et al. 2005; Harvey et al. 2008
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The main aim is to understand differences between groups and
why, as manifest in clusters of points on graphs. Classifications
that focus on an explicit spatial context can explore spatial
organization, as is often done for management purposes, where
fluvial forms with given characteristics are located to design a
targeting or planning policy. Such a spatially explicit approach
can be viewed on a river continuum, such as longitudinal zona-
tion. Stream reaches and classes can be defined based on the
downstream variation in stream power (Knighton 1999), using
discontinuities in specific stream power to draw boundaries
between reaches (Bernot et al. 1996; Astrade and Bravard 1999;
Schmitt et al. 2001, 2007; Vocal Ferencevic and Ashmore 2012).
However, classification can be also applied at a regional scale,
discretizing the entire stream network, introducing regional
factors such as lithology, hydroclimatic setting and river history.
One of the main challenges is to integrate site-scale observations
with network-scale classes, which can be facilitated by using
GIS and remote sensing information (Alber and Piégay 2011).

Hierarchy in fluvial geomorphic classification

Fluvial systems can be viewed as inherently hierarchical,
with smaller forms nested within larger ones (Fig. 7.2). In
decreasing scale these could include landscape/ecoregion,
floodplain/corridor (valley segments), channel reach and
specific channel units (e.g. pools and riffles) and microhabi-
tats (Lotspeich 1980; Amoros et al. 1982; Frissell et al. 1986)
(Fig. 7.3). Lower hierarchical levels are controlled asymmetri-
cally by the upper levels, i.e. upper levels control lower levels
but not vice-versa (Naiman et al. 1992; Amoros and Petts 1993),
because within a given landscape ecoregion, similar lithology,
climate, geomorphology and land-use history would tend to
give rise to similar stream characteristics and thus constitute
a stream system class, within which classes could be defined
for progressively smaller features. The asymmetric control

of small-scale features by larger-scale characteristics implies
that one must see beyond local site conditions to understand
catchment controls, to view streams in a watershed context
(Hynes 1975; Frissell et al. 1986). Moreover, it implies that
stream classes developed for one region need not be applicable
elsewhere. Also, at the spatial scale of valley segments (flood-
plain/corridor), inherited geomorphological features such as
coarse fluvio-glacial deposits and the legacy of fluvial palaeo-
dynamics can have a considerable influence on present channel
dynamics and adjustment potential (Brierley and Fryirs 2005;
Schmitt et al. 2007).

Because rivers typically undergo profound changes along their
length, each level of a classification system must either limit itself
to homogeneous sections of channel (Kellerhals et al. 1976; Brice
1982; Rosgen 1994; Montgomery and Buflington 1997; Mont-
gomery et al. 1998) or address the nature of longitudinal change
as a basis for classifying different regions (Brussock et al. 1985;
Frissell et al. 1986; Bethemont et al. 1996; Montgomery 1999;
Schmitt et al. 2007).

Underlying philosophies: rivers as a continuum or
discrete types

One interesting aspect of the wide range of views on classifi-
cation is an often unstated difference in underlying theoretical
framework. As applied to river classification, the issue boils
down to whether river systems are composed of a continuum
of channel morphology or discrete types of channels either
bounded by geomorphic thresholds or controlled by local
influences such as a flow constriction imposed by a landslide
deposit, differences in bed or clast lithology, confluences or
changes of valley bottom width. In the latter case, it may be pos-
sible to develop a natural classification, whereas in the former
case, all channel classification schemes are perforce arbitrary,
special classifications, as was concluded from attempts to define
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Figure 7.2 Hierarchical organization of a stream system and its habitat subsystems for second- or third-order mountain streams. Source: Frissell, 1986.

Reproduced with permission of Elsevier.
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Figure 7.3 Variables taken into account and spatial scales for 21 geomorphic channel classification schemes.

objectively discrete classes from large data sets with respect to
ecology (Cushing et al. 1983) and water quality (Wright et al.
1984).

Recognizing that fluvial forms vary in a longitudinal direc-
tion, longitudinal zonations for rivers (from headwaters to
the sea) have been proposed for New Zealand rivers (Nevins
1965) and for Washington state (Palmer 1976). Both of these
approaches identified four ‘geo-hydraulic river zones’, each with
distinct channel gradient, channel pattern, valley cross-section,
bed material size and ‘material budget’ (whether the bed is
eroding, depositing or stable) (Fig. 7.4). Likewise, Schumm
(1977) proposed the concept of fluvial systems (see Chapter 5)
involving a general division of river systems into erosional
headwater reaches, connected by transport reaches, ending
in depositional zones. Analogous longitudinal zonations in
biological characteristics have been proposed in general or for
other regions (Carpenter 1928; Huet 1949; Vannote et al. 1980).

