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Preface

In 1994, Dr. E. Plate and I initiated the Sino-German cooperation research on unsteady sediment
transportation (known as GESINUS), which was supported by VW-Foundation and DFG of Germany
and National Natural Science Foundation of China (NSFC). The bilateral cooperation achieved important
results and shifted my main research interest from fluvial rivers to mountain rivers. The idea to study and
write a book on integrated river management came to my mind when I found that the sedimentation problems
in the lower reaches of rivers were essentially caused by riverbed incision in upstream reaches.

The writing of this book began in 1997 when Dr. G. Klaassen invited me to teach a short course in the
IHE Delft with the main contents of the course focused on the Yellow River training and management and
the Three Gorges Project on the Yangtze River in China. The notes from this short course have become the
main contents of Chapters 6 and 7 of this book. In the same year I took part in a western China investigation
organized by the Central Government, one of the themes was greening the mountains and hills and beautifying
the landscape. To answer the question “if the bare hills in arid and semi-arid areas can be vegetated?” 1
studied the dynamic relations among vegetation development, soil erosion, and various stresses on the
vegetation and established the theory and model of vegetation-erosion dynamics, which has become the
main contents of Chapter 2. During the process of developing the model a discussion with Dr. J. B. Thornes
was very constructive.

To study riverbed incision and control strategies my research group established field experimental
stations on the Xiaojiang River in Yunnan, Mianyuan River in Sichuan, and East River in Guangdong. The
results from the field investigations and field experiments at these sites have become the main contents
of Chapter 3. I began to study debris flow in 1984 and visited the Dongchuan Debris Flow Observation
and Research Station every year, where I witnessed debris flows. Dr. Z. Kang worked in the station for
20 years and was among my research partners. The great Wenchuan Earthquake occurred on May 12, 2008
and rekindled my research interest in landslides and debris flows. My research group studied landslides,
avalanches, and debris flows in the earthquake area in the period 2008-2010, during which Dr. P. Cui
supported us with valuable ideas and convenient access to data. The results from these studies enriched
the contents of Chapter 4.

The main concepts of sediment transportation and fluvial processes in Chapter 5 are from Dr. Ning Chien.
It was under the guidance of Dr. Ning Chien that I started my research in the field of sedimentation,
especially hyperconcentrated flows. I worked with him for seven years with sincere and deeply friendly
feelings. I was deeply saddened when he passed away in 1986. I here express a few words of both my
grief and fond memories of my dearest professor.

I have collaborated with Dr. J.H.W. Lee on several research projects since 1999. We studied river
ecology and the eutrophication and algal blooms in the Bohai Sea and Hong Kong waters. The discussion
between us on various issues on the river management, especially deltaic and coastal processes, elicited
valuable ideas for integrated river management. Dr. Lee contributed Chapter 8, which makes the book
more complete.

Dr. Ben Yen, Dr. Tai Wai Soong, Dr. C. S. Melching, and I initiated Sino-U.S. cooperation on environmental
sediment research in 1999. During my visits to the U.S. I contacted the Federal Interagency Stream
Restoration Working Group and discussed stream restoration with various members of this group. The
discussion was very constructive for writing Chapter 10. Since then my research team began to study
aquatic ecology. In 2003, I was granted a research project from the Ministry of Science and Technology
to study the ecology of Yangtze River, and in 2007 I was granted a research project from the NSFC to
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study benthic invertebrates. The research results from these projects have become the main contents of
Chapter 10.

Dr. C. S. Melching made great contributions to this book. He has visited China and collaborated with
my research group every year since 2004. We worked together on sediment transportation, aquatic ecology,
and water quality and published quite a few papers. Dr. Melching gave me valuable ideas for stream
ecology and contributed Chapter 9. Moreover, he polished the English of all chapters several times. It is
due to his efforts the English of book is at the international standard.

In the period from 2005 to 2010 my research group conducted several experiments on the Diaoga River
and the Jiangjia Ravine in Yunnan, and the Mianyuan River in Sichuan and performed field investigations
and measurement in the Yalutsangbu, Yellow, East, and Songhua rivers to search for methods of integrated
river management for geological hazard mitigation, erosion and sedimentation control, and ecological
restoration. Both theoretical and technical results were obtained and they have become the main contents
of Chapter 11.

The style of the book is such that it should readily useable as a textbook for graduate students and also
as a reference book for scientists and engineers. There were several versions of the book beginning from
2003, which were printed at Tsinghua University as a textbook for graduate and Ph.D. students. The main
contents of the book were also used as a textbook at the University of Hongkong, IHE Delft, Bari
University, and UNESCO training courses organized by the International Research and Training Center
on Erosion and Sedimentation. I have been working as the Chief Editor of the International Journal of
Sediment Research since 1996 and an Associate Editor of the International Journal of River Basin
Management (IAHR). The experience of journal editor helped me to access new research results, which was
helpful for completion of the book. Finally, it is a pleasant duty to express thanks to all my immediate
collaborators over the years, who have contributed in different ways to the creation of this book.

Zhao-Yin Wang
May 2014, Beijing
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Introduction

All land is part of a watershed or river basin and the water, which flows over it and through it, shapes all
landscapes. Figure 1 shows the landscape sculptured by erosion in Greece and the very dry land in Egypt.
Indeed, rivers are such an integral part of the land that in many places it would be as appropriate to talk
of riverscapes as it would be of landscapes. Rivers are much more than merely water flowing to the sea.
Rivers carry downhill not just water, but just as importantly sediments, dissolved minerals, the nutrient-rich
detritus of plants and animals. Their ever-shifting beds and banks and the groundwater below are all integral
parts of rivers. Even the meadows, forests, marshes and backwaters of floodplains can be seen as part of
the rivers—and the rivers as part of them.
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Fig. 1 (a) The landscape sculptured by erosion in Greece; and (b) River flow is the main force for development of
geomorphology even in the very dry Egypt

The main functions of rivers are draining floods, supplying drinking water, maintaining ecology,
irrigating farmland, transporting sediment, supplying power, providing habitat for fishes, assimilating
wastewater, and providing navigation. Humans exploit the resources of rivers by constructing dams and
water-diverting channels, developing navigation channels, and harvesting fishes, which result in changes
in the river hydrology, runoff, sediment transport, riparian and stream habitats, and water quality.

Watersheds start at mountain peaks and hilltops. Snowmelt and rainfall wash over and through the
high ground into rivulets, which drain into fast-flowing mountain streams. As the streams descend,
tributaries and groundwater add to their volume and they become rivers. As they leave the mountains,
rivers slow and start to meander and braid, seeking the path of least resistance across widening valleys
with alluvial floors laid by millennia of sediment-laden floods. Eventually rivers will flow into a lake or
ocean. Where the river carries a heavy sediment load and the land is flat, the alluvial sediments may form
a delta. Estuaries, the places where the fresh water of rivers mixes with the ocean's salt water, are among
the most biologically productive parts of rivers and of seas. Most of the world's fish catch comes from
species that are dependent for at least part of their lifecycle on a nutrient-rich estuarine habitat.
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Figure 2 shows the components of a river system, materials transported and the aspects affected by the
rivers and transported materials. Rivers can be recognized as mountain rivers, alluvial rivers, and
estuaries. A mountain river is the most upstream part of the river, including the river source and the
upstream tributaries of the river, where the river system flows through mountainous areas and the flow is
confined by mountains. Usually the channel bed of a mountain river is composed of gravel. Mountain
rivers receive most of the sediment, nutrient-rich detritus of plants and animals, dissolved materials, and
usually more than half of the water. For a large river the upstream reaches compose the input-part of
the river and are closely affected by the watershed or drainage area. Erosion control and vegetation
development are the most challenging tasks for researchers and watershed managers. Erosion induced
landslides and debris flows are disastrous in the upstream reaches. Mountain rivers are quite often
incised rivers and degradation of the channel bed causes many problems. Therefore, erosion control and
vegetation development over the watershed, landslides and debris flows, and control of channel bed
incision are major topics of mountain river studies.

River Transported materials Affected
@) O o

O O O
@) O

Over land flow areas; Water; Sediment; Landscape;
Mountain rivers: Nutrient; Dissolved Environment;
Alluvial rivers; materials, Adsorbed Ecology;

Reservoirs; materials Human society

Estuary

Fig. 2 River system, transported materials, and aspects affected by rivers and the transported materials

An alluvial river is defined as a river with its boundary composed of the sediment previously
deposited in the valley, or a river with erodible boundaries flowing in self-formed channels. Over time
the stream builds its channel with sediment it carries and continuously reshapes its cross section to obtain
depths of flow and channel slopes that generate the sediment-transport capacity needed to maintain the
stream channel. Alluvial rivers are mostly perennial streams and the channel bed is composed mainly of
sand and silt. A large river usually originates from mountains and flows over floodplains before it pours
into the ocean, therefore, it is a mountain river in its upper reaches and an alluvial river in its lower reaches.
Many alluvial rivers are large rivers or flat-land sections of large rivers, such as the lower reaches of the
Yellow River and the middle and lower reaches of the Yangtze River. These alluvial rivers are confined
within the valley defined by human constructed or artificially reinforced levees. The river morphology and
river patterns depend mainly on the sediment transportation and deposition. Rivers are the main source of
water resources for agriculture, urban use, and industry. River floods are major natural disasters accounting
for 1/3 of the total loss due to natural hazards. The quality of river water is important for human health.
Flood and sediment transportation are natural processes in these rivers and water diversion, channelization,
and navigation are human disturbance to the rivers. Thus, sediment transportation, water resources
development and flood defense are the most important issues in the alluvial river management.

The estuary is the connection part of a river with the water body (lake, sea, or ocean) into which it
flows, including the river mouth, a river section affected by the tide, and the water body area affected by
the river flow. Sediment is deposited for land creation and very often a delta develops in the area. In
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recent years, the need for sustainable development of coastal cities and marine resources has given rise to
challenging environmental problems. Examples include the environmental impact assessment of dredging
and sludge/spoil dumping and the transport and transformation of nutrients and heavy metals at the
sediment-water interface. Urban development including large-scale land reclamation and population growth
induced increase in sewage discharge puts the estuary ecosystem under stress. Red Tide is a phenomenon
in which the seawater is discolored by high algal biomass. Some algal species produce potent toxins,
which accumulate in shellfish that feed on those algae, resulting in poisoning in human consumers. There
has been a significant expansion of red tide episodes and impacts throughout the world over the last
several decades. Very unusual red tides have occurred in the Bohai, East China, and south China seas in
the past decades. Delta and coastal processes, eutrophication, and algal blooms are the major challenges
for the management of estuaries.

A variety of river-uses was the driving force of societal development in the past and now is even more
important in economic and cultural development. Rivers, and the rich variety of plants and animals which
they sustain, provided hunter-gatherer societies with water for drinking and washing, and with food, drugs
and medicines, dyes, fibers, and wood. Farmers reap similar benefits as well as, where needed, irrigation
for their crops. For pastoral societies, who graze their herds over wide areas of often parched plains and
mountains, perennial vegetation along the banks of rivers provides life-sustaining food and fodder during
dry seasons and droughts. Towns and cities use and misuse rivers to carry away their wastes. Rivers also
served as roadways for commerce, exploration, and conquest. The role of rivers as the sustainers of life
and fertility is reflected in the myths and beliefs of a multitude of cultures.

Many countries have taken an increasing interest in river dynamics and integrated river management
coordinating various sectors of river issues. A developing country, like China, now strongly emphasizes
the goal of flood control, water resources development, and protecting environment in addition to reducing
poverty by supporting efficient and sustainable development of agriculture and light industries. Water is
acknowledged to have a significant impact on the economic development potential of individuals, through
agriculture, water supply and sanitation, public health, power generation, flood mitigation, etc. In addition,
water sustains ecological systems, which also have economic value, and in turn generate a healthy hydraulic
system. Poor people can improve their welfare by having access to water. In turn, people who are wealthier
and better educated are better able under stress conditions to make cautious use of water, thus, not
pre-empting the next generation from having similar benefits from the same water system.

Integrated river management aims at reconciling the provision of safety to the people dwelling by
the river and sustainable use of the land and water. It also aims at making water use economically
productive, socially equitable, and environmentally sustainable. These goals can be achieved in principle
in many ways, but the fact that the water system is characterized by important externalities and unusually
high transaction costs (as compared to the power sector, for instance) limits the options for workable
institutional arrangements. It is attractive to concentrate on a hydrographically coherent region such as a
river basin, catchment, or drainage or polder area, as all key actors and all decision-making can be
brought under one purview.

Where water users have managed to put their common long-term interest ahead of their desire for
quick personal gain, and, thus, engaged in collective action, ‘catchment based’ water management has
been practiced in many places around the world. For integrated river management, one has to understand
the whole river system very well, including all issues of a river, and all aspects of the natural and
human-impacted system and their interconnections.

In China, there are more than 50,000 rivers each with a catchment area larger than 100 km?, including
more than 1,500 rivers with a catchment area larger than 1,000 km®. Most of the rivers are located in the
eastern and southern parts of the country. The seven most important rivers are the Songhua, Liaohe,
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Haihe, Yellow, Huaihe, Yangtze, and Pearl Rivers.

Chapter 1 of this book summarizes the basic concepts and major issues of river management in China,
providing a base for the book. Chapter 2 discuss erosion, vegetation and presents the vegetation-erosion
dynamics model. Chapter 3 describes the phenomena and impacts of channel bed incision, with emphasis
on management strategies for mountain rivers. Chapter 4 discusses landslide and debris flow and related
management strategies. Chapter 5 provides a conceptual framework of alluvial rivers, including sediment
transportation and fluvial processes. Chapter 6 describes flood defense and fluvial river management
strategies with the Yellow River as an example. Chapter 7 discusses the impacts of impoundments on rivers,
including dam construction and dam removal, sedimentation and strategies. The Three Gorges Project on
the Yangtze River is discussed in detail as an example. Chapter 8 presents the issues, laws and management
strategies of estuaries. Chapter 9 presents the basic knowledge of water quality management. Chapter 10
introduces the main theories of river ecology and methods of ecological assessment and restoration.
Chapter 11 presents new theories and practices of integrated river training and management, including
the principles of river training, methods of sediment budget, artificial step-pool system for incision and
debris flow control and ecological improvement.

Readers may learn the basic knowledge of all aspects of rivers from this book, which pays no attention
to the mathematical details of technical description but focuses on comprehensive and modern concepts
and new methods of river management. Researchers may also obtain inspiration from the discussions
such as the relation between resistance and channel stability, ecological functions of step-pool system,
the relation between the habitat diversity and biodiversity, and vegetation-erosion dynamics. These
discussions and many new concepts may shed light on the study of river dynamics and management.



1 Basic Concepts and Management Issues of Rivers

Abstract

Basic concepts are introduced in this chapter to help the readers understand the contents of the other
chapters in this book. The water cycle and modes of stream network development, Horton’s laws, sediment
and sediment load, and various river patterns are defined and presented. Concepts of the water environment
and stream ecology are briefly introduced. The major river management issues, such as water resources
management, flood defense, reservoir management, river bed incision and geological disasters, erosion
control, and river uses are also discussed.

Key words

Water cycle, Stream order, Sediment load, River patterns, Ecology, Management issues

1.1 Basic Concepts

1.1.1 Hydrological Cycle

Precipitation is the water falling over the land from the atmosphere primarily in the form of rain and
snow. Precipitation can return to the atmosphere; move into the soil; or run off the earth’s surface into a
stream, lake, wetland, or other water body. More than half of the precipitation falling over the land of
China evaporates to the atmosphere rather than being discharged as stream flow to the oceans. This
“short-circuiting” of the hydrologic cycle occurs because of the two processes, interception and
transpiration. A portion of precipitation never reaches the ground because it is intercepted by vegetation
and other natural and constructed surfaces. The amount of water intercepted in this manner is determined
by the amount of interception storage available on the above-ground surfaces.

Transpiration is the diffusion of water vapor from plant leaves to the atmosphere. Unlike intercepted
water, which originates from precipitation, transpired water originates from water taken in by the roots of
plants. Evaporation of soil moisture is, however, a much slower process due to the capillary and osmotic
forces that keep the moisture in the soil and the fact that vapor must diffuse upward through soil pores to
reach surface air at a lower vapor pressure. When calculating the hydrologic budget of a watershed the
transpiration from vegetation and the evaporation from the soil typically are considered together as
evapotranspiration.

Infiltration—Close examination of the soil surface reveals millions of particles of sand, silt, and clay
separated by channels of different sizes. These macropores include cracks, “pipes” left by decayed roots
and wormbholes, and pore spaces between lumps and particles of soil. Water is drawn into the pores by
gravity and capillary action. Gravity is the dominant force for water moving into the largest openings,
such as worm or root holes. Capillary action is the dominant force for water moving into soils with very
fine pores. Infiltration is the term used to describe the movement of water into soil pores. The infiltration
rate is the amount of water that soaks into soil over a given length of time. The maximum rate at which
water infiltrates into a soil is known as the soil’s infiltration capacity.

Ground water—The size and quantity of pore openings also determines the movement of water within
the soil profile. Gravity causes water to move vertically downward. This movement occurs easily through
larger pores. As pores reduce in size capillary forces eventually take over and cause water to move in any
direction. Water will continue to move downward until it reaches an area completely saturated with water,
the phreatic zone or zone of saturation. The top of the phreatic zone defines the ground water table or
phreatic surface. In mountainous area the channels are incised very deep and lower than the phreatic
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surface of the neighboring hills, ground water flows through rock pores and the channel banks into the river,
as shown in Fig. 1.1. This part of ground water returning to the rivers keeps the stream flow perennial
and relatively stable.

St o alit A P-.f..-“ e e
Fig. 1.1 Ground water flows though rock pores and channel banks into the stream (Chexi Creek near the Three Gorges
of the Yangtze River)

If rainfall intensity is less than infiltration capacity, water infiltrates into the soil at a rate equal to the
rate of rainfall. If the rainfall rate exceeds the infiltration capacity, the excess water either is detained in
small depressions on the soil surface or travels down slope as surface runoff (Fig. 1.2). Factors that
affect runoff processes include climate, geology, topography, soil characteristics, and vegetation. Average
annual runoff ranges from zero (desert) to more than 1 meter in China. The surface runoff gathers and flows
in streams or rivers, and finally pours into the ocean. Runoff discharge (or discharge) is the volume of
water flowing across a section of the stream per time and usually the unit of discharge is cubic meters per
second (m*/s or cms in some literature).
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Fig. 1.2 (a) No surface runoff for light rain; (b) Surface runoff occurs when rainfall intensity exceeds the infiltration
capacity

1.1.2 Drainage Network

The drainage network occupies only a small part of a drainage basin, but it has been the subject of great
geomorphic and hydrologic interest, especially since the publication of Robert Horton's paper on drainage
network in 1945. The techniques developed by Horton for quantitative description of a drainage network
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opened the study and understanding of this complex geomorphic system. Horton's approach to network
description was applied and expanded by the "Columbia School" of A. N. Strahler and his students, and
many studies of drainage basins and stream networks have followed the lead of Horton and Strahler.

Stream ordering—Horton (1945) developed a method of classifying, or ordering, the hierarchy of
natural channels within a watershed, and the modified system of Strahler (1957) is probably the most
popular today. Horton-Strahler’s stream ordering system is portrayed in Fig. 1.3(a). The uppermost
channels in a drainage network (i.e., headwater channels with no upstream tributaries) are designated as
the first-order streams down to their first confluence. A second-order stream is formed below the
confluence of two first-order channels. Third-order streams are created when two second-order channels
join, and so on. In the figure the intersection of a channel with another channel of lower order does not raise
the order of the stream below the intersection (e.g., a fourth-order stream intersecting with a second-order
stream is still a fourth-order stream below the intersection). Within a given drainage basin, stream order
correlates well with other basin parameters, such as drainage area or channel length. Consequently, knowing
what order a stream is can provide clues concerning other characteristics such as which longitudinal zone
it resides in and relative channel size and depth.

The stream ordering method by Horton and Straheler is very useful for theoretical analysis but not
practically useful for engineering studies because one cannot identify the first order streams in a watershed.
In engineering practice the channels are ordered in the following method as shown in Fig. 1.3(b): the
channels flowing into the stem river, which flows into the ocean, are the first order tributary of the river;
the channels flowing into one of the first order tributaries are the second order tributary; and the channels
flowing into one of the second order tributaries are the third order tributary; etc..
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Fig. 1.3 Stream orderings in a drainage network (a) Horton-Strahler’s stream ordering system; (b) Engineering stream
ordering system

Horton’s Laws Horton (1945) pioneered quantitative studies of river morphology by introducing his
laws of stream number, N,,, stream length, L,,, stream area, 4,,, and stream slope, s,,; i.e.,

N, =d4e"™ (1.1)
L, =Ce™ (1.2)
s, =Ee"™ (1.3)
A, =Ge" (1.4)
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where o = stream order; N, =number of w-th order streams; L, =length of w-th order streams; s, =
slope of w-th order streams; and A, = drainage area of -th order stream; and 4, B, C, D, E, F, G, H =
constants. These empirical laws were not derived from basic theories in physics or other fundamental
theories. However, the validity of these equations have been independently verified and accepted as the
basic laws in river morphology. An example of Horton’s laws is shown in Fig. 1.4 for the Rogue River
basin in Oregon (Yang, 1971).
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Fig. 1.4 An example of Horton’s laws for the Rogue River basin (after Yang, 1971)

Model of network growth—Horton (1945) not only pioneered the quantitative description and analysis
of channel networks and established "laws" of network composition, but he also proposed a model of
network growth by overland flow. Horton suggested that on a steep, newly exposed surface a series of parallel
rills develop and that, with time, cross-grading and micro-piracy among these rills produce an integrated
dendritic network (Fig. 1.5 Model A). A second model of network growth is the headward growth type
(Howard, 1971), in which the drainage network develops fully at the edge of an undissected area (Fig. 1.5
Model B). As growing headward and bifurcate, the channels fill the space available and form a fully
developed dendritic network. In the third model suggested by Glock (1931), the drainage area is rapidly
subdivided by channels and the addition of tributaries then fills the available space (Fig. 1.5 Model C).

Among the three models of network growth, one extreme is the Horton model (Fig. 1.5 Model A), in
which parallel channels develop almost instantaneously over the surface, and the final pattern of the
network progressively emerges by internal changes (capture) and replacement of the initial pattern of rills.
This model occurs only in very small drainage area, generally smaller than 1 km?. At the other extreme is
the headward-growth model in which a "wave of dissection" (Howard, 1971; Schumm, 1956) can be
envisioned at the tips of first-order channels, which is the active zone of network headward growth
(Fig. 1.5 Model B). As this wave progresses into the undissected basin, the fingertip channels lengthen
and bifurcate, leaving behind a channel system that is almost fully developed. In this developed portion
of the network few additions or losses of channels occur during the continued extension of the network.
The significant feature of this model is that the network is almost fully developed as the wave of dissection
passes a particular point. This model may occur in large drainage areas, for instance, 1000 km” The third
model (Fig. 1.5 Model C) lies between the two extremes and occurs in drainage areas smaller than 100 k.
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Meodel A

Madel B

¥

Model C

Fig. 1.5 Models of drainage network growth: Model A—Replacement of parallel rills by an angular dendritic pattern;
Model B—Expansion by slow headward growth into available area; Model C—Extension of rapidly growing, long
channels that block out drainage areas. Tributaries are added subsequently to fill in drainage networks (after Schumm et
al., 1987)

Figure 1.6 shows an example of the development of B-type channel network on the Loess Plateau in
North China. The channel network is developing from a deep-cut river valley toward the undissected flat
plateau. In this case the fingertip channel has space to freely develop its shape. Figure 1.7(a) shows a
developing C-type channel networks in the upper reaches of the Yangtze River in Yunnan Province, and
Fig. 1.7(b) shows a developed B-type channel networks in the same area. Channel bed incision and various
erosions are the main drives of the network growth.

Fig. 1.6 Development of B-type channel network on the Loess Plateau in North China. The channel network is
developing from a deep-cut river valley toward the undissected flat plateau
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Fig. 1.7 C-type channel networks in the upper reaches of the Yangtze River in Yunnan Province: (a) Developing
network; (b) Developed network (See color figure at the end of this book)

Random growth model—Leopold and Langbein (1962) proposed a random walk model, in which a
matrix or grid coordinate scheme is used within which the network grows. Each grid element represents a
unit length of possible growth. Figure 1.8 shows the homework of a student with the random growth
model. The length of a stream from initiation to its joining with another stream has a minimum limit, which
is dependent on separation or cell size, and the actual length of an individual link is, therefore, a function
of the cell size in the matrix. The square cell represents the unit area required to support a unit length of
channel. Rainfall over each unit area creates the minimum runoff, the direction of the runoff is determined
by a random number. According to the topography of China the probabilities of the flow direction are
selected as follows:

West-East P = 0.5; East-West P = 0.1; North-South P = 0.2 and South-North P =0.2

In Fig. 1.8 an arrow represents the flow direction on each cell. The arrow direction is determined with
random numbers generated by the computer. For instance, if the random number is in the range of 05,000,
the flow direction is from west to east; if the number is in the range of 5,001-7,000, the flow direction is
from north to south; if the number is in the range of 7,001-8,000, the flow direction is from east to west;
and if the number is in the range of 8,001-9,999, the flow direction is from south to north. Two neighboring

10
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arrows, if they are not in opposite directions, may connect to form a first order stream. Two first-order
streams meet at the confluence and form a second-order stream, and so on. There are two fifth order
rivers flowing from west to east, as shown in Fig. 1.8. There are a few close circles with arrows rotating
anticlockwise or clockwise, which are interpreted as riparian lakes.
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Fig. 1.8 Homework of a student with the random walk model

Despite all these efforts at simulation, Howard (1971) commented that "the random growth models
simulate many of the characteristics of natural stream systems, but it remains uncertain to what extent
inferences may be drawn about the processes responsible for natural stream systems." He also suggested
that although natural stream systems appear to exhibit numerical relations nearly identical to those of
topologically random channel networks, the relevant geomorphic processes are deterministic and the
apparent randomness arises from independent variation of a large number of factors, such as microclimate
and lithology (Abrahams, 1984). It has also been demonstrated that networks developed by strict rules of
growth are similar to those generated by random processes, which caused Stevens (1974) to conclude that
"randomness can appear regular and regularity random."

Minimum stream power theory—Yang (1971) proposed the minimum stream power theory, which is
very useful for river researchers. From thermodynamics, the entropy @ is defined as

@:j% (1.5)

where E = total thermal energy per unit mass; and 7= absolute temperature used to measure thermal
energy. The entropy concept and thermal dynamic laws can be applied to a non-thermal system if the energy
in that system can be measured by a positive parameter. Yang (1971) considered potential energy the only
useful energy available to a river system, and elevation can be used to measure the potential energy in a
river system. When a unit mass or weight of water flows downstream, it releases its potential energy,
converts it into kinetic energy, and then uses it for erosion and sediment transport. Yang defined the entropy
of a river system as

'{/:J.}ﬂ (1.6)

where H = total potential energy per unit weight of water; and Z, = elevation measured from mean sea
level for an m-th order system. Similar to the absolute temperature 7" in a thermal system, Z,, is a positive
parameter which can be used to measure potential energy per unit weight of water in a river system.
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The entropy in the u-th order river is
dH dy
¥ = [—=pf— 1.7
=] Y | v (17)

where H, = average potential energy in the u-th order river; Y, = average total fall or change of elevation
in the u-th order river; and k = a conversion factor between potential energy and elevation. The distribution
of potential energy per unit weight of water in a river system is directly proportional to its elevation. The
probability that a particular amount of potential energy will be lost in the u-th order river is

H Y
==t 1.8
Pi=g 7 (1.8)
Substituting Eq. (1.8) into Eq. (1.7)
dp
VY =k|—=klnp, +c 1.9
u I P pu u ( )

u

In which ¢, is a constant. The total entropy of a system is equal to the sum of the entropy of each part.

T:iﬁl’u:kilnpu+c (1.10)

u=1 u=1
In which ¢=c;+¢,+ -**+¢,, According to Lewis and Randall (1961), the most likely distribution of energy
in a system under dynamic equilibrium condition is that the entropy of the whole system is a maximum, i.e.,

ZIH p,= maximum (1.11)
u=1
From the definition of the probability, z p, =1. The entropy reaches its maximum value as the water

u=1

head evenly distributed, i.e.,

p=p,==p, (1.12)
According to Prigogine (1967), during the evolution toward a stationary state, the rate of entropy
production per unit mass or weight should be a minimum compatible with external constraints.

Y ..
— =minimum
dt
which can be expressed as
¥ _dv e
dr dx dr

In which x is the distance along the flow direction, s is energy slope, ¥ is velocity. Integration of Eq. (1.13)
yields

= sV =minimum (1.13)

js VdA= Qs =minimum (1.14)

In which d4 is the differential of wet area, Q is the discharge, and s is riverbed slope, which is equal to
the energy slope in steady flows.

Define a stream power P = yQs, Eq. (1.14) can be rewritten as:

P = y(QOs =minimum (1.15)
In which y is the specific weight of water.

Equation (1.15) states Yang’s law of least rate of energy expenditure that during the evolution toward
its equilibrium condition, a river will adjust or choose its course of flow in such a manner that the rate of
potential energy expenditure per unit mass or weight of water is a minimum. The minimum value depends
on the constraints applied to the system (Yang, 1972).

12
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Mechanism of merging of streams—According to the minimum stream theory, the river network
develops to reach the minimum stream power per distance. Two parallel u-th order streams transporting
water at discharges 0, and O, merge to form a (u+1)-th order stream. The (u+1)-th order stream is more
meandering and transports water with discharge equal to the sum of O, and Q. The difference of stream
power between the (u+1)-th order stream and the two u-th order streams is:

AP =yQs =y (O, +0,5,) (1.16)
in which s is the slope of the larger stream, s, and s, are the slopes of the smaller streams. Replace the
slopes s; and s, with the average slope of the u-th order stream, s,, and replace the slope s with the average
slope of the (u+1)-th order stream, Eq. (1.16) becomes

AP:7(Q1+Q2)(S,4+1_S,4) (1.17)
From Eq. (1.3) s, is smaller than s,, thus AP must be negative. Therefore, the stream power becomes
smaller as the two streams merge into a larger stream. In general, small streams always merge into larger
ones to minimize the stream power.

1.1.3 Sediment

Three primary geomorphic processes affect rivers, i.e., @ erosion, the detachment of soil particles;
(@sediment transport, the movement of eroded soil particles in flowing water; and (3) sediment deposition,
settling of eroded soil particles to the bottom of a water body. In these processes sediment plays
undoubtedly the main role. The following section introduces the main concepts of sediment and sediment
transportation.

Sediment is defined as the solid particles found in a deposit after transportation by flowing water, wind,
wave, glacier, and gravitational action. Sediment discharge is defined as the mass or volume of sediment
passing a stream cross section in a unit of time. The typical units for sediment discharge is tons per second
or per day. To differentiate various types of particles, sediment is subdivided into groups. For a long time,
various kinds of terminology have been used for the different sizes of sediment particles.

Sediment classification—Attenberg made his classification at the beginning of the nineteenth century.
It was approved by the International Association for Soil Sciences in 1927 as the standard in soil analysis,
and it has been widely adopted in European countries. Most American geologists use Wentworth's
classification (Wentworth, 1922). In 1947 the American Geophysical Union drew up a new standard for
sediment classification (Subcommittee on Sediment Terminology, 1947). This standard is based on the
same groups that Wentworth used. The only difference is that each group was subdivided, so that the
denomination of classes is more complete. Classification of sediment in hydraulic engineering in China
followed that applied in the former Soviet Union. Some divergence remains between this classification
and those in European countries and the United States. This book uses the Chinese classification. Two
classifications of sediment are given in the following:

Chinese classification:

Boulder (> 200 mm) > Cobble (20 — 200 mm) > Gravel (2 -20 mm) >

Sand (0.05 — 2 mm) > Silt (0.005 - 0.05 mm) > Clay (<0.005 mm)
Attenberg's classification

Boulder (> 200 mm) > Cobble (20-200 mm) > Gravel (2 -20mm) >

Coarse Sand (0.2—-2mm) > Finesand (0.02—-02mm) > Silt(0.002-0.02mm) >

Clay (<0.002 mm)

Despite the several classifications of sediment used in various countries, they have some points in
common. Most of the intervals for the sediment groups are unequal, because the sizes cover such a wide
range. Stone blocks and fine clay particles differ by a factor of more than a million. Evidently, the
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classification of sediment size must follow a geometric scale; i.e., an appropriate ratio between neighboring
groups must be taken. For the Atterberg and the Chinese classification, the ratio is 10, and for the
American Geophysical Union classification the ratio is 2. In connection with this aspect, sieve openings
for granulometry also follow a certain ratio. For example, the sizes of the openings in the Tailor sieves
follow the ratio of 2°%. The grain sizes such as 0.005, 0.05, and 2 mm are used as demarcations of sediment
groups because sediment particles larger and finer than these tend to show quite different characteristics,
as shown in Table 1.1 (Ruhin, 1957).

Table 1.1 Relation between particle diameter and sediment properties (after Chien et al., 1998)

Terminology and size Phenomena of sediment veloci tﬁa(ﬂameter Cor;;%?illte‘g? of | Method of size
mm movement o p analysis
(mm) relation deposits y
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Gravel (2-10)
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Sediment is the product of weathering of rocks, and thus, is closely related to lithology. Figure 1.9
shows different sediments from the areas with different lithologic compositions. In the upper reaches of
the East River, which is a tributary of the Pearl River in China, most of the drainage area is composed of
granite. Feldspar in the granite changed into kaolinite in the process of weathering, which results in quartz
and mica particles and fine kaolinite particles (Fig. 1.9(a)). There are few gravel, cobbles and boulders in
this area. In the Xiaojiang watershed, the rocks consist of metamorphic rocks, including phylite, layer
stone, mud stone, and sand stone. Weathering of these rocks generates solid particles with various sizes
from clay to boulders. Figure 1.9(b) shows the sediment deposits of debris flow in the area. In the
limestone area in Dali in Yunnan Province in South China the rock is weathered mainly by dissolution by
rainfall containing CO,. In the process no granular material is produced. Therefore, there is a very thin
layer of soil on the hills and very poor vegetation may develop in this area (Fig. 1.9(c)). Generally speaking,
granite produces boulders, coarse sand and small amount of clay; limestone produces boulders, cobbles
and gravel; shale produces clay and silt; sandstone produces boulders, cobbles, gravel and sand; and
metamorphic rocks produces various sizes of sediment.

Size distribution—Sediment refers usually not to individual particles but rather to a mixture with
innumerable particles of different sizes, shapes, and mineral compositions. Although sediment particles are
not cemented together to form an entity, many properties pertinent to sediment manifest themselves mainly
through the existence of an ensemble of sediment particles. Size distribution of sediment particles,
including the degree of uniformity, reflects directly the properties of parent rocks and the intensity of the
sorting process by river flow; it is also closely related to the amount of sediment transported. The most
useful method to describe the size distribution of sediment is the cumulative size- frequency curve, in
which sediment size (its logarithm) is taken as the ordinate, and the percentage by weight of sediment
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particles that is finer than the given size is taken as the abscissa. Cumulative size distribution curves are
shown on a logarithmic-probability scale in Fig. 1.10.
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Fig. 1.9 (a) Weathering of granite produces quartz, feldspar and mica particles in the upper reaches of the East River
in Guangdong in South China; (b) Weathering of metamorphic rocks in the Xiaojiang watershed produces various
particles from clay to boulders; (c) Weathering of limestone produces few granular particles in Dali in Yunnan (See
color figure at the end of this book)
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Fig. 1.10 Size distribution curves of sediments: The abscissa is the cumulative percentage of particles finer than the
corresponding diameter on the ordinate (D-coordinates) (after Wang et al., 2001)

Size distribution curves can reflect distinguishing features of sediment samples, but such curves may
not be convenient to use in the quantitative descriptions and comparisons of one example with another.
Therefore scientists have proposed the use of a variety of characteristic parameters to describe features of
the sediment size distribution and to carry out statistical analyses based on those parameters. The most useful
parameter is the median diameter Ds, which is the value on the ordinate of the point on the accumulative
curve corresponding to the 50% on the abscissa. The sorting coefficient defined by (Dss/D6)"” is also
often used to represent the uniformity of the sediment mixture.

1.1.4 Sediment Loads and Bed Forms

Sediment loads are the sediments carried by the flow or the sediments in motion. Sediment loads can be
classified according to their patterns of motion as contact load (rolling or sliding), saltation load, suspended
load, and laminated load. In these, contact load, saltation load, and laminated load all belong to the category
of bed load.

1.1.4.1 Bed Load

Figure 1.11 shows various patterns of motion of sediment load and their relation with the bed. The
particles on the bed are subjected to drag force by the flow and slide or roll forward making contact with
the bed frequently. These particles are called contact load. If the flow velocity is high, the force acting
on the bottom surface of the particle is enlarged because the particle has moved a small distance away
from the bed, and the bottom surface area on which the static pressure acts increases. Therefore, the lift
force becomes much greater. In other words, the particle experiences an abrupt increase in the lift force at
the instant of rolling away from the bed. Consequently, it may jump into the flow from the bed. As the
particle rises to some height, the effect of the increasing horizontal velocity component of the particle is
greater than the effect of the flow velocity, and the relative movement between the particle and the flow
begins to reduce. In general, as the particle reaches its highest point, its velocity is close to the local flow
velocity. From this point, the particle descends. Particles moving in such a way produce what is called
saltation load. Contact load and saltation load are bed load (Chien et al., 1998).

If the saltation height of a particle is large, the particle gains much momentum from the flow, and it
may rebound after it falls down and strikes the bed. In some cases the particle does not only rebound, but
it may also induce other bed particles that it hits to jump into flow. The height of particle saltation is
proportional to the density difference between the particles and the fluid. The natural sand particles usually
have the same density (2.65 g/cm’®). Since the density of water is more than 800 times larger than that of
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Fig. 1.11 Various sediment loads in stream flows

air at room temperature, the height of saltation in wind is about 800 times larger than that in water flow if
the particles jump from the bed at same initial velocity. The difference is of profound significance. For
movement of wind-blown sand, particles jump quite high and gain much more energy from the wind. And
when they fall on the bed they splash more particles into the flow. The chain reaction results in a sharp
increase in the rate of sediment transportation soon after sand motion is initiated in desert. Although the
saltation load in flowing water is more important than the contact load, the height of saltation is usually
only a few times the particle diameter in water flow, and the kinetic energy it possesses when falling back
down onto the bed is not enough to induce such chain reactions.

If the drag force of the flow is extremely high a laminated load motion may occur. As the surface of
the riverbed is neither compact nor impermeable, and is composed of granular materials, the shearing
force of the flow may transmit into the bed. If the resistance of the surface layer of the bed due both to
the submerged weight of the particles resting on the bed surface and to the extra pressure exerted by the
saltation load and contact load, is not sufficient to overcome the shearing stress acting on that layer, the
layer next to the surface is bound to move. The motion may penetrate into the bed gradually, following a
progressive increase in stream power. Since the grains are closely packed in the bed, they can move only
in layers, and in the process of movement, the moving bed is dilated to a certain extent so as to attain
more freedom of mobility. There is no turbulence within the layers because the shear between layers checks
the development of turbulent eddies (Wang and Qian, 1987). Laminated load motion was first observed
in flume experiments and debris flows (Wang and Qian, 1985). Recently, the author observed laminated
load motion in a mountain stream on the Yunnan-Guizhou Plateau. The bed slope of the stream is around
0.09. In flood season numerous layers of bed sediment were initiated and moved in layers as laminated
load motion. The laminated load particles are relatively uniform with diameter about 1-5 mm. The
average velocity is only about 0.5 m/s but the sediment transporting capacity is extremely high. Laminated
load motion is a special form of bed load motion with an extremely high intensity.

1.1.4.2 Suspended Load

Flows at high velocity are turbulent and have eddies of various sizes. If a particle jumping from the bed
enters such an eddy, it may be carried far away from the bed. In order to carry a particle, the size of the
eddy must be much larger than the particle and its upward velocity component must be higher than the
fall velocity of the particle. If an eddy is of about the same size as a particle, the particle is liable to fall
out of the eddy; hence, the eddy would no longer affect the movement of the particle. On the contrary, if
an eddy is much greater than a particle, the eddy may carry the particle for a long time. And by the time
the particle falls out of the eddy, it may already have been carried into the region of the main flow.
Obviously, the transport of suspended particles is mainly the effect of large-scale eddies. These particles,
carried by eddies and moving downstream at the same velocity with the flow, are called the suspended
load, as shown in Fig. 1.11. Suspension of particles takes a certain amount of energy from the turbulent
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flow. Hence, the existence of suspended load reduces the turbulence intensity.

As shown in Fig. 1.12, the concentration distribution of suspended load is heterogeneous, with a
negative concentration gradient. The coarser the sediment, the more heterogeneous is the distribution. In
steady turbulent flow, the amount of sediment carried by eddies from the lower layer into the upper layer
per time is proportional to the concentration gradient. The sediment falling down from the upper layer into
the lower layer is the product of concentration, S,, and the fall velocity, . If the concentration distribution
is in equilibrium, the following equation results:

g, as, +S0=0 (1.18)
dy
in which ¢, is the diffusion coefficient of sediment and y is the position in the vertical direction. Many

researchers have assumed

g, =K‘U*yh_7y (1.19)

in which x =0.41 is the von Karman constant, U, = \/gsR is the shear velocity, R is the hydraulic radius
of the flow and is equal to the average depth (/) in wide river channel, and g is the acceleration due to
gravity Substituting Eq. (1.19) into Eq. (1.18) and integrating yields the vertical concentration profile of
suspended load

s ~ :
v _[hy a (1.20)
A\ y h-a

in which « is the elevation from the bed of a reference point, S, is the concentration at the point, and Z

is given by
®
Z=—o 1.21
U (1.21)

is a dimensionless number called the Rouse Number.
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Fig. 1.12  Concentration profiles of different sizes of suspended sediment in a natural river compared with the
theoretical formula (Eq. (1.20)) (after Wang et al., 2001)

1.1.4.3 Bed Material Load and Wash Load
Einstein, Anderson and Johnson (1940) analyzed a number of size distribution curves of sediment

samples and found that the ratios of fine to coarse sediment in the channel bed and that for the sediment
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in motion are quite different. Sediment in the channel bed is composed of much more coarse and much
less fine sediment than is the moving sediment. The fine sediment in the flow is not saturated to its capacity
and the rate of transport depends only on the amount contained in the oncoming flow. Thus, the amount
of coarse sediment carried by the flow depends on the sediment transport capacity and exhibits a well
defined relation with the discharge of water. In contrast, the concentration of fine sediment depends only
on the supply of the sediment from an upstream reach and shows no obvious correlation with the
discharge. Because coarse sediment always exchanges with bed material during transport it is called "bed
material load". In contrast, fine sediment, eroded and washed from upland watersheds that has been
transported through the channel over a long distance and is scarcely ever deposited in the channel, is called
"wash load". Wash load always moves as suspended load.