Local thresholds are important in explaining the complex suc-
cession of fluvial forms along the river system and the general
zonations described above become complicated in rivers with

complex geology and anthropic modifications. On the Ubaye
River, an Alpine tributary to the Durance River in southern
France, the longitudinal succession of channel form does not
follow the conventional pattern because of its particular geolog-
ical setting: a braided pattern occurs upstream in a wide marly
basin, whereas downstream it transitions from wandering to
meandering and then to straight, with increasing slope and
grain size and decreasing valley bottom width as it traverses
more competent lithologies (Piégay et al. 2000).

River channels exhibit characteristics of both a downstream
continuum and locally controlled systems (Montgomery 1999).
For example, channels generally widen downstream as a power
function of drainage area in both alluvial and bedrock channels
(Leopold and Maddock 1953), but local differences in lithology
can affect the width of bedrock channels (Montgomery and Gran
2001). Valley morphology typically shows this complex inter-
twining of local controls and downstream continuum (Schmitt
et al. 2007; Notebaert and Piégay 2013). Bed material gradually
changes from cobbles and boulders in steep mountain channels
to sand and gravel in lowland rivers, but local tributary inputs
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Figure 7.4 Oblique view of idealized river system from headwaters to sea, illustrating the geo-hydraulic zones of Bauer (adapted from Palmer 1976) and
corresponding types of Rosgen (1994) and Nevins (1965). Source: Kondolf, 1995. Reproduced with permission of Wiley.

that serve as sources for large boulders can impart substantial
local variability—such as forming the rapids along the Colorado
River through the Grand Canyon. Similarly, flow obstructions
such as logs and log jams can trigger pool scour and bed fining
that impart local variability to general downstream changes in
channel geometry.

Geomorphic features along a hydrographic network can
be gradual or segmented (Leviandier et al. 2012). From a
geomorphic point of view, depending on the physiographic
environment, the boundaries between adjacent stream types
can be abrupt or gradual. On alocal scale, rivers are also charac-
terized by periodic structures such as pool-riftle sequences and
meanders, with characteristic wavelength and amplitude. The
longitudinal pattern is therefore a complex structure, usually a
hybrid combination of gradual, segmented and periodic signals,
usually responding discontinuously at different spatial scales.

Consequently, the appropriate philosophical underpinnings
for channel classification inherently depend on the purpose to
which it is to be applied, which, in turn, is specific in terms of
scale and regional context. Because segmentation is one of the
properties of the longitudinal signal, classification of forms can
be done without being totally arbitrary.

7.2 Classifications for fluvial understanding

A wide range of geomorphic river classification schemes have
been proposed since the late 19th century, reflecting the diversity
of environmental settings, the variety of potential approaches to
ordering complex natural systems, the intellectual framework of
the field and the diverse purposes for which the systems were
developed.

Early classifications

Distinctions between mountain torrents and lowland rivers
are perhaps the oldest form of river classification. The min-
eralogist James Dana (1850) offered an elegant description of
the difference between mountain streams and lowland alluvial
channels based on his experiences scaling the interior of islands
in the South Pacific. Powell (1875) proposed a classification of
rivers based on their genetic relation to geological structure.
At the close of the 19th century, the geographic cycle of Davis
(1899) fitted neatly into the philosophical notions derived from
evolutionary theory then in vogue by fitting landscapes and
rivers into stages of an evolutionary cycle. In the late 19th and
early 20th century, the relationship of channel network form to



geological history, lithology and structure was recognized by
the pioneering work of Gilbert (1877) and the classification by
Zernitz (1932) of channel network forms based on branching
angles as the now familiar dendritic, trellis and radial channel
network forms. Stream order (Horton 1945; Strahler 1957) was
also a pioneering classification of rivers, providing a longitudinal
segmentation based on a relative size index.

Process-based classification of channel patterns
Leopold and Wolman (1957) presented a quantitative basis
for differentiating straight, meandering and braided channel
patterns based on relationships between slope and bankfull
discharge. This early process-based classification has been
revisited and enlarged (Rust 1978; Ferguson 1987; Schumm
1985; Church 1992; Thorne 1997; Alabyan and Chalov 1998),
in particular with the inclusion of additional patterns such as
anastomosing (Smith and Smith 1980; Knighton and Nanson
1993; Makaske 2001) and more generally anabranching rivers
(Nanson and Knighton 1996). Schumm (1963, 1977) classified
alluvial rivers on the basis of whether their beds are stable,
eroding or aggrading and further differentiated them through
the dominance of suspended load, mixed load or bedload sed-
iment transport (Table 7.2). Church (1992, 2006) summarized
channel patterns based on sediment supply, sediment calibre
and channel gradient in a useful diagram, based on the concepts
of Mollard (1973) and Schumm (1985), and further refined
the diagram (Fig. 7.5). Nanson and Croke (1992) took account
of the strong dependence between channel and floodplain to
propose a detailed genetic floodplain classification.