Wash load refers to the sediment washed away through the channel without any exchange with the bed
sediment and plays no role in the river morphological process. Wash load concentration is normally a
function of supply; i.e., the stream can carry as much wash load as the watershed and banks can deliver.
Bed material load is composed of the sediment of size classes found in the streambed. Bed material load
moves along the streambed by rolling, sliding, or jumping, and may be periodically entrained into the
flow by turbulence, where it becomes a portion of the suspended load. Bed material load is hydraulically
controlled and can be computed using sediment transport equations.

The previously defined terms can be combined in a number of ways to give the total sediment load in a
stream. However, it is important not to combine terms that are not compatible. For example, the suspended
load and the bed material load are not complimentary terms because the suspended load may include a
portion of the bed material load, depending on the energy available for transport. The total sediment load
is correctly defined by the combination of the following terms:

Total Sediment Load = Bed Material Load + Wash Load
or

Total Sediment Load = Bed Load + Suspended Load
or
Total Sediment Load = Bed Load + Suspended Bed Material Load + Wash Load

What is the criterion for distinguishing bed material load and wash load? Einstein suggested using Ds
of the bed sediment as the critical diameter. Sediment carried by the flow finer than Ds is wash load and
those coarser are bed material load. Partheniades (1977) employed 0.06 mm as a critical diameter to
differentiate bed material load and wash load, because for sediment finer than 0.06 mm the cohesive force
among particles is important and coarser sediment is cohesionless. Some researchers have suggested that
the criterion for differentiating bed material load and wash load should include not only sediment size
but also flow intensity. Wang and Dittrich (1992) analyzed the rate of sediment transport in the Yellow
River at high concentrations under different flow intensities and found that sediment much coarser than
0.06 mm may wash downstream for several hundreds of kilometers without exchange with the bed
sediment. Thence they proposed that the bed load, suspended bed material load, and wash load could be
identified as follows:

Bed Load > Z =3 > Suspended Bed Material load > Z = 0.06 > Wash Load (1.22)

In such a way the three kinds of load can be identified using the Rouse number. Table 1.2 lists the main
features and differences of the bed material load and wash load.

1.1.44 Bed Forms
Bed forms are wave-like regularities found on the bed of a stream that are related to flow characteristics.
They are given names such as "dunes," "ripples," and "antidunes." They are related to the transport of
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Table 1.2 Main features of bed material load and wash load

Features

Bed material load

Wash load

Origin

Soil erosion in watershed

Soil erosion in watershed

Direct origin

River bed upstream

Sediment yield in watershed

Composition of bed
material

Main portion of the bed material usually does
not change except for heavily sediment-laden
rivers

On the bed surface, changing with
incoming amount and flow intensity

Composition of moving
sediment

A small portion of the moving sediment

Main portion of the moving sediment

Patterns of movement

Bed load and suspended load

Suspended load

Transport rate

Determined from the flow intensity and less
correlated with incoming sediment, but for
heavily sediment laden rivers depending also
on the incoming sediment

Determined mainly from the incoming
sediment

Relation between flow
and sediment transport

Relation established on basis of mechanics and
may be estimated by sediment transport
capacity formulas

Relations based on watershed
characteristics, determined by
measured or empirical data

Rouse number Z larger than 0.06

Significance Transport rate determines bed stability Transport rate determines rate of
reservoir deposition
Criterion Coarser than Ds of the bed material; Finer than Ds of the bed material,

Rouse number Z smaller than 0.06

sediment and they interact with the flow because they change the roughness of the stream bed. An analog
to stream bed forms is desert sand dunes. In alluvial rivers with the bed consisting of sand and silt, various
bed forms may develop. At low flow velocity over an initially flat stationary bed, no sediment moves; but
once the flow velocity reaches a certain value, some particles are set in motion. Finally, ripples with a
regular shape form. The longitudinal cross sections of ripples usually are not symmetrical. The upstream
face is long and has a gentle slope, and the downstream face is short and steep. Ripples are the smallest
of the bed configurations.

With increasing flow velocity, the dunes develop with triangular profile that advance downstream due
to net deposition of particles on the steep downstream slope. Dunes move downstream at velocities that
are small relative to the stream flow velocity. The size of a dune is closely related to the water depth.
Dunes in large rivers can be kilometers long and several meters high. They may be less than half a meter
in other rivers. If the velocity continues to increase, the bed form develop into antidunes. Antidune is a
type of bed configuration that is in phase with the wave on the water surface, and these two waves
interact strongly. Antidunes move upstreamward is symmetrical in shape, like a surface wave.

In mountainous area the stream bed consists of boulders and cobbles. There is no ripples and dunes but
a step-pool system may developed, which occurs in high-gradient (>3%-5%) mountain streams with
alternating steps and pools having a stair-like appearance (Chin, 1999). The step-pool system occurs
usually on a stream with bed materials consisting of particles with diameters differing by several orders of
magnitude with the largest diameter on the same order as the water depth. Cobbles and boulders generally
compose the steps, which alternate with finer sediments in pools to produce a repetitive, staircase like
longitudinal profile in the stream channel.

1.1.5 River Patterns

Meandering rivers—Natural river is rarely straight. Sinuosity is defined as the ratio of the channel
centerline length to the length of the valley centerline. If the sinuosity is over 1.3, the stream can be
considered meandering. Figure 1.13 shows a typical meandering river, which is a tributary of the Yellow
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River, flowing on the Qinghai-Tibet Plateau of China. In the picture a new oxbow lake is forming. Its
upstream end which has been cut off from the river and the lower end is still connecting with the river.
Most natural rivers are meandering river.

Fig. 1.13 A typical meandering river with oxbow lake (tributary of the Yellow River) on the Qinghai-Tibet Plateau

Straight rivers—A straight river is often a straight reach of a river. The straight reach is usually not
long. Channelization of rivers and construction of levees make rivers straight. Even where the channel is
straight it is usual for the thalweg, or line of maximum depth, to wander back and forth from near one bank
to the other. Opposite the point of greatest depth there is usually a bar or an accumulation of mud along
the bank, and these bars tend to alternate from one side of the channel to the other. Figure 1.14 shows a
straight section of the lower East River in south of China. Channelization and hardened banks made the
channel straight.

Fig. 1.14 Channelization and hardened banks made the lower East River a straight river

Braided and anabranching rivers—Braided rivers have separated channels divided by bars. Bars,
which divide the stream into separate channels at low flow, are often submerged at high flow. If the bars have
been stabilized by vegetation and the multiple channels are stable, the river is classified in some literatures
into anabranching river. Figure 1.15(a) shows a braided river in the Lhasa River, which is a tributary of
the Yalutsangbu River. Figure 1.15(b) shows an example of anabranching river in the lower reaches of the
Minjiang River, the famous Dujiangyan irrigation project is shown in the picture. Several channels in the
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reach are separated by vegetated islands. The islands are composed of gravel, sand and soils. Although
not as frequent as single-thread channels, braided channels occur in a wide range of environments, from
proglacial to semi-arid and at large range of scales, from the small streams on sandy beaches to the largest
continental rivers.

TN
N

(b)
Fig. 1.15 (a) Braided channels of the Lhasa River on the Qinghai-Tibet Plateau; (b) Anabranching channels of the
Minjiang River, the famous Dujiangyan irrigation project is shown in the picture

Wandering rivers—A wandering river is defined as a river with an unstable channel. A wandering
river carries a heavy sediment load and the discharge and sediment-carrying capacity are unsteady. A
wandering river is usually associated with river aggradation. There are sand bars in the river channel but
usually the stream flow remains in one channel during one period of time and flows in another channel
during a second period of time. This is different from the braided rivers, in which the stream flows in
multiple channels simultaneously. One important feature of a wandering river is the high speed of migration
of the main stream channel.

The lower Yellow River is a wandering river with bed material mainly composed of silt and fine sand
of median diameter of about 0.02 mm. The sediment is very erodible. Bank erosion occurs at one side,
meanwhile sediment deposition occurs at the other side of the channel. Figure 1.16 shows the wandering
motion of the Yellow River section upstream of Zhengzhou in the periods of 1960-1964 and 1981-1985
(Wang et al., 2001). In the period of 1980-1985, hyperconcentrated floods occurred and the river channel
wandered at high speed and the riverbed was silted up. At the Luocunpo cross section, the stream channel
moved southward more than 5 km in the period of 1984—1985.

Anastomosing river—Schumm (1968) first introduced the concept of anastomosing river for describing
multiple channel system with straight, meandering or braided reaches. Knighton and Nanson (1993)
described it as a system of multiple channels separated by islands, which are usually excised from the
continuous floodplain and which are related to the size of the channels. Smith and Smith (1980) used the
term “anastomosing river” for an interconnected network of low gradient, relatively deep and narrow,
straight to sinuous channels with stable banks composed of fine grained sediment (silt/clay) and vegetation.
Wang (2000, 2002) analyzed the characteristics of anastomosing rivers and indicated that anastomosing
river is a result of development of channels on floodplain and braided river is a result of development of bars
and small islands on rivers. Ni et al. (2000) studied the transformation of anastomosing river and braided
river or meandering river. However, anastomosing river has not got its position in the conventional
classification of river patterns. In fact, many Chinese rivers, especially in northeastern China, are
anastomosing river. Figure 1.17 shows a satellite image of the anastomosing Mudanjiang River in
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Fig. 1.16 Wandering channel of the lower Yellow River during the periods 1960-1964 and 1981-1985. The high speed
of migration of the channel can be seen by identifying the curves of the channels of the consecutive years

Northeast China. On the flat plane land the river bifurcates into two or more channels and merge again
after traveling a long distance. The characteristics of the river are in accordance with the description of
Smith and Smith (1980).

Google

Fig. 1.17  Anastomosing channels of the Mudanjiang River in Northeast China (Satellite image from the Google Earth)

1.1.6 Morphological and Hydraulic Features
Channel slope—Channel slope or gradient is measured as the difference in elevation between two points
in the stream divided by the stream length between the two points. Channel slope directly impacts flow
velocity, shear stress, and stream power. Since these attributes drive the geomorphic processes of erosion,
sediment transport, and sediment deposition, channel slope becomes a controlling factor for channel
shape and pattern.

Knickpoint is a term to describe a location in a river or channel where there is a sharp change in
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channel slope, such as a waterfall or a quake lake, resulting from differential rates of erosion above and
below the knickpoint. Differential rates of erosion can be resulted from a change in the lithology of the
river channel and bed structures. The river, having gained more potential energy due to gravity, will then
proceed to work the knickpoints out of its system by either erosion (in the case of waterfalls) or
deposition (in the case of quake lakes) in order for the river to reattain its smooth concave graded profile.
In the southwesten China almost all streams have knickpoints, which are resulted mostly from landslide
dams. The knickpoints consist of not bed rocks but step-pool system.

Longitudinal bed profile of alluvial rivers—For alluvial rivers the bed materials consist mainly of
sand (or silt). The longitudinal profile is usually concave upward. As described previously in the discussion
of dynamic equilibrium, streams adjust their profiles and patterns to try to minimize the time rate of
expenditure of potential energy, or stream power, present in flowing water. The concave upward shape of
a stream’s profile appears to be due to adjustments a river makes to help minimize stream power in the
downstream direction. Stream power has been defined as the product of discharge and slope. Since stream
discharge typically increases in the downstream direction, slope must decrease in order to minimize stream
power. The decrease in slope in the downstream direction results in the concave up longitudinal profile.

According to the minimum stream power theory, the morphology of fluvial rivers develops to reach
the minimum stream power (Yang, 1983). This can be described by the following equation:

Ezi(}/sQ)zy(Qghvd—QJ:O (1.23)
dx  dx dx  dx
in which P is the stream power, y is the specific weight of water, s is the riverbed slope, and x is the
distance along the river course. For most rivers, the discharge increases along its course due to the inflow
from tributaries; thus, the term sdQ/dx is positive. According to Eq. (1.23), the term Qds/dx must be negative,
or the slope of the riverbed decreases along its course; so that rivers exhibit concave riverbed profiles.
Most longitudinal profiles of streams are concave upward. As described previously in the discussion of
dynamic equilibrium, streams adjust their profiles and patterns to minimize the time rate of expenditure
of potential energy, or stream power, present in flowing water. The concave upward shape of a stream’s
profile appears to be due to adjustments a river makes to help minimize stream power in a downstream
direction. The decrease in slope in a downstream direction results in the concave longitudinal profile.
Figure 1.18 shows the distributions of annual average discharge and average water stage along the course
of the Yangtze River. Following the increase in the discharge, the slope of the water surface, which in
fact represents the average bed slope, becomes gentler. The bed profile is then a concave shape.
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Fig. 1.18 Distribution of annual average discharge and average stage, which represents the longitudinal bed profile
of the river, along the course of the Yangtze River
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Sinuosity—Sinuosity is not a profile feature, but it does affect stream slope. Sinuosity is the stream length
between two points on a stream divided by the valley length between the two points. For example, if a
stream is 2,700 m long from point A to point B, and if the valley length distance between those two points
is 1,000 m, that stream has a sinuosity of 2.7. A stream can increase its length by increasing its sinuosity,
resulting in a decrease in slope.

Channel cross sections—Figure 1.19 presents the type of information that should be recorded when
collecting stream cross-sectional data. In stable alluvial streams, the high points on each bank represent
the top of the bankfull channel. Channel cross sectional data need to include enough points to define the
channel related with a portion of the floodplain on each side.
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Fig. 1.19 Typical channel cross section

Resistance and velocity—Channel slope and roughness are important factors in determining stream
flow velocity. Flow velocity is used to help predict what discharge a cross section can convey. As discharge
increases, either flow velocity, flow area, or both must increase. Roughness plays an important role in
streams. It helps determine the depth or stage of flow in a stream reach. As flow velocity slows in a stream
reach due to roughness, the depth of flow has to increase to maintain the volume of flow that entered the
upstream end of the reach. This is the concept known as flow continuity. Typical roughness along the
boundaries of the stream includes: sediment particles of different sizes; bed forms; bank irregularities; the
type, amount, and distribution of living and dead vegetation; and other obstructions. Roughness generally
increases with increasing particle size. The shape and size of instream sediment deposits, or bed forms,
also contribute to roughness.

1.1.7 Chemical Features

Scientists have been able to define several interdependent cycles for many of the common dissolved
constituents in water. Central among these cycles is the behavior of oxygen, carbon, and nutrients, such
as nitrogen (N), phosphorus (P), sulfur (S), and smaller amounts of common trace elements.

The total concentration of all dissolved ions in water, also known as salinity, varies widely. Precipitation
typically contains only a few parts per thousand (ppt) of dissolved solids, while the salinity of seawater
averages about 35 ppt.

pH, alkalinity, and acidity—The acidic or basic (alkaline) nature of water is commonly quantified by
the negative logarithm of the hydrogen ion concentration, or pH. A pH value of 7 represents a neutral
condition; a pH value less than 5 indicates moderately acidic conditions; a pH value greater than 9 indicates
moderately alkaline conditions. Many biological processes, such as reproduction, cannot function in acidic
or alkaline waters.

Dissolved oxygen—Dissolved oxygen (DO) is a basic requirement for a healthy aquatic ecosystem.
Most fish and aquatic insects “breathe” oxygen dissolved in the water column. Some fish and aquatic
organisms are adapted to low oxygen conditions, but most sport fish species, such as trout and salmon,
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suffer if DO concentrations fall below a concentration of 3 to 4 mg/L. Larvae and juvenile fish are more
sensitive and require even higher concentrations of DO (USEPA, 1997). Many fish and other aquatic
organisms can recover from short periods of low DO in the water. However, prolonged episodes of
depressed DO concentrations of 2 mg/L or less can result in “dead” water bodies.

Water absorbs oxygen directly from the atmosphere, and from plants as a result of photosynthesis. The
ability of water to hold oxygen is influenced by temperature and salinity. Water loses oxygen primarily
by respiration of aquatic plants, animals, and microorganisms. Due to their shallow depth, large surface
exposure to air, and constant motion, undisturbed streams generally contain an abundant DO supply.
However, external loads of oxygen-demanding wastes or excessive plant growth induced by nutrient
loading followed by death and decomposition of vegetative material can deplete oxygen.

Oxygen may be produced in stream by aquatic plants. Through photosynthesis, plants capture energy
from the sun to fix carbon dioxide into reduced organic matter as follows:

6CO, + 6H,0 +36ATP = C¢H,04 + 60, (1.24)
where 36 ATP reflects the light energy necessary for photosynthesis.

Note that photosynthesis produces oxygen. Plants utilize their simple photosynthetic sugars and other
nutrients (notably nitrogen [N], phosphorus [P], and sulfur [S] with smaller amounts of several common
and trace elements) to operate their metabolism and to build their structures. Most animal lifes depend on
the release of energy stored by plants in the photosynthetic process. This process is known as respiration and
consumes oxygen. The actual process of respiration involves a series of energy converting oxidation-reduction
reactions. This defines the biological oxygen demand.

Sediment oxygen demand (SOD) represents the oxygen demand of respiration of organisms in the
sediment and the benthic decomposition of organic material. The demand for oxygen by sediment and
benthic organisms can, in some instances, be a significant fraction of the total oxygen demand in a stream.
This is particularly true in small streams. The effects may be particularly acute during low-flow and
high-temperature conditions, as microbial activity tends to increase with increased temperature.

Nutrients—In addition to carbon dioxide and water, aquatic plants (both algae and higher plants) require
a variety of other elements to support their bodily structures and metabolism. Just as with terrestrial
plants, the most important of these elements are nitrogen and phosphorus. Additional nutrients, such as
potassium, iron, selenium, and silica, are needed in smaller amounts and generally are not limiting factors to
plant growth. When these chemicals are limited, plant growth may be limited. However, excessive growth
of algae and other aquatic plants instream can result in nuisance conditions and the depletion of DO
during nonphotosynthetic periods by the respiration of plants and decay of dead plant material can create
conditions unfavorable to aquatic life.

Phosphorus in freshwater systems exists in either a particulate phase or a dissolved phase. Both phases
include organic and inorganic fractions. The organic particulate phase includes living and dead particulate
matter, such as plankton and detritus. Inorganic particulate phosphorus includes phosphorus precipitates
and phosphorus adsorbed to particulates. In the aquatic environment, nitrogen can exist in several
forms—dissolved nitrogen gas (N,), ammonia and ammonium ion (NH; and NH4+), nitrite (NO, ), nitrate
(NOj; ), and organic nitrogen as proteinaceous matter or in dissolved or particulate phases. The most important
forms of nitrogen in terms of their immediate impacts on water quality are the readily available ammonia
ions, nitrites, and nitrates. Only a few life-forms (for example, certain bacteria and bluegreen algae) have
the ability to fix nitrogen gas from the atmosphere. Most plants can use nitrogen only if it is available as
ammonia (NH3, commonly present in water as the ionic form ammonium, NH4+) or as nitrate (NO; ).

Toxic chemicals—Toxic organic chemicals (TOC) are synthetic compounds that contain carbon, such
as polychlorinated biphenyls (PCBs) and most pesticides and herbicides. Many of these synthesized
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compounds tend to persist and accumulate in the environment because they do not readily break down in
natural ecosystems. Some of the most toxic synthetic organics, DDT and PCBs, have been banned from
use in the United States for decades yet continue to cause problems in the aquatic ecosystems of many
streams. The chemical industry has produced many useful organic chemicals: plastics, paints and dyes, fuels,
pesticides, pharmaceuticals, and other items of modern life. These products and their associated wastes
and byproducts can interfere with the health of aquatic ecosystems.

Degradation—Synthetic organic compounds (SOC) can be transformed into a variety of degradation
products. Ultimate degradation, or mineralization, results in the oxidation of organic carbon to carbon
dioxide. Major transformation processes include photolysis, hydrolysis, and oxidation-reduction reactions.
The latter are commonly mediated by biological systems.

Photolysis refers to the destruction of a compound by the energy of light. The energy of light varies
inversely with its wavelength. Long-wave light lacks sufficient energy to break chemical bonds. Short
wave light (x-rays and gamma rays) is very destructive; fortunately for life on earth, this type of radiation
largely is removed by the upper atmosphere. Light near the visible spectrum reaches the earth’s surface
and can break many of the bonds common in SOC.

Oxidation-reduction reactions are what fuels most metabolism in the biosphere. SOC are generally
considered as sources of reduced carbon. In such situations, what is needed for degradation is a metabolic
system with the appropriate enzymes for the oxidation of the compound. A sufficient supply of other
nutrients and a terminal electron acceptor are also required.

1.1.8 River Ecology
Ecology is the science of studying the relations among different organisms and the relations between
organisms and their environment.

Terrestrial ecosystems—The biological community of a stream corridor is determined by the
characteristics of both terrestrial and aquatic ecosystems. The terrestrial ecosystem is composed of
biological communities living or growing on land (the watershed). Terrestrial ecosystems are fundamentally
tied to processes within the soil. The ability of a soil to store and cycle nutrients and other elements
depends on the properties and microclimate (i.e., moisture and temperature) of the soil, and the soil’s
community of organisms.

Terrestrial plant communities—These plant communities in the watershed are a valuable source of
energy for the biological communities, provide physical habitat, and moderate solar energy fluxes to and
from the surrounding aquatic and terrestrial ecosystems. Given adequate moisture, light, and temperature,
the vegetative community grows in an annual cycle of active growth/production, senescence, and relative
dormancy. The growth period is the product of incidental solar radiation, which drives the photosynthetic
process through which inorganic carbon is converted to organic plant materials.

The distribution and characteristics of vegetative communities are determined by climate, water
availability, topographic features, and the chemical and physical properties of the soil, including moisture
and nutrient content. The characteristics of the plant communities directly influence the diversity and
integrity of the faunal communities. Plant communities that cover a large area and that are diverse in their
vertical and horizontal structural characteristics can support far more diverse faunal communities than
relatively homogenous plant communities, such as meadows. As a result of the complex spatial and temporal
relation that exist between floral and faunal communities, current ecological characteristics of these
communities reflect the recent historical (100 years or less) physical conditions of the landscape.

The quantity of terrestrial vegetation, as well as its species composition, can directly affect stream
channel characteristics. Root systems in the streambank can bind bank sediments and moderate erosion
processes. Trees and smaller woody debris that fall into the stream can deflect flows and induce erosion
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at some points and deposition at others. Thus, woody debris accumulation can influence pool distribution,
and the formation of microhabitats for aquatic communities.

The sensitivity of animal communities to vegetative characteristics is well recognized. Numzerous
animal species are associated with particular plant communities, many require particular developmental
stages of those communities (e.g., old-growth,) and some depend on particular habitat elements within
those communities (e.g., snags). The structure of streamside plant communities also directly affects aquatic
organisms by providing inputs of appropriate organic materials to the aquatic environment and providing
cover along banks, and by influencing instream habitat structure through inputs of woody debris (Gregory
et al. 1991).

Plant communities can be viewed in terms of their internal complexity, including the number of layers
of vegetation and the species comprising each layer; competitive interactions among species; and the
presence of detrital components, such as litter, downed wood, and snags. Species and age composition of
vegetation structure also can be extremely important. The quality and vigor of the vegetation can affect
the productivity of fruits, seeds, shoots, foots, and other vegetative features. Poorer vigor can result in
less food and fewer consumers (wildlife).

Plant communities are dynamic and change over time. The differing regeneration strategies of particular
vegetation types lead to characteristic patterns of plant succession following disturbances in which
pioneer species well-adapted to bare soil and plentiful light are gradually replaced by longer-lived species
that can regenerate under more shaded and protected conditions.

Terrestrial fauna—Stream corridors are used by wildlife more than any other habitat type (Thomas et
al. 1979) and are a major source of water to wildlife populations. The faunal composition of a stream
corridor is a function of the interaction of food, water, cover, and spatial arrangement (Thomas et al.
1979). Stream corridors offer the optimal habitat for many forms of wildlife because of the proximity to a
water source and an ecological community that consists primarily of hardwoods in many parts of the
U.S., which provide a source of food, such as nectar, catkins, buds, fruit, and seeds (Harris 1984).

The spatial distribution of vegetation is also a critical factor for wildlife. The linear arrangement of streams
results in a maximized edge effect that increases species richness because a species can simultaneously
access more than one cover (or habitat) type and exploit the resources of both (Leopold 1933). Edges occur
along multiple habitat types including the aquatic, riparian, and upland habitats. Forested connectors
between habitats establish continuity between forested uplands that may be surrounded by unforested
areas. These act as feeder lines for dispersal and facilitate repopulation by plants and animals. Thus,
connectivity is very important for retaining biodiversity and genetic integrity on a landscape basis.

Reptiles and amphibians—Nearly all amphibians (salamanders, toads, and frogs) depend on aquatic
habitats for reproduction and overwintering. While less restricted by the presence of water, many reptiles
are found primarily in stream corridors and riparian habitats. Thirty-six of the 63 reptile and amphibian
species found in west-central Arizona in the U.S. were found to use riparian zones. In the Great basin, 11
of 22 reptile species require or prefer riparian zones (Ohmart and Anderson, 1986).

Birds—Birds are the most commonly observed terrestrial wildlife in riparian corridors. Bird species
richness reflects the vegetative diversity and width of the river corridor. Over half of these breeding birds
are species that forage for insects on foliage (e.g. vireos, warblers) or species that forage for seeds on the
ground (e.g. doves, orioles, grosbeaks, and sparrows). Next in abundance are insectivorous species that
forage on the ground or on trees (e.g. thrushes, and woodpeckers).

Mammals—The combination of cover, water, and food resources in riparian areas makes them desirable
habitat for large mammals such as deer, moose, and elk that can use multiple habitat types. Other mammals
depend on riparian areas in some or all of their range.

Hoover and Wills (1984) reported 59 species of mammals in cottonwood riparian woodlands of Colorado,
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the U.S., second only to pinyon-juniper among eight other forested cover types in the region. Fifty-two
of the 68 mammal species found in west-central Arizona, the U.S., in Bureau of Land Management
inventories use riparian habitats. Stamp and Ohmart (1979) found that riparian areas had a greater diversity
and biomass of small mammals than adjacent upland areas.

Aquatic ecosystems and aquatic habitat—The biological diversity and species abundance in streams
depend on the diversity of available habitats. Naturally functioning, stable stream systems promote the
diversity and availability of habitats. A stream’s cross-sectional shape and dimensions, its slope and
confinement, the grain-size distribution of bed sediments, and even its planform affect aquatic habitat.
Under less disturbed situations, a narrow, steep-walled cross section provides less physical area for habitat
than does a wider cross section with less steep sides, but may provide more biologically rich habitat in
deep pools compared to a wider, shallower stream corridor. A steep, confined stream is a high-energy
environment that may limit habitat occurrence, diversity, and stability.

Habitat—Habitat is a term used to describe an area where plants or animals (including people) normally
live, grow, feed, reproduce, and otherwise exist for any portion of their life cycle. Habitats provide
organisms or communities of organisms with the necessary elements of life, such as space, food, water,
and shelter. Under suitable conditions often provided by stream corridors, many species can use the corridor
to live, find food and water, reproduce, and establish viable populations. Habitat increases with stream
sinuosity. Uniform sediment size in a streambed provides less potential habitat diversity than a bed in
which many grain sizes are represented. Habitat subsystems occur at different scales within a stream
system (Frissell et al. 1986). The grossest scale, the stream system itself, is measured in thousands of meters,
while segments are measured in hundreds of meters and reaches are measured in tens of meters. A reach
system includes combinations of debris dams, boulder cascades, rapids, step/pool systems, pool/riffle
sequences, and or other types of streambed forms or “structures,” each of which could be 3 m or less in
scale. Frissell’s smallest scale habitat subsystem includes features that are 0.3 m or less in size. Examples
of these microhabitats include leaf or stick detritus, sand or silt over cobbles or other coarse material,
moss on boulders, or fine gravel patches.

Wetlands—Wetlands is a general term used to describe areas, which are neither fully terrestrial nor fully
aquatic. Wetlands are lands where saturation with water is the dominant factor determining the nature of
soil and vegetation development. The International Union for the Conservation of Nature and Natural
Resources organized an international conference for wetland protection in Ramsar in 1971 and the
member states signed the Convention on Wetlands of International Importance Especially as Waterfowl
Habitat, which is known as Ramsar Wetland Convention. China has become a member state since 31 July
1992. As shown in Fig. 1.20 wetlands are defined by the wetland convention as areas of marsh, everglade,
fen, peatland and swamp, where natural or artificial, permanent or temporary, with water that is static of
flowing, fresh, brackish or salt, including areas of marine water, the depth of which at low tide does not
exceed six meters (Www.ramsar.org).

The minimum essential characteristics of a wetland are recurrent, sustained inundation or saturation at
or near the surface and the presence of physical, chemical, and biological features that reflect recurrent
sustained inundation or saturation. Common diagnostic features of wetlands are hydric soils and hydrophytic
vegetation. These features will be present except where physicochemical, biotic, or anthropogenic factors
have removed them or prevented their development (National Academy of Sciences, 1995). Wetlands
may occur in streams, riparian areas, and floodplains of the stream corridor. Wetlands are transitional
between terrestrial and aquatic systems where the water table is usually at or near the surface or the land
is covered by shallow water (Cowardin et al., 1979). For vegetated wetlands, water creates conditions
that favor the growth of hydrophytes-plants growing in water or on a substrate that is at least periodically
deficient in oxygen as a result of excessive water content (Cowardin et al., 1979) and promotes the
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development of hydric soils—soils that are saturated, flooded, or ponded long enough during the growing
season to develop anaerobic conditions in the upper part (National Academy of Sciences, 1995).
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Fig. 1.20 Wetlands defined in Ramsar Wetland Convention

Wetland functions include fish and wildlife habitat, water storage, sediment trapping, flood damage
reduction, water quality improvement/pollution control, and ground water recharge. Wetlands have long
been recognized as highly productive habitats for threatened and endangered fish and wildlife species.
Wetlands provide habitat for 60 to 70 percent of the animal species federally listed in the U.S. as threatened
or endangered (Lohoefner, 1997).

Mangroves—Mangroves are a diverse group of plants, which have been able to exploit a habitat of
inter tidal zones. There are 55 species of mangroves in 10 families. The largest mangrove forests are in
Bangladesh and Nile Delta. China has mangrove forests in Guangxi and Hainan Provinces and the Pearl
River delta. The last few decades have seen a rapid growth of interest in the mangrove ecosystems. This
is due, on the one hand, to the perception that mangrove ecosystems are valuable resources, and, on the
other hand, due to vested economic interests. Mangroves are remarkable tropical plants that grow with
their roots partly or wholly submerged in seawater. They make tidal forests in the tropical and subtropical
zones, and these rainforests, referred to as "mangal," straddle the abrupt interphase between sea and land.
They are economically important because they are a source of timber. The bark of mangroves are materials
for production of red dye, therefore, they are named red tree in Chinese. Mangroves also protect
shorelines from wave damage and provide a nursery for many commercial fish. To the scientist they offer
an interesting opportunity to study organisms that adapt to both marine and terrestrial environments
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(Tomlinson, 1986).

Mangroves are exposed to saltwater inundation, low oxygen levels around their roots, high light and
temperature conditions, and periodic tropical storms. Despite these harsh conditions, mangroves may form
luxuriant forests, which have significant economic and environmental value throughout the world—they
provide coastal protection and underpin fisheries and forestry operations, as well as a range of other human
activities. The red mangrove has tangled, reddish roots. The mangrove appears to be standing or walking
on the surface of the seawater with muddy bed, and therefore, has a nickname of working tree.

Mangroves can only live on muddy coast and not able to grow on sand beaches. Reproduction in red
mangroves is primarily accomplished through embryo production. Mangroves have floating seeds that
germinate while still attached to the mother plant. An embryo may be embedded in the mud as it falls
and thus, it soon germinates. Figure 1.21 shows a mangrove forest in Deep Bay in the Pearl River estuary
with embryo attached on the mother tree in the left picture and seedling of mangrove growing on the
muddy coastal beach in the right picture.

Fig. 1.21 (a) Mangrove forest in the muddy Deep Bay in the Pearl River estuary; (b) Seedling of mangroves growing
on the muddy beach

Riparian area—Riparian areas are the areas contiguous to and affected by surface and subsurface
hydrological features of perennial or intermittent lotic and lentic water bodies (rivers, streams, lakes, and
drainage ways). Riparian areas have one or both of the following characteristics: D distinctly different
vegetative species than adjacent areas; and @ species similar to adjacent areas but exhibiting more vigorous
or robust growth forms. Riparian areas are usually transitional between wetland and upland.

Aquatic plants—Aquatic plants usually consist of algae and mosses attached to permanent stream
substrates. Rooted aquatic vegetation may occur where substrates are suitable and high currents do not
scour the stream bottom.

Benthic invertebrate—The benthic invertebrate community of streams may contain a variety of biota,
including bacteria, protists, rotifers, bryozoans, worms, crustaceans, aquatic insect larvae, mussels, clams,
crayfish, and other forms of invertebrates. Aquatic invertebrates are found in or on a multitude of
microhabitats in streams including plants, woody debris, rocks, interstitial spaces of hard substrates, and
soft substrates (gravel, sand, and muck). Generally speaking, there are more benthic invertebrates in gravel
bed than a sand bed. Figure 1.22 shows some species of macro-invertebrates from gravel bed streams.
Invertebrate habitat at all vertical strata including the water surface, the water column, the bottom surface,
and deep within the hyporheic zone.

31



River Dynamics and Integrated River Management

(d
Fig. 1.22  Some species of benthic macro-invertebrates living in gravel bed rivers: (a) leech (Hirudinea); (b) mayfly
(Ephemeridae); (c) caddis fly (Trichoptera); and (d) Dytiscidae

Fish—Fish are ecologically important in the stream ecosystems because they are usually the largest
vertebrates and often are the apex predator in the aquatic systems. The numbers and species composition
of fish in a given stream depends on the geographic location, evolutionary history, and such intrinsic
factors as physical habitat (current, depth, substrates, riffle/pool ratio, wood snags, and undercut banks),
water quality (temperature, DO, suspended solids, nutrients, and toxic chemicals), and biotic interactions
(exploitation, predation, and competition).

Indicator species—Landres et al. (1988) defined an indicator species as an organism whose characteristics
(e.g., presence or absence, population density, dispersion, reproductive success) are used as an index of
attributes or environmental conditions of interest, which are difficult, inconvenient, and expensive to
measure for other species. Ecologists and management agencies have used aquatic and terrestrial
indicator species as assessment tools for many years. In many cases benthic invertebrates are selected as
indicator species for assessment of river ecology. The assumptions implicit in using indicators are that if
the habitat is suitable for the indicator it is also suitable for other species and that wildlife populations
reflect habitat conditions.

Ecological stress—Ecological stresses are defined as the disturbances that bring changes to river
ecosystems. The ecological stresses are natural events or human-induced activities that occur separately or
simultaneously. Either individually or in combination, the ecological stresses have the potential to alter
the structure and impair the ability of the river ecosystem to perform key ecological functions. A stress
occurring within or adjacent to a river typically produces a causal chain of effects, which may permanently
alter one or more characteristics of a stable system.

Stream restoration—According to the U.S. National Research Council (NRC, 1992), restoration should
involve the return of a given ecosystem to a state approximating that in which it existed prior to disturbances.
Restoration of the impaired river ecosystem is necessary for most of the worldrivers.
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1.2 Major River Management Issues

1.2.1 Water Resources
Water resources refer to available or possibly available water sources that possess adequate quantity and
utilizable quality and may be utilized in a specific location for a specific purpose. Only the available water
sources (such as river runoff) and waters in water bodies either on the surface or in groundwater aquifers,
which take part in hydrological cycle activities, are considered and counted for quantitative statistics.
China has enormous water resources but they are unevenly distributed in space and in time. In per capita
terms, China’s water resources are about 75% of the Asian average, and 35% of the world average. The
total volume of annual runoff is 2.7 trillion m’, equivalent to about 45% of the precipitation corresponding
to a depth of 284 mm over the land area. About 65% of the country's territory lies in catchments of rivers
flowing to the sea, and 35% in inland, landlocked basins. About 27% of natural runoff flows into
neighboring countries, mainly in the southwest and the northeast boundary rivers. The Ertix River in the
far northwest flows north to join the Ob River in Siberia. About 0.6% of the total runoff flows into China
from other countries. Glaciers store about 5.1 trillion m’. Annual melt-water is about 2% of the combined
discharge of the inland rivers. Groundwater recharge is about 0.83 trillion m® although most of this
represents water transformed into river flows under natural conditions and is thus already accounted for
by river runoff. Excluding such double counting, the net total water available (surface water plus
groundwater) is 2.8 trillion m’, and the net additional contribution of groundwater is about 0.1 trillion m’.
This is mainly rainfall infiltration on the plains since groundwater in mountainous areas is almost wholly
accounted for in base flows which are included in river flows.

The water resources distribution in China is very non-uniform, with the south-east of the country wet
and north-west dry. Figure 1.23 shows the 10 water resources zones of China and the inflow and outflow
of moisture across the north, east, south, and west borders. The main moisture supply is from the south of
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Fig. 1.23 Inflow and outflow of moisture to China and the 10 water resources zones of China
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the country, which consists of 42% of the total moisture inflow and the main moisture outflow is across
the east border, which is 60% of the total outflow. Therefore, the main moisture flow path over China is
from the south border to the east border, which makes the southeasten China wet. Only 10%—23% of the
moisture inflow and outflow are across the west and north borders. Thus, the precipitation in north and
west China is much less than in south and east China. The average precipitation in the southeast of China
is about 2,000 mm, and the highest precipitation takes place at the China-India boundary, which is about
5,000 mm. In the zone south of the Yangtze River the precipitation is about 1,000 mm. In the zone from
the Yangtze River to Qingling and the lower Yellow River, it is about 800-900 mm. Further to the north the
precipitation reduces to 400—-600 mm. precipitation is even less to the northwest. The lowest precipitation
occurs in the Turpan basin with average annual rainfall of only 7.1 mm. The reason to make the water
resources availability even worse is the non-uniform distribution of rainfall over time. In south China the
maximum 4 month precipitation is about 60% of the annual precipitation while in north China the value
is 80%. The inter-year variation, defined as the maximum annual precipitation over the minimum annual
precipitation is larger than 8 in the northwestern China, 3—4 northeastern china and 2-3 south China.

The surface runoff is mainly transported in the 7 major rivers listed in Table 1.3. In the Pearl River basin
the water resources per capita is more than 4000 m’, but the value is only 260 m® in the Haihe-Luanhe
River basin.

Table 1.3 Water resources of major rivers in China and comparison with the world average (after Chen, 1991)

River basin Ru;lof}f Pop_ulgtion Farrgland Wager/p Wat}er/ha

(10" m’) (million) (10° ha) (m’/p) (m’/ha)
Pearl River 336 83 4.7 4,097 71,670
Yangtze River 951 380 23.4 2,505 40,575
Songhua River 74 52 10.4 1,451 7,110
Yellow River 66 93 12.2 716 5,430
Huaihe River 62 142 12.3 439 5,055
Liaohe River 15 34 4.4 435 3,345
Haihe-Luanhe Rivers 29 110 11.3 262 2,550
World average (1987)* 38,830 5,000 1,500 7,766 25,887
World average (1996)* 38,830 5,770 1,500 6,730 25,887
World average (2006)* 38,830 6,480 1,500 5,995 25,887

Note: The total ground water of China is 872 billion m’;
* Data source: the Ministry of Water Resources of China.

The development of the economy and urbanization has been increasing the water demand very quickly
in the past two decades. The number of cities in China increased from 295 in 1984 to 640 in 1995, in the
same period the urban population increased from 140 to 400 million. The water consumption per person
also increases quickly following the enhancement of the living standards. For the last twenty years, the
rapid expansion in urban water supply systems has been evident, both in terms of the increase in the
number of urban systems and cities served and in the water supplied for both residential and industrial
purposes. In 1996, 95% of the non-agricultural residents living within city boundaries were connected to
an urban system, with coverage falling to 85% in the northeast provinces of Heilongjiang, Jilin and Inner
Mongolia. However, only 25% of the agricultural residents in the areas defined as urban are served by
water systems.

The Water Law of the People's Republic of China stipulates that: “in the development and utilization
of water resources, the domestic water demands of urban and rural inhabitants shall be satisfied first,
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while agricultural and industrial water demands as well as navigation requirements shall also be considered
and taken care of.” From the early 1950s to the late 1970s, while the total water use in China increased by
four times, the urban water use and industrial water use (inclusive of thermal power water use) increased
by eight and twenty-two times respectively. The quality of urban water sources is required to meet the
Standards for Environmental Quality of Surface Water and the quality of municipal tap water to meet the
Standards for Domestic Drinking Water in China. The mutual relation between water supply and drainage
not only lies in the necessity of rationally and timely draining of wastewater, which is equivalent to 60%
to 70% of water supply, but also in the necessity of reusing a certain amount of the wastewater after being
properly treated. More than two thirds of the cities draw their supplies or part of their supplies from
groundwater in the country, and about one fourth of the national public water supply capacity comes from
groundwater. Urban water supply is the main purpose of water resources development.

The total water demand of the country is 530 billion m® at present. It will increase to 1100 billion m*
in 2040, thence the water demand will remain at that level. At present, about 500 billion m’ of water are
used. The speed of water resources development will lag behind the increasing water demand. The
amount of water shortage will increase from 30 billion m’ to 100 billion m’. Inter-basin water transfer
projects are the main strategy to ease the water shortage. Seven short distance inter-basin water transfer
projects have finished, including the Luanhe-Tianjin water transfer project, the Yellow River-Qingdao
project, and the Biliuhe-Dalian project. The long distance inter-basin water transfer projects from the
Yangtze River to north China have been launched. The total capacity of the three routes—the east route
from Yangzhou to Tianjin, the middle route from Danjiangkou to Beijing, and the west route from the upper
reaches and the tributaries of the Yangtze River to the Yellow River is 40-50 billion m’. Water shortage
can only be partly eased but not solved by these transfers. New strategies are needed.

1.2.2 Flooding

Several devastating floods have occurred worldwide in the 1990s, with a long list of flood events each
killing more than a thousand people or causing material losses in excess of one billion U.S. dollars
(Kundzewicz, 1997). A number of extreme floods of exceptional severity have occurred in the 1990s. A
100-year flood occurred on the Rhine River with stage at Cologne at 10.69 m just 13 months after the
previous one in 1993 with stage at the same place 10.63 m. The 1993-flood on the Mississippi river has
been regarded as the most devastating flood in the modern history of the United States. Flood records on
the main stem of the Mississippi were broken at several observation stations by up to 1.2 m. In St. Louis,
Missouri, the previous record stage was exceeded for more than three weeks. In China, five flood events
killing over 1,000 persons each occurred in the period 1990-1998, and according to the Munich Reinsurance
(Munich Re, 1999) there have been 24 flood events in the world that caused total losses in the excess of
one billion U.S. dollars each. The highest flood losses of the order of more than 20 billion U.S. dollars
were recorded in 1996 and 1998. The 1998 floods on the Yangtze River, Songhua River and Nenjiang
River and the 1996 floods on the Yellow River and Haihe River were highest events in terms of flood stage,
economic loss, and the impact on the environment, society, and flood control strategies.