Upland channels have been classified based on dominant pro-
cesses (e.g. Bertrand et al. 2013a; Buffington and Montgomery
2013), such as the relative influence of hillslope versus fluvial
processes (e.g. Grant et al. 1990; Whiting and Bradley 1993)
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and mechanisms of deposition such as step-pool (Curran and
Wilcock 2005). Montgomery and Buffington (1997) found that
different mountain channel reach morphologies had different
relative transport capacity as expressed in terms of stream
power or drainage area and reach slope. Although such dis-
tinctions provide for a natural classification of channel types,
they arguably represent stratification of a continuum of natural
channel morphologies.

With recognition of stream power as a key variable in fluvial
geomorphology an increasing number of classifications have
been based on this parameter (Table 7.3) (Schmitt et al. 2001).
Stream power-based classifications have been applied at finer
spatial resolutions than the common resolution of channel
patterns (Newson et al. 1998; Schmitt 2001; Brierley and Fryirs
2005). When different stream power-based classifications are
compared, overlaps of the specific stream power classes are
frequently observed (Table 7.3). This imprecision can be due
to estimations of basic parameters (Schmitt et al. 2001), the
lack of clear stream power thresholds between channel pat-
terns (Ferguson 1987) due to the influence of other controlling
factors (e.g. bedload supply, bank resistance) and the effect
of the geographic setting. In most cases, stream power-based
classifications are supplemented by geomorphic variables at the
levels of valley bottom, floodplain or channel. Moreover, specific
stream power (stream power per unit channel width) is not an
independent variable, as channel slope depends in part on sin-
uosity and width depends on channel geometry, which are two
dependent variables (Van den Berg 1995). Nonetheless, specific
stream power appears to be a useful variable for constructing
geomorphic classifications at different spatial resolutions and
has the potential to take into account channel processes and
adjustments (NRA 1992; Kondolf 1995; Newson et al. 1998;
Brierley and Fryirs 2005).

Table 7.2 Classification of alluvials based on Schumm (1963, 1977). Reproduced with the permission of Wiley.

Mode of sediment  Channel Bedload Channel

transport and sediment  (percentage of stability

type of channel (M) (%) total load)

Stable Depositing Eroding
(graded (excess (deficiency
stream) load) of load)

Suspended load >20 <3 Stable suspended-load Depositing suspended load Eroding suspended-load
channel. Width/depth ratio channel. Major deposition on channel. Streambed erosion
<10; sinuosity usually >2.0; banks causes narrowing of predominant; initial channel
gradient, relatively gentle channel; initial streambed widening minor

deposition minor

Mixed load 5-20 3-11 Stable mixed-load channel. Depositing mixed-load Eroding mixed-load channel.
Width/depth ratio >10, <40; channel. Initial major Initial streambed erosion
sinuosity usually <2.0, >1.3; deposition on banks followed followed by channel widening
gradient, moderate by streambed deposition

Bed load <5 >11 Stable bed-load channel. Depositing bed-load channel. Eroding bed-load channel.

Width/depth ratio >40;
sinuosity usually <1.3;
gradient, relatively steep

Little streambed erosion;
channel widening
predominant

Streambed deposition and
island formation
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Church (2006) linked alluvial channel morphology to sed-
iment transport and deposition, developing a comprehensive
alluvial channel classification based on Shield’s number, clearly
articulating channel features and forms as reflective of transport
processes. Among key distinctions are between threshold chan-
nels in which sediment transport is mediated by a surface layer
of gravel, versus labile (typically sand-bed) channels, in which
bed sediments are frequently and easily mobilized (Church
2006).

Hierarchical classifications

Classification models as determined above lead generally to the
definition of interlocked spatial units within which the variabil-
ity of each smaller hierarchical level is constrained by that of
the higher hierarchical level (see Chapter 5). At the broadest
scale, differences in styles of precipitation and vegetation lead

to differences in river processes and characteristics in major
climate zones (e.g. alpine, tropical, temperate, arid and polar
regions). Ecoregions defined by areas of similar climate, vegeta-
tion, lithology and topography (Omernik 1987) can be related
to the characteristics of aquatic habitats (Rohm et al. 1987;
Imhof et al. 1996; Allan and Johnson 1997). Just as there are
a number of ways to broadly stratify general environmental
influences on river systems, there are many ways to address
channel classification at finer spatial scales.