The flood losses in China quickly increased in the 1990s. Figure 1.24 shows the flood losses in 1991-1999
compared with the average annual loss in the 1980s (Cheng, 2002). In the 1990s the flood loss (8 Yuan =
1 U.S. dollar) is much higher than the flood loss in the 1980s. In 1996 and 1998 the flood losses were
over 200 billion Yuan. One reason for the ever-increasing flood loss is the development of the economy,
the other reason is the increasing flood hazard.

As shown in Fig. 1.25 the high flood risk areas in China are mainly the areas surrounding the lower
Yellow River and the middle and lower Yangtze River, the Haihe River basin, the Huaihe River basin, and
the Songhua River and Nenjiang River basins. These areas are densely populated and have been rapidly
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Year

Fig. 1.24 Flood losses in 1991-1999 compared with the average annual loss in the 1980s (after Cheng, 2002)
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Fig. 1.25 Major rivers and high flooding risk areas (shaded areas) in China

industrialized, therefore, the potential flood damage costs are high. The climate of China is mainly monsoon
type and rainstorm floods occur in the summer. The precipitation concentrates within a few months and
results in well defined flood and low flow seasons. For instance, the flood season is from late June to
September for the Yangtze River, from July to August for the Yellow River, from the mid of July to August
for the Haihe River and from August to September for the Songhua and Nenjiang Rivers. The rainfall
intensity in China is high, therefore, the peak discharge is high. Figure 1.26 shows the highest flood discharge
of various scales of the drainage areas in China compared with those of the world highest values. The
recorded peak discharges are nearly equal to the highest in the world. With the high peak discharge and short
flood season, the floods of Chinese rivers are difficult to predict and control (Luo and Luo, 1996).

The 2005 flood on the West River, the 1998 floods on the Yangtze and Songhua Rivers, and the 1996
floods on the Yellow and Haihe Rivers indicate a trend of increasing flood disasters. Figure 1.27 shows
that a 100-year flood that hit Wuzhou on the West River basin in Southern China in 2005. Flood water flowed
over the levee and flooded the residences and the commercial areas of the city. The flood loss was great.
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Fig. 1.26  The highest flood discharge of rivers as a function of drainage area in China compared with rivers throughout
the world (after Luo and Luo, 1996)

Not only huge flood but also small flood may cause great loss. Figure 1.28 shows people escaping
from the flooded floodplain of the Yellow River, which is in Henan Province near Zhengzhou, during the
1996 flood. The flood discharge was 7,860 m’/s, which was only a 2-year flood. About 2.41 million people
were affected by the flood and 800 million U.S. dollars were lost. The main causes of the high flood
disaster were the abnormal high stage and low conveyance capacity of the channel due to sedimentation.
In the lower reaches the river flood plain is confined between the grand levees of the Yellow River. Rapid
economic development and population growth lead to extensive invasion into the river floodplain. Although
the total amount of annual sediment deposition in the lower Yellow River was reduced, the amount of
sediment deposition in the main channel was increased. Consequently, the channel cross section became
smaller, and the water conveying capacity of the river channel was greatly reduced.

Fig. 1.27 A 100-year ﬂood h1t the Wuzhou Clty in the West River basm in 2005
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Fig. 1.28 People escaping from the flooded ﬂoodplam at Changyuan, which is in Henan Province near Zhengzhou
during the 1996 flood period

In 1998 a rare flood occurred on the Yangtze River, which resulted in serious flood damages and
affected 8 million people. Heavy rainfalls occurred in the area in the summer of 1998 in the wake of the
strongest El Nino phenomenon of the century, which reached its maximum at the end of 1997 and ended
in May 1998. Meteorologists have hypothesized that this phenomenon increased the snow accumulation
in Europe and on the Qinghai-Tibet Plateau. Because more snow accumulated, the monsoon was delayed
and the major rain belt was shifted to the South, and more rain fell in the Yangtze River Valley.

The recurrence period of the 1998 flood is only 8 years in terms of the crest flood discharge and the
recurrence period is about 100 years in terms of flood volume (Ministry of Water Resources, 1999). During
the flood, one levee breach occurred at Jiujiang City on the Yangtze River and it was closed in several days.
The cities and main railways and highways were not affected by the flood. The flood caused 1,075 polder
levee breaches, inundated 321,000 ha of land. The death toll was 2,292, most of which were the victims
of flash floods and debris flows in the mountains.

The flood disasters in recent years exhibit new features different from the traditional flood disasters. In
summary, flood disasters in China are more frequent than in earlier times because increasing population
pressure and economic development are changing the river regime, and the flood control system has not
matched the change (Cheng, 2002). The disastrous flood on the Yangtze River in 1998 is a result of
abnormal heavy rainfall, but the extremely high flood stage is due to less flood diversion, reduced
regulation capacity of riparian lakes, and channel sedimentation. The Yangtze River also experienced
higher stages at lower flows in the 1998 flood compared with the 1954 flood. New river management and
flood control strategies are needed to meet the challenge of flooding.

1.2.3 Soil Erosion
Environmental health encompasses the maintenance and quality of the natural resources: soil, water, air,
and biota. According to preliminary statistics compiled for the world, the annual erosion of surface soil
from river basins amounts to 60 billion tons, of which 17 billion tons are discharged into the oceans. In
the process, as much as 5 to 7 million ha of farms are annually ruined. Moreover, aeolian erosion of bare
lands has intensified desertification after depriving the ground of good top soil. Eroded soil contains
nitrogen, phosphorous, and other nutrients that deposit in lakes and reservoirs contaminating the waters
resulting in eutrophication and other biological as well as chemical processes.

China is a country suffering severe erosion, with 1.82 million km’subject to water erosion, 1.88 million
km? subject to acolian erosion, and 1.25 million km*subject to glacial erosion. In other words, more than
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46% of the territory of the country are being eroded. Parts of the territory of China are overlaid with
loess; these include the southern part of the northeastern China and the southeast part of the northwestern
China. The loess widely spreads over the Yellow River basin extending from the east of Qinghai Province
in the west and the relics of the Great Wall in the north to Qinling Mountain in the south and the coastal
region in the east. The loess is quite uniform in its textural lack of granular structure, and it is bound
together mainly by calcium sulphate that is highly soluble and apt to be leached and eroded by rainfall. In
addition, with a porosity ratio as high as 40%, loess is characterized by well-developed vertical joints
that are susceptible to erosion and weathering. Over history, most of the vegetation in the basin has been
destroyed and the erosion process has been aggravated. The severe soil erosion has not been brought
entirely under control over the basin, although great efforts have been devoted to soil conservation. According
to preliminary statistics, annual soil loss in the middle Yellow River basin amounts to 3,700 t/yr.km? on
average, which is about 27.5 times the average annual rate throughout the world of 134 t/yr.km?. Enormous
amounts of sediment are eroded from the basin and flow through mountain creeks and streams to the river,
producing a sediment concentration that is higher than in almost any other part of the world. Figure 1.29
shows the Loess Plateau consisting of very erodible soil.

el .
Fig. 1.29 Soil erosion in the Loess Plateau of central China bring a huge amount of sediment to the lower reaches
of the Yellow River (See color figure at the end of this book)

The total soil volume eroded from the Yellow River basin is about 2.3 billion tons per year. Comparably,
the total soil volume eroded from the Yangtze River basin is about 2.2 billion tons per year. From 1950 to
1996, the Chinese people had improved 0.7 million km” of the land susceptible to water-erosion, but in
the mean time, the total land susceptible to water-erosion has increased from 1.16 million km? to 1.82
million km”. As a result the untreated land susceptible to water-erosion remains at 1.13 million km® (Wang,
2000). The main causes for the increase of land susceptible to water-erosion are deforestation, overgrazing,
harvest of medical herbs, slope tillage, development of mining and urbanization. For instance, people in the
Xiaojiang watershed on the Yunnan-Guizhou Plateau of China cut trees and burned the wood for iron and
copper production in 1958. The forest cover was reduced from 23% to 18% due to logging and the erosion
rate was almost doubled. In the Yangtze River basin alone, the area of steep slope land people are still
plowing is more than 11 million ha. The Shenfu-Dongsheng coal mining removed 162 million tons of
soil in the period 1998-2000, and thus, greatly intensified the erosion rate.

Erosion causes many problems. More than 5 billion tons of fertile soil are lost every year due to erosion,

39



River Dynamics and Integrated River Management

in which the amount of nitrogen, phosphorus and potassium in the eroded soil is about 50 million tons,
which is much higher than the annual national production of fertilizer (30 million tons). The farmland
deteriorates and grain production also is reduced by erosion. Moreover, the nutrients are transported with
the sediment into the environmental waters and causes eutrophication and red tide. More than 240
harmful algal blooms occurred in the 1990s, causing huge economic losses. Erosion exerts the highest
ecological stress on the vegetation cover. In the northern part of the Loess Plateau, the vegetation can
hardly develop because the extremely intensive erosion carries off the topsoil on which the vegetation
relies. In the areas with vegetation, such as the upper reaches of the Yangtze River, erosion damages and
destroys the vegetation and scars the land surface.

Erosion from the upper reaches provides the rivers with too much sediment that causes sedimentation
of the channels and high flood risks. For instance, the Yellow River is notorious for its frequent avulsions
and flooding disasters. The main reason is the heavy sediment load from the erosion of the Loess Plateau.
The Yellow River sediment causes not only the siltation of the lower channel reaches of the river itself,
but also the shrinkage of the mouths of drainage channels of the Haihe River drainage system. Figure
1.30 shows that the silt drifting from the Yellow River mouth under the action of tidal currents is deposited
at the New Ziya River mouth, which is one of the major drainage channels of the Haihe River Drainage
System. The channel is silted up by 6 m and the discharge capacity of the channel has reduced by 60%
(Hu et al., 1999).

The main erosion control strategies applied in China are building sediment barriers in gullies and
terracing the sloped farmland in the arid and semi-arid areas; building sediment-check dams and reforesting
the hills in the wet areas; and comprehensive reclamation of small river basins in both arid and wet areas.
Comprehensive reclamation of small basins is the main strategy applied in the Loess Plateau. The area is
arid and semi-arid and, therefore, reforestation alone is difficult to achieve the objective of erosion control.
People built many sediment barriers and created productive warped farmland. Terraced fields enclosed
with borders 20 cm high may trap almost all rainfall water and greatly reduce erosion. Impounding water
with dam on rivers provides water for drinking, irrigation, and reforestation. People plant grass on the
slope and trees around the fields and roads. As a result, the sediment fed into the rivers by erosion from
the Loess Plateau has been greatly reduced since 1984 (Gu, 1994).

Fig. 1.30 The silt drifting from the Yellow River mouth under the action of tidal currents is deposited at the New Ziya
River mouth. The channel is silted up by 6 m and the discharge capacity of the channel has reduced by 60% (See color
figure at the end of this book)
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Reforestation is effective in wet areas (the southern China, for example) if mass movement of soil is
controlled by multiple check dams. The success of reforestation relies more on the agricultural policy
than technology. The change of ownership from community to private households has incited incentives
for farmers toward reforestation since the 1980s. After the 1998-flood on the Yangtze River state-funded
reforestation projects in the upper Yangtze River watershed sped up. Reforestation has been successful in
many watersheds. Nevertheless, in mountainous areas people are still burning wood for cooking and
heating. Planting shrubs and fast-growing trees in selected zones to provide the local people fuel wood is
an effective measure to protect the forest.

1.2.4 Riverbed Incision and Geological Disasters

Riverbed incision is defined as continuous bed erosion and bed-level lowering. Mountain rivers either
were or are incised rivers. Alluvial rivers may also experience a shot period of bed incision. Riverbed
incision may be caused by tectonic motion, meanders cutoff, stream caption, dam construction, channelization
and many other causes. Geologic and geomorphic causes require many years to develop a response,
whereas climatic and hydrologic variability, animal grazing, and human activities can have a more immediate
impact. Figure 1.31(a) shows the stream bed incision in the upper Yangtze River (Jinsha River) in the
southwestern China. The rising Qinghai-Tibet Plateau increases the stream slope and bed erosion. The
plateau has deeply incised by the river by more than 2,000 m. Figure 1.31(b) shows an incised section of
the Yunzhong River, which is a tributary of the Hutuo River in Hebei Province in North China.
Impoundment of a reservoir trapped sediment and released clear water, which resulted in several meters
bed incision in the downstream reach of the reservoir.

(b)
Fig. 1.31 (a) The upper Yangtze River in the southwestern China incised the Qinghai-Tibet Plateau by more than
2,000 m; (b) Impoundment of a reservoir on the Yunzhong River caused channel bed incision in a downstream reach

by several meters

Almost all geological hazards are associated with river bed incision. Channel bed incision increases
bank slope and causes bank failures, landslides and debris flows. Moreover, bed incision of a river
propagates to its tributaries and gullies. Finally all slopes become steeper and more serious soil erosion
occurs. A persistence of landslide events occur in the actively incising river gorges on the eastern margin
of the Qinghai-Tibet Plateau. The direct causes of the landslide events were rainstorm and earthquake,
while the essential cause of the events was river bed incision. The Wenchuan earthquake on May 12, 2008
triggered several hundreds of large scale landslides on numerous rivers, which were all incised rivers.
Figure 1.32(a) shows a huge avalanche on the deeply incised Kangding River on the east margin of the

41



River Dynamics and Integrated River Management

Qinghai-Tibet Plateau, which was triggered by an earthquake (Ms 7.5) in 1955. Figure 1.32(b) shows a
landslide dam triggered by the Wenchuan earthquake (Ms 8.0) on the Zongqu Ravine in Maoxian, Sichuan
on May 12, 2008. The Zongqu Ravine was deeply incised and the slopes are very steep. Although the ravine
is not close to the epicenter but the landslide occurred because of bed incision makes the slopes unstable.

Fig. 1.32 (a) A huge avalanche on the deeply incised Kangding River on the eastern margin of the Qinghai-Tibet
Plateau, which was triggered by an earthquake (Ms 7.5) in 1955; (b) A landslide triggered by the Wenchuan earthquake
created a 70 m high landslide dam on the Zongqu Ravine in Maoxian, Sichuan on May 12, 2008

The eastern margin of the Qinghai-Tibet Plateau is one of the world’s broadest and most dramatic
transient landscapes that has been deeply incised by major rivers and their tributaries (Clark et al., 2006).
Major rivers start at high elevations over 4,000 m, where they are slightly incised into the relict landscape,
and transition into rapidly incising, high-relief, dissected gorges with steep hillslopes (Ouimet et al., 2007).
Hillslopes, following incision, display zones of adjustment with steepest values in the lowermost reaches
of individual basins. These observations highlight the transient response of rivers to rapid incision on
trunk streams as waves of landscape adjustment propagate upstream and up hillslopes.

The Dadu River and Yalong River are major tributaries of the Yangtze River, both over 1,000 km in
length. The Dadu and Yalong rivers have each experienced catastrophic landslide damming events within
the past 250 years that were triggered by large earthquakes (>Ms 6.0) (Tianchi, 1990; Dai et al., 2005).
Accounts from the example on the Dadu River indicate as many as 100,000 deaths were caused by the
downstream flooding associated with initial dam failure, making it one of the most disastrous events ever
resulting from a landslide dam breach (Dai et al., 2005). Recent catastrophic events such as these have
also been documented in the Min River gorge to the east of the Dadu and in the main Yangtze River gorge
to the west of the Yalong, indicating that landslide damming is a widespread and ongoing phenomenon
in all river gorges on the eastern margin (Tianchi, 1990; Chai et al. 2000). The dynamic coupling between
river incision and landslide dam can significantly influence the evolution of fluvial landscapes. An important
feedback exists within rapidly incising landscapes, where hillslope erosion, following incision, slows or
stops river incision by covering the bed with larger volumes of sediment or coarser grain sizes of sediment
than annual floods can transport downstream.
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1.2.5 Pollution and Eutrophication

Most of the rivers are also used to carry wastewater discharged from communities and industry. The river
water is polluted and the river environment is damaged. Following the enhancement of people’s living
standards, the water consumption per capita has increased by several times in the past 30 years. The
urban sewage discharge has also increased by 400% between 1980 and 2000, although the treatment and
recycling of wastewater has also increased in the same period. Figure 1.33 shows the annual wastewater
discharge from towns and cities. The industrial wastewater discharge slightly has reduced since 1990
because of the efforts for pollution control and the increasing rates of wastewater treatment and recycling.
Nevertheless, urban sewage discharge has increased by doubling on average each 4 years and the trend is
still continuing. The annual sewage discharge was over 22 billion tons in 1998.
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Fig. 1.33 Industrial wastewater and urban sewage discharges into Chinese rivers and seas in the period 1980-2000
(Wang et al., 2001)

The wastewater and sewage are partly discharged into the rivers without any treatment. Heavy metals,
toxic materials, and nutrients in the wastewater and sewage pollute the rivers. The Huaihe River water
had been using for drinking before the 1990s. In the 1980s, the river was polluted by the wastewater from
numerous paper mills and chemical factories. Fish in the river were poisoned and the people dwelling by
the river, for instance the residents in Bengbu, have had to dig deep wells and buy bottled water for drinking.
The tap water, which is from the river, can only be used for washing toilets. The same story has occurred
in the Weihe River, which is the largest tributary of the Yellow River. The river water is so seriously
polluted that the water quality is worse than Class-V of the national water quality standards. Figure 1.34
shows the dirty water of the river. The river is seriously polluted and all fish have been killed. The bad
odor of the water can be smelled many kilometers off. The Weihe River directly pour into the Yellow River
and pollutes the Yellow River water.

The ecological system adjacent to rivers and in the waters connecting the rivers is affected by the
pollution. Eutrophication has been a focal point of social attention since the 1980s. Algal blooms are a
result of eutrophication of lakes and seas. The phenomenon of water discoloration, irrespective of the
causative organism, has been called a red tide. The red tide algae, produces copious amounts of sticky
mucus during its peak abundance, the mucus coats the gills of fish and shellfish, and causes them to
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suffocate. Some harmful algae, like dinoflagellate, also produce toxic material and may transfer the toxic
to humans through the food web. The 1998 red tide in the Bohai Sea of China spread over a 50 thousand
km? area, killing many fish and causing $80 million in losses.

Fig. 1.34 Pollution causes the bad odor the Weihe River water and kills all fish (See color figure at the end of this book)

Algal blooms rarely occurred in seas near China before the 1980s because the nutrients supply was not
sufficient. Eutrophication due to intensified human activities in recent decades has released the nutrient
constraint and red tide has occurred quite often. Figure 1.35 shows the number of red tide events per
decade from the 1950s to 1990s. Almost no red tides occurred in the 1950s and 1960s but the number of
red tide events increased in an explosive way to more than 240 events in the 1990s. Comparing Fig. 1.35
with Fig. 1.33 it can be seen that the red tide events follow almost the same growth curves of urban
population and sewage discharge. The growth curves exhibit the same law with a turning point about 1980,
when the economy of China took off. There is no doubt that the high frequency of red tide events is a
result of extremely high rates of fertilizer usage and wastewater discharge, which are in turn the results of
the high speed of economic development and industrialization of china. If the trend continues, most of
sea life in the seas near China will be extinct and the seas will become seas of death.
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Fig. 1.35 The number of red tide events per decade occurring in the seas near China in the period of the 1950s—1990s
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1.2.6 Reservoir Management

In the past decades, China had watched marvelous economic wonders and accelerated dam construction.
Most Chinese rivers have been impounded for the purposes of flood control, power generation, water supply,
irrigation, and/or navigation. On the Yellow River 11 major reservoirs were constructed in 1957-1993.
They are from upstream down the river: Longyangxia Reservoir, Lijiaxia Reservoir, Liujiaxia Reservoir,
Yanguoxia Reservoir, Bapanxia Reservoir, Qingtongxia Reservoir, Sanshenggong Reservoir, Wanjiazhai
Reservoir, Tiangiao Reservoir, Sanmenxia Reservoir, and Xiaolangdi Reservoir. The total capacity of
the reservoirs is 55.8 billion m’, equal to the annual runoff of the whole watershed. More than 10 billion
of sediment has been trapped by the reservoirs reducing the total amount of sediment deposited in the
lower Yellow River.

The Xiaolangdi Reservoir is used to supply water to Henan, Shandong, and Hebei Provinces, and also
used to regulate water and sediment. The capacity for trapping sediment is 7 billion m’. It is predicted
that the sediment from the Loess Plateau can be trapped by the reservoir for at least 20 years, and,
therefore, the lower Yellow River will be scoured and the flood risk will then be eased. Moreover, the
reservoir is also used to create artificial floods to scour the lower reaches of the channel.