In the Loire River basin (100,000 km?), characteristics of river
corridors depend largely on the morpho-region (>100km?)
drained (Fig. 7.6). For example, in the highlands of the Massif
Central (Upper Massif Central and Granitic Plateau of Massif
Central), river corridors consist of steep, narrow valleys, whereas
in the granitic Armoricain region (Armoricain Massif), they
consist of wide, gently sloped valleys (Fig. 7.7) (Bethemont ef al.
1996). Each morpho-region has a characteristic longitudinal
distribution of valley morphology, channel morphology and
in-channel features (Souchon et al. 2000). For example, in the
granitic Armoricain region, second-order streams are mainly
characterized by shallow water with moderate velocity and
third- to fifth-order streams are dominated by deep waters with
low velocity. In the ‘sedimentary’ region, as streams increase
from second to fifth order, the slope decreases and the geomor-
phological features change from pool-riffle sequences or plane
beds to homogeneous, deep, low-velocity channels. This classifi-
cation yields classes within which channel variability is relatively
consistent in each morpho-region of the Loire and provides a
tool to manage aquatic ecosystems at the river-basin scale.

Montgomery and Buffington (1997, 1998) proposed a hierar-
chical valley segment and reach-level classification of mountain
channel networks based on morphological attributes related to
the ratio of sediment supply to transport capacity, recognizing
colluvial, alluvial and bedrock valley segment types. Colluvial
valleys are headwater valley segments with relatively ineffective
fluvial sediment transport and in which colluvium delivered
from hillslopes accumulates as colluvial valley fills. Bedrock
valley segments are those in which little material is stored in the
valley bottom, whereas alluvial valley segments are those with
thick alluvial valley fills. Montgomery and Buffington (1997,
1998) also recognized eight distinct channel reach types that
can be used to characterize a continuum of natural channel
reach morphologies (Fig. 7.8). These reach types are defined
by discrete bed morphologies interpreted generally to reflect
relative transport capacity over shorter time-scales than the
valley morphologies described above. These channel types
are intended to allow comparison of comparable reaches, and
although these reach-level channel types are generally corre-
lated with reach slopes, they also reflect local conditions and
disturbance history.

The concepts of process domains and lithotopo units implicit
in this approach provide for classification at spatial scales
greater than individual channel reaches (Montgomery 1999).
Process domains are areas of a watershed that are dominated
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Table 7.3 Synthetic and comparative representation of some specific stream power-based river classifications. The correlation between the specific stream

power classes is rough.

Specific Ferguson Nanson and Petit (1995) Nanson and Bernot and Creuzé
stream power (1981, 1987) Croke (1992) Knighton (1996) des Chatelliers (1998)
(Wm2) (floodplains) (anabranches) (typology 2nd level)
(classification
1st level)
(+) +100 < @ <
+1000 V-shaped valley
confined
>300 non-cohesive +100 < w < +1000
floodplains, high U shaped valley
energy deep
120-300 >100 100-300 50 < w < 500
active low-sinuosity often pattern Type 6 V-shaped valley
channels modifications (braiding widen
is possible)
30-100 30 < w < 300
Type 5 presence of a floodplain
20-350 10-300 50 to 5-10 30 < w < 700
confined meandering non-cohesive Type 3 channel limited by incision
floodplain medium
energy
5-350 <35 15-35 30<w< 120
active meandering no self-adjustment Type 4 large floodplain
after regulation
(=) 1-60 <10 cohesive <15 <8 Type 1 < 30
inactive channels floodplains low energy  inactive channels 4-8 Type 2 littoral floodplain
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Explanation of Nanson and Knighton's anabranch types:
Type 1: cohesive sediment anabranching rivers.
Type 2: sand-dominated, island-forming anabranching rivers.
Type 3: mixed-load, laterally active anabranching rivers.
Type 4: sand-dominated, ridge-forming anabranching rivers.
Type 5: gravel-dominated, laterally active anabranching rivers.
Type 6: gravel-dominated, stable anabranching rivers.

Source: Schmitt et al, 2001. Reproduced with permission of Zeitschrift fir Geomorphologie

Morpho-regions of the Loire basin
?@ Armoricain Massif
15838 Tectonic basins

///4 Upper Massif Central
WAZ] Granite plateau of Massif Central 100 km
[ edimentary deposits

arge alluvial valleys

Figure 7.6 Distinct morpho-regions of the Loire River basin identified by
Bethemont et al. (1996). Source: Bethemont et al, 1996. Reproduced with
permission of Revue de Geographie de Lyon.

by comparable geomorphological processes and therefore with
similar sediment transport dynamics and comparable distur-
bance regimes. Channels within a process domain would be
expected to experience similar disturbance processes and differ-
ent process domains roughly delineate a longitudinal channel
classification (Fig. 7.9).

Integrating temporal trajectories in classification
schemes

Alluvial channels are continuously adjusting over decades, cen-
turies and millennia to the evolution of independent variables
(i.e. flow and sediment supply), which vary continuously due to
variable climate, natural and anthropogenic landcover change,
neotectonic activity and engineering works (Brierley and Fryirs
2005). Moreover, in many areas, present channel dynamics are
controlled, at the spatial scale of the floodplain, by inherited
geomorphic features such as glacial and fluvio-glacial deposits,
legacy of fluvial palaeodynamics. These can, respectively, limit
lateral dynamics due to the presence of boulders exceeding the
river competence or favour channel narrowing when a channel
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Figure 7.7 Distribution of the 12 elementary morpho-regions of the Loire
River basin on the first factorial map F1-F2 of a multiple correspondence
analysis using five morphological variables (stream order, valley slope, valley
side slopes, channel sinuosity, low flow channel width) by Bethemont et al.
(1996) in the Loire River basin. The regions line up along the F1 axis in five
main regions, from the sedimentary region near Nantes with wide alluvial
valleys and gentle side slopes to the incised volcanic region of the Massif
Central with narrow valleys with steep side slopes. See Fig. 7.6 for location of
the regions. Source: Bethemont et al, 1996. Reproduced with permission of
Revue de Geographie de Lyon.

abandoned by a big river after an avulsion is fed only by ground-
water or reoccupied by a smaller tributary, as is the case for
some channels on the alluvial plain of the Rhine (Schmitt 2001;
Schmitt et al. 2007) (see Fig. 7.12). Therefore, alluvial plains
can be viewed as palimpsests, with fluvial legacies increasing
the complexity of channel-floodplain interactions (Bravard and
Gilvear 1993).

Integrating time in functional classification schemes is
possible through the types of channel adjustments as proposed
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Figure 7.8 Distinct channel reach types of Montgomery and Buffington
(1997, 1998), shown as a function of transport or supply limitation. Source:
Montgomery and Buffington, 1997. Reproduced with permission of
Geological Society of America.

by Brookes (1987) and Downs (1995), by studying old maps
(Kondolf and Larson 1995) or by taking into account sediment
supply evolution in comparison with the present transport
capacity (Montgomery and Buffington 1998). However, in many
cases it is essential to consider channel dynamics in longer
temporal trajectories covering several centuries or millennia,
in some cases since the beginning of the Holocene, in order
to evaluate more accurately recovery potential and sustain-
ability of present and future management strategies, including
restoration and ecology (Bravard et al. 1986). The increasing
availability of data concerning fluvial palaeodynamics and
alluvial archaeology is an important help in this respect (Brown
2002).

Colluvial Alluvial Bedrock

Colluvial || Braided Regime || Pool/riffle

Plane-bed || Step-pool || Cascade || Bedrock

Transport limited

Supply limited

Figure 7.9 Process domains of Montgomery and Buffington (1997) arranged along a longitudinal gradient. Source: Montgomery and Buffington, 1997.

Reproduced with permission of Geological Society of America.



7.3 Interactions between geomorphic
classifications and ecology

As fluvial geomorphology (forms and processes) is a key com-
ponent of aquatic physical habitats, it is clear that it exerts a
strong control on aquatic ecological communities and processes
(Hynes 1975; Newson and Newson 2000). Links between fluvial
geomorphology and ecology have been displayed in many
studies at different scales, for both fauna (Huet 1949; Hynes
1975; Beisel et al. 1998) and flora (Carbiener 1983; Holmes
1989). Similarities between the longitudinal dimension of the
geomorphic concept of Fluvial System (Schumm 1977) and the
ecological concept of River Continuum Concept (Vannote et al.
1980) have been highlighted by several authors (e.g. Amoros
and Petts 1993). These similarities concern energy, water and
particle fluxes, vegetation (terrestrial and aquatic), invertebrates
and fish. Cupp (1989), Bostelmann et al. (1998b) and Chess-
man et al. (2006) demonstrated significant differences between
biological patterns and geomorphic stream types. Predictive
models for invertebrate communities notably based on geomor-
phic data have also been developed (Wright et al. 1984; Ferréol
et al. 2008).