Impoundment of rivers causes many problems. For instance, the Sanmenxia Reservoir was impounded
in 1960. The confluence of the Weihe River flowing into the Yellow River is in the backwater region of
the reservoir. The high pool level caused sediment deposition at the river mouth followed by serious
retrogressive sedimentation. The ground water table raised and the flood discharge capacity of the Weihe
River greatly reduced due to sedimentation in the channel. The ancient city of Xian is endangered by the
reduced channel capacity. At present, hydraulic engineers are discussing decommissioning of Sanmenxia
Reservoir (not removing the dam but opening all the outlets and maintaining the pool at the lowest level
as before the dam construction). Figure 1.36 shows the Yellow River at Sanmenxia dam- the Three Gate
Gorges before the dam construction and the dam (a) and the Sanmenxia Dam impounded in 1960. The
reservoir lost 6 billion m’® of its capacity in just 10 years of operation due to sedimentation.

(b)

Fig. 1.36 (a) The Yellow River at Sanmenxia — the three gates gorges before the construction of the dam; (b) The
Sanmenxia Dam, which was the first dam on the Yellow River completed in 1960 and reconstructed two times to
mitigate the sedimentation of the reservoir (YRCC, 2001)

For small reservoirs (less than 100 million m’ capacity) the percentage of capacity loss due to sedimentation
is even higher. The major strategies to control sedimentation and restore the capacity of the reservoirs are:
storing the clear water and discharging the turbid water; flushing by drawdown and flushing by emptying
the reservoir; dredging, and making use of density currents.
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For reservoirs on rivers with high sediment concentration and low water runoff drawdown flushing
and empty flushing are applied. Low-level outlets are open in the flood season to drawdown or empty the
reservoirs and create riverine flows along the impounded reaches, which scour and release the sediment
deposited in the reservoirs. Retrogressive erosion is induced by drawdown and empty flushing, which
may extend the flushing far upstream of the dam. The Hengshan Reservoir on the Changyuan River in the
Shanxi Province is a gorge type small reservoir with a capacity of about 13 million m’. The area is arid
and there is almost no flow in the non-flood seasons. The reservoir was used to store water during the
flood season and provide water for irrigation in the non-flood seasons. It was silted up quickly in the first
8 years of operation and 30% of the capacity was lost due to sedimentation. Then, the reservoir was emptied
for flushing of sediment in the flood seasons of 1974 and 1979. Consequently, about 2 million m® of its
capacity was regained.

The Three Gorges Project (TGP) on the Yangtze River is the largest reservoir in China with the highest
power generation capacity in the world. Problems and strategies related to the project are discussed in
Chapter 7.

1.2.7 River Uses

1.2.7.1 Hydro-Power

By the end of 1999, the total installed capacity for hydropower in the country amounted to 70,000 MW
with an annual energy output of 210 trillion Wh, which ranked second and third among all the countries in
the world, respectively. There are about 220 large- and medium-sized hydropower stations either completed
or under construction at present, in which 20 have an installed capacity of more than 1,000 MW, 37 have
an installed capacity of more than 500 MW; and 53 have a dam higher than 100 m. (IWHR, 2000)

During the 1950s, the first large-sized hydropower station, Xin'anjiang was constructed, with a dam
height of 102 m and an installed generating capacity of 662.5 MW. After that a cascade of hydropower
development was carried out for the medium and small rivers of Xinfeng in Guangdong province, Zhexi
in Hunan province, Yili in Yunnan province, Maotiao in Guizhou province and Yongding in Beijing.

During the 1960s, a number of large- and medium-sized hydropower projects were constructed, such
as Liujiaxia in Gansu province (installed capacity 1,160 MW), Danjiangkou in Hubei province (900 MW),
Zhexi in Hunan province (447.5 MW), and Yunfeng on the Yalu River (400 MW). During the 1970s, the
hydropower projects of Fengtan in Hunan province (400 MW) in Liaoning Province, Bikou in Gansu
province (330 MW), Gongzui in Sichuan province (700 MW), and Qingtongxia on the Yellow River
(272 MW) were constructed.

During the 1980s, construction of hydropower projects was carried out on an even larger scale. The
Wujiangdu in Guizhou province (630 MW), Baishan in Jilin province (900 MW), Longyangxia in Qinghai
province (1,280 MW), Dongjiang in Hunan province (500 MW) and Gezhouba on the Yangtze River in
Habei province (2,715 MW) were completed and put into operation. (IWHR, 2000)

During the 1990s, the improvement of managerial institution for the development of hydropower
resources greatly accelerated the development of hydropower and the construction periods for the main
structures of large-sized hydropower stations were generally reduced by 1-2 years in comparison with the
past, with the examples including the Lubuge, Guangxu I, Shuikou, Geheyan, Yantan, Manwan, Wuqiangxi,
Lijiaxia, Tianhuangping, Shisanling, Lianhua, Ertan, and Tianshenggiao Hydropower Projects. The
construction of pumped-storage power stations also saw great progress, and the completed ones include
the Guangzhou Project in Guangdong province (2,400 MW), Shisanling Project in Beijing (800 MW),
and the Tianhuangping (1,800 MW) and Xikou Projects in Zhejiang province (80 MW).

In China, the total installed capacity rose from 65.9 GW in 1980 to 236.5 GW in 1996 and 254.2 GW
in 1997, a rate of increase that lagged behind that of gross domestic product (GDP) although still a relatively
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high net increase. The installed capacity of hydropower makes up about 25% of the total installed capacity
with large hydropower stations each with the capacity of larger than 250 MW being about 50% of the
total hydro in both installed capacity and annual energy output. The share of hydropower has tended to
decline relative to the total power capacity and output. Most of large thermal power stations are located
at the coal mine heads in the northern China (Shanxi, Hebei, Henan, and Shaanxi Provinces), though
some are also located near load centers such as Shanghai and Guangzhou. Most of the large hydropower
stations are located in remote mountainous regions in the upper reaches of the Yellow River, Yangtze
River, and the rivers of the southwest. In each region, the share of hydropower varies greatly, being
particularly low in the northern and eastern China, and significantly higher in the northwest, central
southern, and Fujian and Sichuan provinces. The Three Gorges Project, currently under construction, will
add 17,800 MW by 2007. Nevertheless, only 17% of the total exploitable hydro-power resources of
China have been exploited. Dam construction in China is still in the developing stage. This is different
from developed countries, where people are discussing decommissioning of dams.

1.2.7.2 Irrigation

China is a large agricultural country. Irrigation and drainage play a very important role in the agricultural
production. The country may be divided into five categories of areas: very humid, humid, semi-humid,
semi-arid, and arid. The country may also be divided into three different zones based on the different
requirements of irrigation/drainage for agricultural crops, that is, a perennial irrigation zone with less
than 400 mm of mean annual precipitation, an unstable irrigation zone with mean annual precipitation
between 400 mm and 1,000 mm, and a rice irrigation zone with more than 1,000 mm of mean annual
precipitation. The perennial irrigation zone covers most parts of northwest china and the upper and
middle reaches of the Yellow River, composing 45% of the land area of the whole country. The unstable
irrigation zone covers mainly the lower reaches of the Yellow River, the Huaihe and Haihe River basins
and northeast China, where the irrigation requirement index (crop water requirement met by irrigation)
may be as high as 50% or even higher in a dry year. The rice irrigation zone covers the middle and lower
reaches of the Yangtze River, the Pearl and Minjiang River basins and part of southwest China.

Chemical fertilizers and irrigation are usually the main measures to enhance agricultural production.
The use of fertilizer has reached its maximum in China and further increases will not affect the production.
Increase in the area of irrigation will be the main strategy to enhance agricultural production. China is
planning to increase the area of irrigation by 83%—122% in 50 years. Table 1.4 shows the projection of
the development of irrigation areas in the main river basins.

1.2.7.3 Inland Navigation

The cost of inland navigation is usually only 1/3 of railway and 1/10 of highway costs. The Yangtze
River, the Huaihe River, the Grand Canal, and the Pearl River are the main inland navigation channels of
China. In the Yangtze River and its tributaries the total length of navigation channels is 70,000 km, the
value is 20,000 km in the Huaihe River, 1,035 km in the Grand Canal, and 14,100 km in the Pearl River.
Nevertheless, the length of channel with water depth over 2.5 m, in which a 1,000 ship may navigate, is
less than 5,000 km. Canalization of rivers, construction of harbors and ship locks, and digging canals will
promote inland navigation.

1.2.8 Ecological Restoration and Integrated River Management

Environment protection and ecological restoration have become very popular in China. Restoration of
the impaired stream ecosystem is necessary for most of the worldrivers. Ecological restoration involves
the return of a given ecosystem to a state approximating that in which it existed prior to disturbances and
ecology protection implies maintaining the organisms and their environment unchanged.
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Table 1.4  Projection of the development of irrigation areas in river basins

High development Low development
Basins Irrigation area (million ha) Irrigation area (million ha)
2010 2030 2050 2010 2030 2050
Songhua-Liaohe 6.5 7.5 7.7 6.2 6.7 6.7
Haihe 7.4 7.6 7.7 7.4 7.5 7.5
Huaihe 10.4 10.7 10.8 10.5 10.6 10.7
Yellow 5.4 5.8 6.0 5.4 5.6 5.7
Yangtze 15.1 15.6 15.8 15.0 15.3 15.2
Pearl 45 4.6 4.7 4.4 4.5 4.5
SE Rivers 1.9 2.0 2.0 1.9 1.9 1.9
SW Rivers 0.8 0.9 0.9 0.8 0.8 0.9
Inland Rivers 4.7 4.9 4.9 4.3 4.6 4.6
The North 34.5 36.5 37.0 337 35.1 353
The South 224 23.1 234 22.1 225 22.5
Total average 56.9 59.5 60.4 55.8 57.6 57.8

Source: Ministry of Water Resources of China

River training and river uses have resulted in many rivers “dead”. For instance water diversion in the
middle and lower reaches of the Yellow River caused the river dried out in the period of 1972-1998.
Flow cut-offs have occurred in 19 years in the period 1972-1998. Another example is the pollution of the
Yongding River near Beijing since the construction of the Guanting Reservoir and numerous small
reservoirs in the upstream reaches. Figure 1.37 shows the Yanghe River, which is a tributary of the
Guanting Reservoir. Almost all fresh water is diverted for the irrigation and urban use and only sewage
and waste water discharged from urban areas and industries is flowing in the river. The water is so
seriously polluted that all fish and most of the macro-invertebrates have been extinct and only a few very
tolerant species of invertebrates can be found from the river.

Fig. 1.37 Seriously polluted water in the Yanghe River, which is a tributary of the Yongding River and flows into
the Guanting Reservoir

In river management, the decision makers often put the economic benefits before the ecological
protection. For instance, Shanghai has a problem of land shortage and has been reclaiming the wetland in
the East Chongming Shore in the Yangtze River estuary to ease the land shortage. Figure 1.38 shows the
agricultural development from the wetland in the East Chongming Shore in several phases (left) and the
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levees constructed in 2001 to separate the land from water (right). The development of agriculture has
caused reduction in wetland area and number of wild animals.

Fig. 1.38 (a) Agricultural development from the wetland in the East Chongming Shore in the Yangtze River mouth
in several phases; (b) The levees constructed in 2001 to separate the land from water (right)

There are also examples of ecological protection in China. Figure 1.39 shows the wood path in the
Jiuzhai Creek in Sichuan in west China. The creek has become well known in its beautiful landscape and
attracted more than 2 million visitors every year. The managers have done a great effort to protect the
environment and ecology. The wood trails lead to all tourism attractions in the park. The river water is only
for drinking-use. The natural ecology is well protected although it receives millions of visitors every year.

Fig. 1.39 The wood path for visitors in the Jiuzhai Creek (Sichuan basin in the western China) to protect the
environment and ecology

The river management is not integrated. Most of dams are operated to achieve the highest power
generation without consideration of stream ecology. And the managers of water resources just meet the
water demands and take no consideration of fluvial process. Sediment transportation in rivers causes many
problems, such as the reservoir sedimentation, flood stage rising, and impairment of stream ecology. But
sediment is a resources for land creation in river mouth and the main factor to maintain coastal equilibrium.
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Integrated river management is needed to coordinate the upper, middle and lower reaches and the river estuary,
economic benefit and ecological restoration, and environment for sustainable development. For this purpose
the managers are required to understand all problems and management strategies for river development.

Review Questions

1. What are the major functions of rivers?

2. What is integrated river management?

3. Create a river network by applying the random walk model and clearly state all your assumptions.
4. Name various types of sediments and sediment loads and explain the difference between them.

5. What is water cycle?

6. What are the main river patterns?

7. What are the main chemical features of a river?

8. What are the main pollution concerns for rivers?

9. Please state the relevant concepts of a river ecosystem.

10. Explain the mechanism of merge of rivers with the minimum stream power theory.

11. What are the major issues in river management in China?

12. What are the reasons for the southeastern China to be wet and the northwestern China to be dry?
13. What are the major strategies to ease water shortage?

14. What are the main reasons for increases in flood loss?

15. What are the consequences of soil erosion?

16. What is red tide and why has the number of the red tide events increased so fast in recent decades?
17. What are the main sectors of river ecology?

18. What are the main problems in impounded rivers and how can they be solved?
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Abstract

In a broad sense, all rivers develop from rills and gullies in the process of erosion. Erosion is classified
according to agents causing erosion into water erosion, wind erosion, gravity erosion, glacier erosion and
cultural erosion. Water erosion occurs in different forms: splash erosion, sheet erosion, rill erosion, gully
erosion and channel erosion. Grain erosion is defined as the phenomenon of breaking down of bare rocks
under the action of sun exposure and temperature changes, detachment of grains by wind, flow of grains
down the slope under the action of gravity, and accumulation of eroded material at the toe of the mountain
forming a deposit fan. Vegetation is the most important factor affecting the erosion process and development
of rills. Vegetation, fluvial-geomorphic processes and landforms are inextricably interconnected parts of
the landscape. Vegetation-erosion dynamics studies the laws of evolution of watershed vegetation under
the action of various ecological stresses. Vegetation and erosion are a pair of competing and mutually
interacting aspects of a watershed. For a watershed, vegetation and erosion may reach an equilibrium
state if the circumstances remain unchanged for a long period of time. However, the equilibrium may not be
stable. Ecological stresses, especially human activities, may disturb the balance and initiate a new cycle of
dynamic processes. Studies considering both geomorphology and vegetation in the watershed are uncommon
yet may provide important information regarding geomorphological and ecological processes.

Key words

Agents of erosion, Water erosion, Ecological stresses, Vegetation-erosion dynamics, Riparian vegetation

2.1 Erosion

2.1.1 Agents of Erosion

According to Columbia Encyclopedia (Columbia University, 2000): erosion is generally defined as the
processes by which the surface of the earth is constantly being worn away. In other words erosion means
the detachment and removal of solid particles from their original place. Erosion is distinguished from
weathering, which is defined as the process of chemical or physical breakdown of the minerals in the
rocks, although the two processes may occur concurrently (Halsey et al, 1998; Wikipedia, 2009). According
to preliminary statistics compiled for the world, the annual erosion of surface soil from river basins amounts
to 60 billion tons, of which 17 billion tons are discharged into the oceans. In the process, as much as
5 million to 7 million ha of farms are annually ruined. Eroded soil contains nitrogen, phosphorous, and
other nutrients that deposit in lakes and reservoirs contaminating the waters resulting in eutrophication
and other biological as well as chemical processes.

The principal erosion agents are gravity, running water, glaciers, and wind. Human activity is also an
agent of erosion. Erosion overlaps with detachment of solid particles from the rock and mass movement,
or, the transfer of solid material down slopes. Weathering is also included as an erosive process. Over the
surface of the planet, the average rate of erosion is about 0.02 mm/yr. In some places the rate is much
higher, and in others it is greatly lower (Columbia University, 2000).

Erosion may be classified according to the erosion agents as water erosion, gravitational erosion,
glacial erosion, and wind erosion (eolian erosion). Water is the substance most readily associated with
erosion. Water erosion is also the most important form of erosion for river management. Various types of
water erosion are discussed in the next section of this chapter.

Gravity erosion—Gravity plays an important role in all forms of erosion. Gravity erosion itself is the
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mass movement of landslide, avalanche, slumping and surface creep, as material is moved from higher
elevations to lower elevations under the action of gravity. In small scale erosion, gravity may cause a rock
to drop from a height, such that it falls to the ground and breaks into pieces. Large scale gravitational
erosion includes slope creep, avalanche, and landslide. Avalanche, landslide, and debris flow are discussed
in Chapter 3. Slump is a gravitational erosion of solid material slipping down along a curved slope
surface, which occurs when the slope becomes too steep, and the base material cannot support the rock and
soil above. A curved scar is left where the slumped materials originally rested. Creep is the movement of
rock and sediment slowly shifting downhill, which is caused by gravity alone. Creep is extremely slow
and would be difficult to see without a lot of measurements over time.

Glacier erosion—A glacier is a moving mass of ice of large volume on the land surface. It moves by
gravity, as a consequence of its extraordinary weight. A glacier steadily moves forward, carrying pieces
of rock, soil, and vegetation with it. Under certain conditions, a glacier may have a layer of melted water
surrounding it, which greatly enhances its mobility. In a wet and warm maritime climate a glacier moves
at a speed of about 300 m/yr. By contrast, in the dry, exceptionally cold, inland climate of Antarctica, the
Meserve Glacier moves at a speed of just 3 m/yr (www.answer.com). Figure 2.1 shows the Hailuo Gully
Glacier on Gongga Mountain on the east margin of the Qinghai-Tibet Plateau. The glacier has eroded the
gully bed and banks and carries a lot of solid material on its surface flowing down the gully at a speed of
170 m/yr to 350 m/yr.

e 5 ..,l

Fig. 2.1 The Hailuo Gully glacier on the Gongga Mountain on the east margin of the Qinghai-Tibet Plateau has eroded
the gully bed and carries a lot of solid material on its surface (See color figure at the end of this book)

Freezing and thawing also causes erosion. Changes in temperature and moisture cause expansion and
contraction of materials, as when water seeps into a crack in a rock and then freezes, expanding and splitting
the rock. The solid particles detached from the rock deposit on the hillside at an angle approximately
equal to the angle of repose of the grains. Figure 2.2(a) shows the rock erosion resulting from freezing
and thawing on a 4700 m high mountain at Luhuo on the Qinghai-Tibet Plateau. Figure 2.2(b) shows the
fans of deposits or eroded sediment at the toe of the Rocky Mountains in Canada resulting from freezing
and thawing. The sediment from the freezing and thawing erosion is relatively uniform with a median
diameter around one centimeter.

Shattering erosion—As a consequence of freezing and thawing shattering erosion of rocks and
underlying stratified talus deposits has been reported from temperate upland environments as well as
cold environments worldwide (Saas and Krautblatter, 2007). Stratified scree deposits with rich fine
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sediment are not confined to areas which experience or formerly experienced a periglacial climate and
prior glaciation, but also occur in vegetated upland environments (Garcia-Ruiz et al., 2001; Curry and
Black, 2002). Usually shattering erosion is found in high mountains with elevations of 12004000 m (Saas
and Krautblatter, 2007; Matsuoka, 2008). But it is also found in south Wales at 650-770 m (Harris and
Prick, 2000). The lithology of the weathering rocks are limestone, dolostone, marls, and sandstone (Curry
and Black, 2002; Turner and Makhlouf, 2002; Saas and Krautblatter, 2007). Only a few data have been
obtained about the rate of shattering erosion because it is very slow. Thirteen years of observations in the
southeastern Swiss Alps found that shattering erosion occurred at an average rate about 0.1 mm/yr with
significant spatial and inner-annual variations (Matsuoka, 2008). The freeze-thaw cycle is the main agent
for shattering erosion. A five-year study in the Japanese Alps revealed that the shattering rate of rocks
was much higher in the freeze-thaw period from October to next May than in the frost-free period from
June to September (Matsuoka, 1990).

Shattering erosion in high mountains, especially the particle movement on slopes, has caused some
problems to highways. Some studies have been done on the movement of grains on the slopes and
protection of the highways from the deposition of grains. The deposits are called stratified scree deposits
or alpine scree slopes in some literature (Hetu et al., 1995). Chinese researchers studied the structure of
grain deposit fans, repose angles, and stability of the fan (Wang et al., 2007a, 2007b and 2007c). This
research focused on the velocity distribution of grain flow on the slope and the pressure exerted on the
protection walls of highways by the deposit fan. Other researchers studied the critical initiation of slump
of grain deposits on slope (Chang et al., 2006).

(@ (b)
Fig. 2.2 (a) Freezing and thawing of rocks resulted in rock erosion on a 47,00 m high mountain at Luhuo on the
Qinghai-Tibet Plateau; (b) Eroded sediment resulting from freezing and thawing deposits at the toe of the Rocky
Mountains in Canada

Wind erosion is the result of sand movement by the wind. There are two main effects. First, wind
causes small particles to be lifted, and, therefore, moved to another region. Second, these suspended
particles may impact on solid objects causing erosion by abrasion. Wind erosion generally occurs in areas
with little or no vegetation, often in the areas where there is insufficient rainfall to support vegetation.
Sand dunes in deserts are the most common example of wind erosion. Wind erosion of bare lands has
intensified desertification by depriving the ground of good top soil. Wind erosion is referred to as eulian
erosion, the name being a reference to Aeolus, the Greek god of the winds encountered in Homer's Odyssey.
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Wind has a greater frictional component when the wind carries sand, every grain of which is like a
cutting tool. In some desert regions the bases of rocks or cliffs have been sandblasted, leaving a
mushroom-shaped formation. Figure 2.3 shows mushroom-shaped rocks resulting from wind erosion in
the Arches National Park of the U.S.