Riquier et al (2015) identified distinct backwater chan-
nels according to overbank flow frequency and shear stress
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conditions and showed that types are ordered along a connec-
tivity gradient, which ecologically structures macroinvertebrate
communities (Castella et al. 2015). Belletti et al. (2013) iden-
tified six braided channel types, distinguishing P pond, AL
alluvial channels, SC secondary channels, MIX upstream con-
nected channels, MC main channel, GW groundwater channels,
and calculating Shannon diversity indices (H’) for each based
on their relative lengths. Wawrzyniak et al. (2013) demonstrated
a relationship between H' and the thermal range in a braided
channel network. Following these findings, H and discharge
frequency provided a basis for identifying the most valuable
reaches in term of aquatic habitat (i.e. with the highest H’, type
2) and their locations with the southeastern part of the French
Alps (Belletti et al. 2013) (Fig. 7.10).

Other recent work has focused on interactions between
hydromorphic process-based typologies and ecological char-
acters and functioning. Schmitt et al. (2011) demonstrated
in different hydrosystems relationships between a functional
geomorphic typology (Schmitt et al. 2004, 2007) and aquatic
macrophyte communities in the French alluvial plain, and also
benthic and hyporheic oligochaete assemblages in the Yzeron
River, a peri-urban catchment impacted by combined sewer
overflows (CSOs) near the city of Lyon (France). In both settings,
physical and ecological relationships are controlled by surface

Hydrographical network (a) Water channel habitats (b)
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Figure 7.10 Relations between process-based features and ecological characteristics of the Alpine French braided rivers. (a) Typology of reaches based on
longitudinal gradient, elevation, slope, sediment availability and active channel width. Types 1, 2 and 3 are lowland braided reaches. Types 1 and 3 both have
narrow active channel widths, but differ in how recently they experienced scouring high floods, with type 1 reflecting recent high flow. Type 2 reaches have
wider active channels than types 1 and 3 due to higher sediment supply. Types 4 and 5 are situated mainly in the inner Alps and have higher summer flows due
to ice and snowmelt. Type 4 reaches occur downstream of type 5, with lower elevation and gradient. (b) Aquatic habitats in braided channels: P = pond, AL =
alluvial channels, SC = secondary channels, MIX = upstream connected channels, MC = main channel, GW = groundwater channels. (c) plot of H#" (Shannon
diversity index of channel habitats based on their cumulative length) versus exceedance flow frequency, A(Q), for different braided channel types shown in (a),
showing higher values of H’ for braided channel type 2. The sloping line distinguished groundwater-fed type 2 from the other types. Source: Belleti et a/, 2013.

Reproduced with permission of Springer.
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water-hyporheic water exchanges. In the most active channel
type of the Rhine, upwelling of nutrient-poor groundwater
reduces the growth of algae that might otherwise clog channels
and results in longitudinal changes in macrophyte communities
and increased diversity of communities. In the Yzeron basin,
the severity of impacts of CSOs is largely mediated by processes
determined by geomorphic typology. Geomorphic types with
higher values of energy and grain size favour nutrient cycling
and self-purification processes, by virtue of greater water tur-
bulence and dynamic surface water-hyporheic water exchanges
(Schmitt et al. 2011). These examples demonstrate that it can
be possible to predict spatially ecological characteristics and
functions on large spatial scales through functional geomorphic
classifications.

7.4 Geomorphic classification and quality
of river environments

Management-oriented classifications are often used to assess
environmental quality (or state of degradation) of reaches as
an aid to prioritizing for intervention. Increasingly, river man-
agement is undertaken at the catchment scale or at least over
river reaches several kilometres in length, with recognition of
upstream-downstream interdependence to provide insights
into the response potential of some river systems, such as iden-
tifying reaches that have been historically unstable (Brookes
1987; Downs 1994) or prone to lateral channel migration
(‘erodible corridors’) (Piégay et al. 2005) and reaches more
sensitive to effects of upstream land-use changes (Downs 1995;
Montgomery and Buffington 1998), as for example channel
adjustment downstream of urban inflows and combined sewer
overflows (Grosprétre 2011). Based on the finding of Brookes
(1987, 1990) that habitat enhancement structures in Denmark
and Britain typically did not survive in channels subject to a
unit stream power exceeding 35 W m™, the National Rivers
Authority (now the Environment Agency) included an estimate
of stream power in its classification system as a guide to the
likely impact of channel modification (NRA 1992). Classifica-
tion can provide a preliminary indication about whether various
bank protection works and habitat enhancement structures are
likely to prove successful. Such schemes can also identify homo-
geneous spatial patterns for river management purposes, such
as scenarios based on sediment reintroduction (Bertrand et al.
2013b), or to prioritize river restoration based on a mapping of
historical changes as done for the Bega River, Australia (Brierley
and Fryirs 2000).

Classification can be a useful tool in stream restoration in at
least three ways: (1) surveying existing conditions and setting
priorities for restoration, (2) envisioning an end state towards
which restoration should proceed and (3) providing initial
indications about restoration measures likely to succeed in a
given channel (Kondolf 1995). Classification has been heavily
used as a basis for restoration, despite the limited scientific basis

of some systems and the disappointing performance of many of
the resulting projects.

The adoption of the EU Water Framework Directive in Octo-
ber 2000 (European Parliament and Council of Europe 2000)
has significantly promoted the development of typologies of
river reference status, that account for alteration by human
activities. This Directive aimed to achieve ‘good ecological
status’ for surface and groundwater resources of all member
states by 2015. The approach is to implement detailed action
programmes of regulatory and economic measures within
hydrographic basins. The Directive is profoundly modifying
national water policies in the member states by setting up
methods for measuring and characterizing each category of
surface water body: rivers, lakes and transitional and coastal
waters (Raven et al. 2002; Piégay et al. 2008). For rivers, member
states must make comprehensive maps of chemical and eco-
logical status, including hydromorphological status as reflected
in flow regime, sediment transport, river morphology and
lateral channel mobility. Member states are required to monitor
river ecological quality (biological, hydromorphological and
physicochemical quality) and, if necessary, develop restoration
programmes.

Reviewing about 140 assessment approaches to characterize
biophysical river features worldwide (Table 7.4), Rinaldi et al.
(2013) identified five broad categories of hydromorphological
assessment methods: physical habitat, riparian habitat, mor-
phological, hydrological regime alteration, and longitudinal fish
continuity. Half of the methods focused on the physical habitats,
with only 16% including a morphological assessment. Most of
the habitat-focused methods emerged in the 1980s-1990s (e.g.
Platts et al. 1983; Raven et al. 1997). These management-oriented
assessment approaches were mainly single-scaled, focusing on
channel reaches along a river continuum or sampled randomly
in a given area.

These approaches raise important questions about ‘reference
conditions’ (Dufour and Piégay 2009; Morandi et al. 2014).
Classification can help to stratify channels that should have
similar reference conditions against which to assess the degree
of degradation and provide an indication of the historical
(pre-disturbance) condition at the site to inform restoration
designs. The historical condition is not necessarily a suitable
goal for restoration design, as any such ideal must be adjusted
to account for irreversible changes in controlling factors (such
as runoff regime and sediment supply) and for considerations
based on cultural ecology at the site, such as preservation of
historical land uses or creation of habitat for endangered species.
From this discourse emerges the understanding that there may
be different kinds of references: historical; geographical; giving
a value to naturalness (as opposed to wilderness) and using
the most natural reaches in a given region as references; or
functional, using as reference river reaches that are functioning
well (e.g. no real constraints in terms of bedload transport,
erosion or flooding, so that forms are self-sustaining). This
functional approach to ‘reference’ fits well within the concept of
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Table 7.4 Censing of existing hydromorphological assessment methods according to five broad categories and countries.

Location Physical

habitat

Riparian
habitat

Morphological
assessment

Fish
continuity

Hydrological Total
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*South Africa, Canada/Quebec, China, New Zealand, Taiwan, Ukraine.

Modified from Rinaldi et al. (2013).

‘rehabilitation’ as opposed to ‘restoration’ as explained by Henry
and Amoros (1995).

Channel classification can provide a ‘guiding image’ or Leit-
bild, of the channel form that would naturally occur on the site,
adjusted to account for irreversible changes in controlling factors
(such as runoft regime) and for considerations based on cultural
ecology (such as preservation of historical land uses or creation
of habitat for endangered species), a concept pioneered in Ger-
many (Kern 1992, 1994). Attributes of this ideal channel form
can be adopted as goals for restoration projects. Thus, the Leitbild
is a model of the ideal channel design for a site based on phys-
ical and ecological considerations, including historical changes
to runoff and sediment yield. Based on constraints such as flood
control, pre-existing water rights and budget limitations, plan-
ners propose an optimal design for review by resource agencies
and the public and which is ultimately modified into a feasible
design for the site (Kern 1992).