Cultural erosion—Human activities also cause or intensify soil erosion, which is termed cultural erosion.
When land is disturbed by construction activities, soil erosion increases from 2 to 40,000 times the
pre-construction erosion rate (Wang and Wang, 1999). Erosion rates from construction sites are typically
10 to 20 times those from agricultural lands and they can be 100 times as high. Wolman and Schick (1967)
found sediment yields on an open construction site in Maryland of 49,200 t/km® compared to 380 t/km’
in a stable urban area nearby. Goldman et al. (1986) found that in the San Francisco Bay Area the average
rate of erosion for non-construction land uses (grazing, agriculture, forests, etc.) was about 1,780 t/(kmzyr),
whereas the erosion rate from construction sites was 11,600 to 15,700 t/(km’yr) and sometimes higher.
Erosion rates from construction sites typically were 20 times the average erosion rates of non-construction
land uses. Although a wide variation in erosion rates is reported in the literature, it is clear that construction
causes a large increase in erosion.

Erosion removes the smaller and less dense constituents of topsoil. These constituents, clay and fine
silt particles and organic material, hold nutrients that plants require. The remaining subsoil is often hard,
rocky, infertile, and dry. Thus, reestablishment of vegetation is difficult and the eroded soil produces less
growth. In the management of rivers, people can control erosion by planting vegetation that holds the soil,
by carefully managing and controlling land usage, and by lessening the slope angle in places where
gravity tends to erode the soil.

2.1.2 Water Erosion

2.1.2.1 Types of Water Erosion
Flowing water is the main agent causing erosion. Water erosion is the most important erosion for river
management. Water erosion is essentially a two-part process. One part is the loosening of soil particles
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caused largely by raindrop impact. The other part of the process is the transportation of soil particles,
largely by flowing water. The primary erosion locations are overland slopes, gullies, agricultural areas,
mining operations, and construction sites. Various forms of water erosion are related to river management
and can be controlled by planting vegetation:

Splash erosion—When vegetative cover is stripped away, the soil surface is directly exposed to
raindrop impact. On some soils, a very heavy rain may splash as much as 22,400 t/km” of soil (Buckman
and Brady, 1969). If the soil is on a slope, gravity will cause the splashed particles to move downhill.
When raindrops strike bare soil, the soil aggregates are broken up. Fine particles and organic matter are
separated from heavier soil particles. This pounding action destroys the soil structure. A hard crust often
forms when the soil dries. This crust inhibits water infiltration and plant establishment, and runoff and
future erosion are thereby increased. Splash erosion is closely related to raindrop size. Large raindrops
have a much greater impact than small raindrops.

Sheet erosion—Sheet erosion is caused by shallow "sheets" of water flowing over the soil surface
(Fig. 2.4). These very shallow moving sheets of water are seldom the detaching agent, but the flow transports
soil particles that have been detached by raindrop impact. The shallow surface flow rarely moves as a
uniform sheet for more than a few feet before concentrating in the surface irregularities (VSWCC, 1980).

Rill erosion—Rill erosion begins when shallow surface flow starts to concentrate in low spots in the
soil surface (Fig. 2.4). As the flow changes from sheet flow to deeper flow in these low areas, the velocity
and turbulence of flow increase. The energy of this concentrated flow is able to both detach and transport
soil particles. This action begins to cut tiny channels called rills. Rills are small but well-defined
channels that are at most only several to several tens cm deep (VSWCC, 1980).

Gully erosion—Gully formation is a complex process that is not fully understood. Some gullies are
formed when runoff cuts rills deeper and wider or when the flows from several rills come together and
form a large channel. Gullies can enlarge in both uphill and downhill directions. Water flowing over the
headwall of a gully causes undercutting. In addition, large chunks of soil can fall from a gully headwall
in a process called mass-wasting. This soil is later carried away by storm water runoff. A heavy rain can
transform a small rill into a major gully almost overnight (Reader, 1975; Goldman et al., 1986). Figure 2.5
shows the rills being developing into gullies due to rainstorm erosion. Once a gully is created, it is very
difficult to stop it from growing, and it is costly to repair.

N
N\
LN

o
.
~

\:\\

N

DN
~

N

Raindrop _—
erosion

Sheet erosion

Rill and gully—=— D
erosion -

Channel erosion

Fig. 2.4 Types of water erosion
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Fig. 2.5 Rills developing into gullies due to rainstorm erosion

Channel erosion (bank erosion)—Channel erosion occurs when bank vegetation is disturbed or when
the volume or velocity of flow in a stream is increased. Natural streams have adjusted over time to the
quantity and velocity of runoff that normally occur in the watershed. The vegetation and rocks lining the
banks are sufficient to prevent erosion under these steady-state conditions. However, when a watershed is
altered by removing vegetation, by increasing the amount of impervious surfaces, or by paving tributaries,
stream flows are changed also. Typical changes are an increase in the peak flow during storms and an
increase in stream velocity. The changing flow may scour the banks and causes bank collapse, as shown
in Fig. 2.6. Repair of eroded stream banks is difficult and costly. Erosion often occurs at stream bends and
at constrictions, such as those where bridges cross a stream. Erosion may also begin at the point where a
storm drain or culvert discharges into a stream. In the section with hardened banks the flow scours the
channel bed and causes channel incision.

Fig. 2.6 Channel erosion and collapse of vegetative banks and hardened banks on the Charlooze River in Iran, which
was caused by floods (See color figure at the end of this book)
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2.1.2.2 The Principal Factors Affecting Water Erosion
Principal factors affecting erosion are climate, soil characteristics, topography and ground cover.
Climate—Climate affects erosion potential both directly and indirectly. In the direct relation, rain is
the driving force of erosion. Raindrops dislodge soil particles, and runoff carries the particles away. The
erosive power of rain is determined by rainfall intensity (inches or millimeters of rain per hour) and
droplet size. For example, Meyer (1971) reported that where annual rainfall is 760 mm, raindrop impact
energy over a 2.6 km” area is equivalent to nearly 10,000 tons of TNT annually. Table 2.1 shows the kinetic
energy of rainfall of various intensities. The table shows that 6 mm raindrops falling from a cloudburst
have over 2,000 times as much kinetic energy per unit time as a drizzle with 1-mm raindrops. A highly
intense rainfall of relatively short duration can produce far more erosion than a long-duration storm of
low intensity. Also, storms with large raindrops are much more erosive than misty rains with small droplets.
Though yearly rainfalls over 2,540 mm commonly occur in the Pacific northwest of the U.S., storms in
that area tend to have low intensity with a very fine droplet size, and, thus, erosion is not severe (Gray
and Leiser, 1982; Lull, 1959).

Table 2.1 Kinetic energy of rainfalls of various intensities and droplet sizes (after Gray and Leiser, 1982; Lull, 1959)

Rainfall I(rrlrtlf:ll/sﬁg (ﬁlve[lzljéigr Fall(;/rit/lscity Dr(gizsr ]:ii;; - Ki?ftﬁfﬁg &
(mm) drops/ (m*-s)

Fog 0.127 0.01 0.003 67,425,135 5.896*107
Mist 0.051 0.1 0.213 27017 1.159%107
Drizzle 0.254 0.96 4.115 151 2.160
Light rain 1.016 1.24 4.785 280 11.632
Moderate rain 3.81 1.60 5.700 495 61.896
Heavy rain 15.24 2.05 6.706 495 342.537
Excessive rain 40.64 2.40 7.315 818 1,087.011
Cloudburst 101.6 2.85 7.894 1,216 3,165.584
Cloudburst 101.6 4.00 8.900 441 4,025.210
Cloudburst 101.6 6.00 9.296 129 4,388.617

The indirect relation between climate and erosion is subtle. The yearly pattern of rainfall and temperature
by and large determines both the extent and the growth rate of vegetation. As will be seen later, vegetation
is the most important form of erosion control. Climates with relatively mild year-round temperatures and
frequent, regular rainfall (as in the southeastern the U.S. and the British Isles) are highly favorable to
plant growth. Vegetation grows rapidly and provides a complete ground cover, which protects the soil
from erosion. A cleared land can be greened easily if the revegetation is properly done.

In erosive areas the cycle of soil freeze and thaw exacerbates soil erosion. Soil particles and rocks may
be detached because water in the pores and interstices of rocks swell as it is frozen. Figure 2.7 shows the
soil erosion caused by soil freeze and thaw in the Xizhao Gully on the Loess Plateau in China. The rocks in
the area are formed in Tertiary material and are loosely bonded. Water penetrates into the rock interstices
and breaks the rocks when it is frozen. The erosion rate of rocks in the area is as high as 2-10 mm per year.

The Sierra Nevada, Cascade Range, and dry climates, such as the vast desert areas of the southwestern
United States and the Loess Plateau in the northwestern China, are far less favorable for plant growth,
and, thus, are much more susceptible to erosion. In each of those climatic extremes, the natural vegetation
requires a very long period of time to become established. It lives in a fragile balance with its environment.
Because the climate is so harsh, it is very difficult to reestablish any plant cover that is disturbed. Rainfall is
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Fig. 2.7 Soil erosion caused by freeze and thaw in the Xizhao Gully on the Loess Plateau of China

very infrequent in deserts; but when it does occur, it is typically very intense. Erosion rates often are high
because there is little ground cover to protect the soil. In cold climates the growing season is very short.
Plant reestablishment is a difficult and costly process. Even with the best of efforts, success cannot be
assured (White and Franks, 1978).

Seil Characteristics—The following four soil characteristics are important in determining soil erodibility:
@ texture; @) organic matter content; @) structure; and @ permeability. Soil texture refers to the sizes
and proportions of the particles making up a soil. Sand, silt, and clay are the three major classes of soil
particles. Soils high with sand content are said to be coarse-textured. Because water readily infiltrates
into sandy soils, the runoff, and consequently the erosion potential, is relatively low. Soils with a high
content of silts and clays are said to be fine textured or heavy. Clay, because of its stickiness, binds soil
particles together and makes a soil resistant to erosion. However, once the fine particles are eroded by
heavy rain or fast-flowing water, they will travel great distances before settling. Typically, clay and fine
silt particles will settle in a large, calm water body, such as a bay, lake, or reservoir, at the down stream
end of a watershed. Thus, silty and clayey soils are frequently the worst water polluters. Soils that are
high in silt and fine sand and low in clay and organic matter are generally the most erodible (Mills and
Clar, 1976; VSWCC, 1980).

Organic matter consists of plant and animal litter in various stages of decomposition. Organic matter
improves soil structure and increases permeability, water-holding capacity, and soil fertility. Organic matter
in an undisturbed soil or in mulch covering a disturbed site reduces runoff and, consequently, erosion
potential. Mulch on the surface also reduces the erosive impact of raindrops. Mulching can accelerates
re-establishment of grass vegetation. Figure 2.8(a) shows straw mulch placed on an area disturbed in the
construction of a rain garden in the Marquette University campus. Two weeks late the grass re-established
itself through the straw, as shown in Fig. 2.8(b).

Soil structure is the arrangement of soil particles into aggregates. A granular structure is the most
desirable one. Soil structure affects the soil's ability to absorb water. When the soil surface is compacted
or crusted, water tends to run off rather than infiltrate. Erosion hazard increases with increased runoff.
Loose, granular soils absorb and retain water, which reduces runoff and encourages plant growth. Soil
permeability refers to the ability of the soil to allow air and water to move through the soil. Soil texture
and structure and organic matter all contribute to permeability. Soils with high permeability produce less
runoff at a lower rate than soils with low permeability, which minimizes erosion potential. The higher
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(@ (b)
Fig. 2.8 (a) Mulching with straw on a disturbed rain garden in the Marquette University campus, the U.S.; (b) two
weeks late the grass re-established itself through the straw

water content of a permeable soil is favorable for plant growth, although it may reduce slope stability in
some situations.

By identifying erodible soil types early in the planning process, the site planner can know what
portions of the site require the most diligent erosion control efforts. Mulching and vegetating exposed
soils and minimizing the area of exposure of highly erodible soils are effective techniques for preventing
soil movement. Sediment control structures, such as sediment basins, that prevent sediment from being
washed off sites may also be necessary, since some soil movement is inevitable.

Topography—Slope length and slope steepness are critical factors in erosion potential, since they
determine in large part the velocity of runoff. The energy (and, thus, the erosive potential) of flowing
water increases with the square of the velocity. Long, continuous slopes allow runoff to build up
momentum. The high velocity runoff tends to concentrate in narrow channels and produce rills and
gullies. The shape of a slope also has a major bearing on erosion potential. The base of a slope is more
susceptible to erosion than the top, because runoft has more momentum and is more concentrated as it
approaches the base. Constructing a convex slope magnifies this problem, whereas a concave slope
reduces it. Leaving a relatively flat area at the base of a slope not only reduces erosion but also allows
sediment from the upper portions of the slope to settle out.

Slope orientation can also be a factor in determining erosion potential. In northern latitudes, south-facing
slopes are hotter and drier than other slope orientations. In drier climates, vegetation is sparser on such
slopes and reestablishment of vegetation there may be relatively difficult. Conversely, northern exposures
tend to be cooler and moister; but they also receive less sun, which results in slower plant growth.

Ground cover—The term "ground cover" refers principally to vegetation, but it also includes some
other surface structures placed by nature and humans (such as mulches, jute netting, wood chips, and
crushed rock). If the soil consists of some flake shape particles the particles may form a tile structure to
protect the soil against splash erosion. Figure 2.9(a) shows tile structure on the slope in the Xiaojiang
River basin in southern China, where the rate of water erosion is extremely high.

It is no doubt that vegetation is the most effective form of erosion control. No man-made products can
approach it in long-term durability and effectiveness. Vegetation shields the soil surface from the impact
of falling rain, slows the velocity of runoff, holds soil particles in place, and maintains the soil's capacity
to absorb water. Figure 2.9(b) shows the role of vegetation in protecting the soil from erosion in a
mountainous area in central China. The role of vegetation and the dynamic interaction between vegetation
and erosion are discussed in detail in the following section.

61



River Dynamics and Integrated River Management

(@ (b)
Fig. 2.9 (a) Tile structure on the slope in the Xiaojiang River basin in southern China; (b) Vegetation cover protecting
the soil from various erosion (See color figure at the end of this book)

2.1.3 Grain Erosion and Control Strategy

Grain erosion is a unique type of erosion that occurred intensively in the dry valleys in Yunan, especially
in Sichuan after the Wenchuan Earthquake, which occurred at the Longmenshan fault on May 12, 2008,
in China. Grain erosion is defined as the phenomenon of breaking down of bare rocks under the action of
sun exposure and temperature changes, detachment of grains by wind, flow of grains down the slope
under the action of gravity, and accumulation of eroded material at the toe of the mountain forming a
deposit fan. The grains, 0.1-200 mm in diameter, jump and hit against the mountain slope surface and
cause detachment of slope debris or rock surface, which results in further erosion. Bare rocks were cause
by avalanches, landslides, and human activities. Grain erosion of bare rocks is much (100-1000 times)
more intensive than shattering erosion. Rock fall, bank failure, avalanche and landslide resulted in bare
rocks in mountainous areas, especially the mountainous areas experiencing riverbed incision. Human
activities, such as highway construction and mining, also cause bare rocks. Mass movements triggered by
the Wenchuan Earthquake have left a huge area of bare rocks (Wang et al., 2009b). Erosion of rocks has
been occurring in the form of grain detachment and movement. The erosion is extremely intense. A
surface layer of 3-50 cm of the bare rocks has been eroded one year after the earthquake.

The grain particles are removed from the parent rocks by wind or tremors, and they roll, slide, or saltate
down and scour the slope like a water flow, then accumulate at the toe of the mountain and form a deposit
fan. It is difficult to classify such a type of erosion into weathering, shattering erosion, slope erosion,
wind erosion, or gravity erosion. Different from other erosion types the solid particles have rather uniform
size and the detachment and movement are generally in single grain or multiple grains. Thus, such a type
of erosion is named grain erosion and the flow of grains on slopes is named grain flow.

Grain erosion also occurred before the Wenchuan Earthquake in dry valleys with poor vegetation. Dry
valleys have two unique features, which may be used as diagnostic characteristics: @ deeply incised valley
on a plateau; and @ significantly higher temperatures and evaporation rates and lower precipitation
than the surrounding area on the plateau. The Jinsha River valley (upper Yangtze River), the upper Minjiang
River valley, and the Xiaojiang River valley are dry valleys. The Xiaojiang River is a small tributary of
the Jinsha River in Yunnan Province. Rockfalls, avalanches, slope slumps, small scale landslides, or
human activities resulted in bare rocks on slopes in the dry valley. Grain erosion has been occurring on
the bare rocks for more than ten years. The problem was not given paid much attention before the
Wenchuan Earthquake because the area of grain erosion was small.
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In general a grain erosion site consists of three parts: grain erosion surface at the top, grain flow
section in the middle, and a deposit fan at the toe of the slope, as shown in Fig. 2.10 (Wang et al., 2009b).
The rock surface of grain erosion has a slope angle in the range of 45°—60°. There is no vegetation on the
erosion surface. The detached particles roll or flow through a section, which has a slope angle of about 40°.
The deposit fan has an angle of about 35°, which is equal to the angle of repose of the granular material.

In the grain flow section the particles rolled and jumped down the slope. At each step a particle hit
against the slope material, thus, the grain flow scoured the slope to form a channel. The channel has an
angle of about 40° and the channel bed consists of relatively uniform sediment. Occasionally, particles
fall onto the grain flow section from the grain erosion surface and initiate numerous particles rolling and
saltating along the “path”. Sometimes a layer of grains flows down the section, during which most of the
particles slide and roll. The grain flow cuts the slope and forms a flume-like granular movement path.

Figure 2.11(a) shows a 2 m deep channel of a grain flow section on the bank of the Xiaobaini Ravine
(a tributary of the Xiaojiang River), which is about 50 m long with a slope of 42°. Figure 2.11(b) shows
several grain erosion sites along the Minjiang River near Wenchuan. Avalanches induced by the Wenchuan
Earthquake have left many bare rocks along the Minjiang River. Intensive grain erosion has been occurring,
especially in the dry season from March to June in 2009. The grains are much finer than the avalanche
deposit. A part of the grain erosion deposit has been carried away by the river flow. Figure 2.11(c) shows
a grain erosion site on the north bank of the upper Jiangjia Ravine, which provided a lot of loose solid
material for debris flows. Figure 2.11(d) shows the vegetation damaged by grain erosion and grain flow
along Jiuzhai Creek, which is a famous tourist attraction because of its beautiful landscape and vegetation.
The grain flow section is 800 m long. The lithology consists of limestone and the grains generated from
the erosion have a mean diameter of about 10 cm. The grains jump down the slope and hit against the
trees. Most trees on the grain flow path have been killed.

~ V> Grain erosion surface
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Fig. 2.10 Schematic diagram of a grain erosion site

Grain erosion has caused flying stones that have injured humans. Most of the highways in western
Sichuan province are constructed along rivers. People have repaired or reconstructed highways that were
damaged or destroyed by the earthquake. All highways were reopened before the one year anniversary of
the Wenchuan earthquake. Nevertheless, due to the continual grain erosion, particles with a diameter from
1 cm to 20 cm roll and saltate down the slope potentially falling on cars and humans. The authors of this
paper have witnessed that the windshield of a car was broken and the driver was seriously injured by a flying
stone. Grain erosion has caused many highways to become so called “flying stone sections”, especially

63



River Dynamics and Integrated River Management

the highway along the Minjiang River. The highway managers have hired many people to monitor the flying
stones and issue warning signals. The highways are occasionally closed because of these flying stones.

Grain erosion provides plenty of solid materials for mass movements. The deposit fans consist of
uniform and loose solid materials and have high slope. Rainfall with an intensity of more than 20 mm/day
triggers mass movements of the grains. These mass movements behave like debris flows but the distance
of movement is, however, much shorter than normal debris flows, and in general travel distance is only
several tens to one hundred meters. With water in the interstices of particles, which plays the role of
lubrication, the grains move down the slope to streams or highways. Such a mass movement is called slope
debris flow. The slope debris flow carries a lot of grains into rivers or deposits the grains on highways,
causing blockage of highway transportation or local sedimentation on the riverbed. Figure 2.12(a) shows
slope debris flow sediment deposited on the highway along the Mianyuan River. A rainfall of intensity of
47 mm/day initiated the slope debris flow, which carried sediment from the grain erosion deposit fan for
a short distance from the high slope to the highway. The highway transportation was cut off for a few
months by numerous slope debris flows. The angle of the debris flow deposit was about 15 degrees,
much higher than normal debris flow deposit. A lot of grain erosion occurred along the Minjiang River.
Figure 2.12(b) shows that a grain erosion deposit caused local sedimentation in the Minjiang River and
changed the flow regime. The aquatic ecosystem was impacted by the sedimentation. Fish and benthic
invertebrates lost their habitat due to the sedimentation.

© (d)
Fig. 2.11 (a) Grain flow in the Xiaobaini Ravine scoured the bank slope to form a 2 m deep 42° slope channel; (b)
Several grain erosion sites along the Minjiang River near Wenchuan; (c) Grain erosion on the north bank of the
upper Jiangjia Ravine, in Yunnan, China; (d) Grain flow on the slope of Jiuzhai Creek, which has killed many trees
(See color figure at the end of this book)
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@ (b
Fig. 2.12 (a) A slope debris flow sediment deposit on the highway along the Mianyuan River; (b) Grain erosion
deposit causing local sedimentation in the Minjiang River

Grain erosion occurs as a result of expansion and contraction due to temperature change and
breakdown of rocks under the action of sunshine. The new bare rocks are very vulnerable to erosion.
Without the protection of vegetation cover or a layer of soil on the surface, bare rocks are acted on by the
radiation from the sun and temperature change. The exposure to weathering and the cycle of expansion
during the day and contraction in the night causes fissures and breaks down the rocks. Figure 2.13(a) shows
cracking bare limestone due to exposure to weathering and temperature change along the Mianyuan River.
The limestone is fragile and a surface layer about 10 cm thick was broken. The surface layer of the rock is
further broken down into grains. Wind or tremors caused the grains to roll down the slope. Figure 2.13(b)
shows a layer of grain erosion deposit covering an avalanche deposit fan along the Minjiang River near
Wenchuan. The grain erosion occurred on granite rock and the grains are generally finer than the grains
in limestone areas. The grains are very uniform in size with a median diameter of about 1 cm. As a
comparison the avalanche deposit beneath the grain layer is much more non-uniform consisting of stones
of several meters and fine particles less than 1 mm. Because the grains from grain erosion are uniform in
size and regular in shape people have mined the grains for building materials at some grain erosion sites
with access to transportation facilities.