The Leitbild concept has been applied extensively in Germany
as a basis for assessing existing channel conditions and to pro-
vide guidance for restoration, for regions with similar geology,
climate, etc., in which a consistent set of valley and channel
forms could be expected. The characteristics of various Leitbilds
have been defined through detailed field study and practitioners
are encouraged to visit illustrative reaches displaying properties
of the Leithild to aid the development of more compelling
conceptual models for restoration efforts than can be gleaned
from diagrams and statistics alone. The Leitbild approach
requires some judgement (and thus professional background)

to apply, largely because historical changes in basin and channel
conditions must be understood and considered in developing
the Leitbild for a given site. The process is more than simple
mimicry of remnant natural channels found in undisturbed
drainage basins. Such channels provide an indication of the
potential natural state of a given class of channel and attributes
that might be considered for restoration objectives, but cannot
indicate how to address constraints such as altered runoff pat-
terns when developing a Leitbild for the project reach. Similarly,
historical reconstructions of former conditions in the subject
reach provide useful insights into the ecological potential of the
site, but historical conditions may be impossible to recreate and
maintain because of changes in the catchment.

In addition to the issues with the concept of ‘reference’,
debates have also concerned how to approach or infer processes,
with its implications for the potential sensitivity to changes in
independent variables. Pioneers in this domain were the ecolo-
gists who sought to identify physical factors affecting biological
communities at the habitat scale. The most ambitious effort was
the River Habitat Survey (RHS) system, which was developed
in 1994 to provide a unifying basis for river classification and
evaluation in the UK (Raven et al. 1998). RHS comprised four
related outputs (Raven ef al. 1997): (1) a standard field survey
method, (2) a large computer database, (3) a classification of
unmodified rivers based on a physical predictive model and (4)
a technique for assessing river habitat quality. The RHS data
set comprised 17,000 sites in England, Wales, Scotland and
Northern Ireland (Raven et al. 1997), located on the basis of a
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random stratified sample. Additional sites located in different
European countries have been added more recently (Raven
et al. 2002). Each site was 500 m long and extended 50 m either
side of the channel (Raven et al. 1997). The variables measured
included the physical structure of rivers, using the habitat
level as the basic element for river management (Harper and
Everard 1998). The data were obtained from maps and stream
gauging records (e.g. altitude, slope, geology, distance from
source, mean annual flow) and field surveys (e.g. width, depth,
channel substrate and geomorphological units, bank vegetation
structure and artificial modifications such as weirs, dams, bank
reinforcement, channel deepening or realignment). The data
were integrated in a computer database to establish a reference
network of relatively undisturbed river sites (Raven et al. 1997).
A key element of RHS was the elaboration of a semi-natural
hydromorphological river typology derived from this subset of
reference sites, which support comparison of a site to ‘reference’
conditions and allow a given site to be assessed in the context
of all sites of the same river type (Environment Agency 2002).
This assessment comprises a simple notation in five classes
(excellent, good, fair, poor, bad), which reflects the deviation
from the reference state given by the river typology (Raven ef al.
1997, 1998).

It is instructive that this classification scheme was devel-
oped iteratively. First, a classification of 11 types resulted from
statistical analysis, distinguishing sites according to geology,

altitude, slope and mean annual discharge (Raven et al. 1997;
Environment Agency 2002). This scheme was abandoned
because intra-type variability equalled or exceeded the variabil-
ity between the types. A second classification of nine types was
elaborated, but it did not adequately predict different habitat
features. A third iteration of the classification was based on the
observation that most geomorphological features were corre-
lated with map-based variables such as altitude, slope, distance
from the source, altitude of the source and geology. A principal
component analysis on the table ‘individuals—variables’ (indi-
viduals being the surveyed stations and the variables being the
field measures) simplified the initially large set of variables into
a smaller set of synthetic variables (principal components). In
this case, the two first components (F1 and F2) explained 90% of
the total variance (or inertia). The first component represented
a gradient of altitude and slope, while the second component
was correlated with discharge and reflected a potential ‘energy’
gradient (Jeffers 1998; Environment Agency 2002). A summary
of the different river characteristics can be viewed on the first
factorial map, which shows that the limits between groups were
not defined clearly (Fig. 7.11). To facilitate understanding, the
biplot was divided by lines drawn arbitrarily across a continuum
to define eight named ‘types’. The semi-natural features could
be predicted by the four map-based variables or by scores on the
two principal components (Jeffers 1998; Environment Agency
2002). In a complementary approach, using RHS data and other
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