(a) (b)
Fig. 2.13 (a) Bared limestone is cracked and broken down due to insolation and temperature change; (b) A layer of
grain erosion deposit covered on an avalanche deposit fan on the Minjiang River near Wenchuan
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Grain erosion has occurred mainly in granite, limestone, and metamorphic rocks. The grains produced
due to grain erosion in the limestone area was relatively coarse with diameter between 10-200 mm, grains
in the granite area were finer with diameter between 5-30 mm; while in the metamorphic rock area the
grain diameter varied in a large range from 0.1-300 mm. Figure 2.14 shows the size distributions of grain
erosion deposits from the Minjiang River (granite rock), Jiuzhai Creek (limestone), and Xiaojiang River
(phyllite rocks), in which GE represents grain erosion. Minjiang 1 and Minjiang 2 are two grain erosion
sites along the Minjiang River near Wenchuan. Jiangjia and Dabaini Ravines are two tributaries of the
Xiaojiang River. As a comparison the size distributions of landslides on the Shiting and Qingzhu Rivers,
which are not far from Mianyang, are shown in the figure as well. The two landslides were triggered by
the Wenchuan earthquake and caused thousands of casualties. The range of the size distributions of solid
particles in the landslide deposits has 6 orders of magnitude from 0.01 mm to 10 m, whereas the grain
erosion deposit has diameters within 2 orders of magnitude for granite and limestone and 3 orders of
magnitude for metamorphic rocks. Relatively uniform grain size and lack of large stones are common
features of grain erosion which is much different from those of landslides and avalanches.
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Fig. 2.14 Size distributions of grain erosion deposits (GE represents grain erosion)

Exposure to weathering is the main agent for grain erosion, which may be proved by the following
phenomena. The rocks on the Minjiang River became bare after the avalanches on May 12, 2008 triggered
by the earthquake. Until early March 2009, grain erosion along the Minjiang River occurred only at
several sites with limited areas. From March to June, the Minjiang River experienced the strongest sun
exposure and driest season. During this time grain erosion developed very quickly with the area of grain
erosion almost doubled. In general, the grain erosion on the south-facing bank of rivers is much more
intense than that on the north-facing bank. Figure 2.15 shows the grain erosion on the south-facing bank
and rill erosion (water erosion) on the north-facing bank of the Chaging Gully along the Xiaojiang River.
The lithology (phyllite) and rainfall on the two banks are the same but the sun exposure on the north-facing
bank is much weaker than on the south-facing bank, therefore, grain erosion occurs on the south-facing
bank and water erosion occurs on the north-facing bank. These phenomena prove that sun exposure
weathering is the most important agent for grain erosion.

Shattering erosion is mainly caused by freeze-thaw cycles and has very different characteristics. It was
found that north-facing slopes have more intense erosion than south-facing slopes in semiarid northeastern
Arizona canyons (Burnett et al, 2000; Halsey et al, 1998).
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(b)
Fig. 2.15 Grain erosion occurs on the south-facing bank (a) while rill erosion (water erosion) occurs on the north-facing
bank (b) of a small stream (See color figure at the end of this book)

A surface layer of bare rocks was broken down into grains due to sun exposure and temperature
change. Over time a certain thickness of the surface layer of the rocks has been broken down into grains.
Wind detached the grains from the rock and triggered grain flow. The amount and size of grains removed
by wind is a function of wind speed. An experiment was done to study the relation of the amount and
size of grains blown down with wind speed. Because grain erosion occurs at quite high elevations or on
dangerous cliffs in the earthquake area, the experiment was done in the Xiaojiang River basin where
grain erosion occurs on relatively small mountains. The lithology at the experiment sites is metamorphic
rock consisting mainly of phyllite. The grains of a surface layer of rocks were blown down with bellows
and batteries, which were transported to the mountain slopes along the Chaqing Gully by donkeys. The
wind speed was measured with a rotational wind velocity meter. The bellows had a square nozzle of
10x10 cm®. A Blast of wind with a maximum speed of 20 m/s acted on the bare rock surface and the
grains blown by the wind were collected with a bag and weighed with a balance. For each experiment an
area of 1 m’ of the bare rock surface was acted on by the wind at a given wind speed for 10 min. Figure 2.16
shows the experimental results.

As shown in Fig. 2.16(a) the amount of grains blown down by wind in the four experiments had a
consistent relation with wind speed and was proportional to the fourth power of wind speed. The size of
the largest grain blown down from the bared rock was proportional to the wind speed (Fig. 2.16(b)), that is:

E =RU*; D,=RU 2.1
in which U is the wind speed (m/s), Ej is the amount of the grains blown down by wind per time per
square meter of bare rocks (g/min'm?), and D,, is the diameter of the largest grain blown down by wind
in (mm), R is a constant and is equal to 0.00625, R, is a constant and is equal to 1.0. A wind with a
speed of 20 m/s blew 1 kg of grain per minute away from one square meter of the bare rock with a
maximum grain size of 20 mm. The bellows used in the experiment can only generate winds of speeds
equal to or less than 20 m/s. In the gully, however, natural winds of maximum speed over 35 m/s were
measured with the wind velocity meter. The amount and size of grains blown down by wind can certainly
be larger than those from the experiment.

The amount of grains blown down by wind depends on the wind speed and also on the cumulative time
of weathering before the wind. In the experiment a wind speed of 20 m/s continued for 40 minutes, and
the amount of grains blown down by the wind per time reduced with time, as shown in Figure 2.16(c).
Four measurements, each lasting 10 minutes, were made during the experiment of wind acting on 1 m’
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for 40 minutes. At the same wind speed the amount of grains blown down by wind per time reduced from
1,000 g/m’min in the first 10 minutes to only 100 g/m*min in the fourth 10 minutes because after the
grains on the top surface were removed the remaining grains were not readily detached from the rock. No
general laws for the size of largest grains blown down by wind were found. It seems that the grain size
increased from 20 mm to 45 mm, and, then, it reduced to about 25 mm as shown in Fig. 2.16(d).
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Fig. 2.16 (a) Amount of grains blown by wind from 1 m? of rock surface per time as a function of the wind speed;
(b) The largest grain size blown by wind as a function of wind speed; (c) Reduction with time of the amount of grains
blown down by wind from 1 m? of rock surface per time in consecutive experiments; (d) Variation of the largest size
of blown grains in consecutive experiments (Wang et al., 2010)

The rate of grain erosion blown by wind per area per time in Fig 2.16 represents a high instantaneous
rate of grain erosion. The annual rate of grain erosion, however, depends on the frequency of high speed
winds, rate of sun weathering, and the action of temperature change. In general, the bare rock may be
eroded by several to several tens of centimeters per year, depending on the lithology, location, local
weather, and winds. As shown in Fig. 2.13(b) the depth of the grain erosion deposit on the avalanche
deposit fan, which could be easily identified by its uniform size, was measured with a scale at two or
three places. The average depth of the grain erosion deposit multiplied by the surface area of the fan was
the volume of grains eroded from each grain erosion site in the past year. The area of grain erosion of the
bare rock surface was measured with laser range meters, which have a maximum error of 1m. The bare
rock surfaces were generally larger than 100 m in length and width, therefore, the maximum relative error
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was less than 1%. The rate of grain erosion of rocks was obtained by dividing the volume of grains over
the surface area of bare rock. The same measurement was also performed for 9 grain erosion sites in the
Xiaojiang River basin. The rate of grain erosion of bare rocks along on the Minjiang River was between
3 to 53 cm/yr, with an average rate of grain erosion of about 17 cm/yr. The rate of grain erosion in the
Xiaojiang River basin was only 1.1-4.6 cm/yr, with an average rate of about 2.8 cm/yr (Wang et al., 2010).
The rate of grain erosion in the earthquake area was much higher than in the Xiaojiang River basin
because the bare rocks in the earthquake area were fresh. The rate of grain erosion will gradually reduce
if even no control strategies are taken. Compared with the shattering erosion the rate of grain erosion was
more than 1000 times higher.

Studies have been devoted to the particle movement in the grain flow section and strategies have been
suggested to control the grain flows (Wang et al., 2007a,b,c; Xu et al., 2007). The proposed control
strategies were engineering measures for protection of highways, such as concrete sealing, protection
walls, and removing grain deposits with machines (Xu et al., 2007). These strategies are aimed at
controlling the movement of grains rather than controlling the erosion on the bare rocks. Nevertheless,
grain flow control is not essential for mountain hazard control. If the grain erosion is not controlled any
grain flow control structure will finally fail to control grain flow. Thus, essentially no control has been
achieved. Moreover, some engineering measures worsened the damage to highways (Sun et al., 2006).

The essential cause of grain erosion is devegetation and exposure of bare rocks to weathering and
temperature change. Therefore, an essential strategy to control erosion is revegetation. Several studies
have been done on the interactions between moisture, lithobiontic organisms, and rock weathering. Some
researchers simply assumed that the organic weathering replaces inorganic processes and paid attention
to the rates of bioerosion while little attention was paid to the role of erosion control played by a particular
species (Naylor et al., 2002). Only a few studies have attempted to identify bioprotection of lichens
during weathering processes recently (Carter and Viles, 2003, 2005). Yet there is little consensus over
whether rates of lichen-mediated weathering are slower than rates of a abiotic weathering of otherwise
identical rock surfaces (Lee, 2000). In fact, epilithic organisms can tremendously change microclimate.
The canopy temperature of cushion vegetation in the Alps could be 27°C and relative humidity could be
98%, while the air temperature is 4°C and relative humidity is only 40% (Korner 2003). Scientists also
conducted field experiments and concluded that the epilithic lichen retains moisture and reduces thermal
stress on the surface of limestone effectively (Carter and Viles, 2003).

It was found from field investigations that if a thin layer of lichen and moss grow on the rock surface,
the weathering and temperature change are mitigated and cannot directly act on the rock, and no grain
erosion occurs. The bare rock experienced grain erosion. Wind with a speed of 20 m/s from the experimental
bellows blew down more than 9 kg of grains in 10 minutes from 1m’ of rock surface. When the same
wind acted on another rock surface, on which there was a thin layer of moss and lichen, however, no grains
were blown down. The moss and lichen layer was only about 1 mm thick, but it effectively protected the
rock from the direct action of sun and temperature change.

An experiment was done at Xiaomuling, which is a grain erosion site along the Mianyuan River.
Spores of five moss species were collected from local and neighboring areas and mixed with a clay
suspension. The clay material was collected from fine sediment deposits on the floodplains of the Mianyuan
River and the clay particles were finer than 0.01 mm. The concentration of clay suspension was 265 kg/m’.
The collected sporophyls were smashed with a machine. The clay suspension had a certain concentration
of the smashed sporophyls to have a sufficient amount of spores per liter of clay suspension. The
experimental plots were more than 100 m high above the Mianyuan River. Local farmers were hired to
carry the clay suspension with moss spores up to the mountain and pour down the suspension onto the
bare rock surface at several plots.
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Several rainstorms occurred after the experiment. Rain washed a part of the clay suspension down to
the lower part of the bare rock, which helped to spread the moss spores to a large area of the rock surface.
Figure 2.17(a) shows the grain erosion site at Xiaomuling on the Mianyuan River. Figure 2.17(b) shows
the clay suspension layer with moss spores. Two moss species had germinated on the rock surface after one
month of the experiment. Two months later the experimental plots had become green with a thin layer of
moss growing, as shown in Fig. 2.17(c). Because rainstorms spread the clay suspension to the lower part
of the rocks, the area of greened rock surface was larger than the rock surface with clay cover at the
beginning of the experiment. Only two species of moss: Rhizomnium sp. and Grimmia sp. successfully
germinated on the rock surface. Both of the species were collected from local vegetated rocks.

@ (b) ©
Fig. 2.17 (a) Grain erosion site at Xiaomuling on the Mianyuan River, Sichuan; (b) Clay suspension with moss spores
was splashed on the Xiaomuling grain erosion rock; (c) Two months later the rock surface was green and grain
erosion was controlled (See color figure at the end of this book)

Selection of moss species is important for the success of the vegetation restoration. However, the clay
suspension with moss spores must be poured onto the top part of the local bare rock. If only a lower part
of the bare rock is covered with clay suspension and it is revegetated, while the grain erosion on the upper
part continues, the grains falling from upper part may destroy or bury the newly greened lower rock
surface. The grain erosion rock surfaces in the Minjiang River valley are rather high and very dangerous for
humans to climb up. Helicopters may be used to pour the clay suspension with moss spores onto the top
of the bare mountains in order to quickly control grain erosion and revegetate the bare mountains.

2.2 Vegetation

2.2.1 Various Vegetations

Generally, vegetation affects the fluvial process and the development of the drainage network, including
the channel incision process. In the past century human activities have resulted in deforestation in many
countries. Extensive loss of vegetation cover in the watershed can decrease infiltration and increase runoff,
leading to higher flood peaks and additional runoff volume. Where reduced cover increases overland
flow and reduces infiltration, additional water may flow more rapidly into stream channels, producing a
more “flashy” stream system. Reductions in base flow and increases in storm flow can result in a formerly
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perennial stream becoming intermittent or ephemeral. Restoration of vegetation in the watershed has
become one of the main tasks of management of the river ecosystem.

Basically, vegetation development needs water, soil, and suitable temperatures. In nature, vegetation
develops almost everywhere, on the mountains and in river valleys, even deserts and glaciers. Figure. 2.18(a)
shows the vegetation on the glacier near Banff in Canada. The trees may grow in only 1-2 months in
summer, when the soil temperature is over 0°C. Most of the trees have an age over 1,000 years although
the trunk diameter of the trees is only several tens of centimeters. Figure 2.18(b) shows the trees in the
Sinai Peninsula in Egypt, where the climate is very dry and rain several years.

(b)
Fig. 2.18 (a) Vegetation in the glacier near Banff in Canada. Most of the trees have an age over 1,000 years; (b) Trees
in the Sinai Peninsula in Egypt, where the climate is very dry and rain several years

Development of the vegetation cover in mountainous or hilly areas depends on the local climate,
precipitation, soil texture, parent material, topography, soil erosion, types of land-use, and human
activities. Among them, soil erosion is the most important natural factor and human activities are the
most vital non-natural factor affecting the vegetation. Kosmas et al. (2000) studied the effect of land
parameters on vegetation and erosion on the island of Lesvos, Greece. The island is divided into
semi-arid and sub-humid zones. Low rainfall combined with high evapotranspiration demands in the
semi-arid zone has significantly affected vegetation performance and the degree of erosion.
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Vegetation cover increases with increasing rainfall and soil depth. In the area with insufficient soil, the
thickness of the soil layer determines the average height of vegetation. Essentially, the weight of the
roots of a plant and the soil grasped by the roots must be greater than the weight of the over ground part
of the plant. Figure 2.19 shows the vegetation on the north part of Taihang Mountain in the northern China.
This area is covered mainly with dolomite limestone. The rock is weathered mainly by dissolution by
rainfall containing CO,. In the process no granular material is produced. Therefore, there is a thin layer
of soil on the mountain and poor vegetation may develop in this area.

: :
Fig. 2.19 There is a very thin layer of soil on the north part Taihang Mountain in the northern China. Only a few
species of shrubs can grow in this area, and, thus, the vegetation is poor

In many places, human activities have completely or partly changed the vegetation. According to the
extent of impact of human activities the vegetation may be classified into primitive vegetation, reforested
vegetation, and domestic vegetation. Primitive vegetation, such as virgin forest, has not been disturbed
by human activities. The floral community usually consists of complex species composition. Most of the
primitive vegetation in the world has been destroyed by forest fire, logging, and other natural disasters
and human activities. There are only several plots of primitive vegetation in high mountainous areas.
Figure 2.20 shows a primitive forest in the Jiuzhai basin in western Sichuan, China.

¥’ A il o ad

Fig. 2.20 Primitive vegetation in the Jiuzhai basin in western Sichuan, China

72



2 Vegetation-Erosion Dynamics

Reforested vegetation—To accelerate development of new vegetation humans plant trees in mountainous
areas throughout the world. The dominant species of wood are planted by humans, which consist of a few
selected species; but the under-story community develops under the natural conditions and consists of
local species, which results in a complex system of reforested vegetation. Figure 2.21 shows an example
of the reforested vegetation in Calcutta, India. The woods were planted by humans but the lower layer of
the vegetation consists of shrubs, grasses, and liana developed naturally. In general, reforested vegetation
conforms to the natural environment and it may sustain if humans discontinue the artificial disturbance.

Fig. 2.21 Reforested vegetation in Calcutta, India. The wood was planted by humans but the lower layer of the
vegetation consisting of shrubs, grasses, and liana developed naturally

Domestic vegetation is a different concept from reforested vegetation. In the process of urbanization,
various plants have been planted and acclimated to beautify people’s living environment. Thus, domestic
vegetation has developed around cities. Such kinds of vegetation have adjusted to the human stresses
(irrigation, pesticides, wind protection, etc.) and it will not sustain if humans discontinue management.
This is a phenomenon of yield. Of course, a crop field is a kind of domestic vegetation. Figure 2.22
shows the domestic vegetation around a living area planted to beautify the environment in Sharm El
Shrek on the Sinai Peninsula in Egypt. There is almost no rain in the areas and the vegetation relies on
irrigation by humans. The water is desalinized seawater from the Red Sea.

Fig. 2.22 Domestic vegetation around a living area in Sharm EI Shrek on the Sinai Peninsula in Egypt, for which a
sprinkler system distributes desalinized seawater from the Red Sea
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Vegetation succession is defined as the process of an initial pioneer suite of plants established in the
early stage of colonization of bare land, which consists mainly of herbaceous species that require high
amounts of light, being replaced gradually by a suite of plants, which consists of woods, shrubs, and
grasses that tolerate low light or closed canopy situations. There are four types of vegetation succession
associated with river management, i.e. (D reforestation of forests removed by different stresses, such as
logging, forest fire, and volcanic eruption; @) colonization and development of the plant community on land
newly created by sedimentation, such as bars or islands in a river channel; ) vegetation development on
blown sand dunes with humans disturbance; and @ vegetation development on landslide and avalanche
deposits. Figure 2.23 shows a vegetation succession from a pioneer suite consisting of lichen and grasses
(a), to a suite consisting of shrubs and grasses (b), and finally to a complex suite consisting of woods,
shrubs and grasses (c) on the Yunnan-Guizhou Plateau in southwestern China.

Riparian vegetation—While watershed vegetation affects the long-term development of the river
network, riparian vegetation exerts more direct and short term effects on the degradation and aggradation
of the river channel. Riparian vegetation may be defined as the vegetation growing on fluvial surfaces
that are inundated or saturated by the dominant or bank-full discharge (Hupp and Osterkamp, 1996).
Woody vegetation may be removed or damaged by degrading channel processes, and, in turn, may
substantially ameliorate degrading conditions and play a critical role in the initiation and character of
channel recovery processes. Most floodplains, riverine wetlands, river channel banks, and in-channel
features potentially support riparian vegetation; only terraces with flood return intervals exceeding about
3 years do not typically support riparian assemblages (Nilsson et al., 1989). Intact riparian zones are
recognized as critical features in the landscape for maintenance of biodiversity. They are 'the most
diverse, dynamic, and complex biophysical habitats on the terrestrial portion of the Earth' (Naiman et al.,
1994). In temperate areas, the riparian zone supports more species of plants than any other habitat. In
western North America, riparian zones comprise less than 1% of the total land area, yet 80% of terrestrial
vertebrate species are dependent upon them for at least part of their life cycle (Miller et al., 1995). In
North America and Europe, more than 80% of riparian corridors have disappeared in the last 200 years
(Naiman et al., 1992). Because channel incision promotes the development of terraces that are infrequently
flooded, incision potentially has a substantial role in altering, damaging, or destroying much of the
riparian zone world-wide.

Watershed vegetation—Vegetation in a watershed is the most important factor affecting surface runoff
and soil erosion. Vegetation and erosion are a couple of competing and mutually interacting aspects of a
watershed. In the northern part of the Loess Plateau of China, the vegetation hardly develops because the
extremely high rate of erosion tears away the topsoil, on which the vegetation relies. In areas with
vegetation, such as the upper reaches of the Yangtze River, erosion damages and destroys the vegetation
and scars the land surface. Erosion causes not only soil loss but also loss of water and nutrients. Kosmas
et al. (1998) found that under semi-arid climatic conditions water vapor adsorption by the soil could be more
than the water received from rainfall. They measured that from February to August. 1996, a total amount
of 226 mm of water vapor was adsorbed by the soil, while the total rainfall was only 179 mm in the same
period. Soil erosion reduces this adsorbed water, which is important for vegetation development. The total
organic carbon in soil is about 1,550 billion, plus 1,200 billion of C in oil, gas, and coal (Schapenseel and
Pfeiffer, 1998). On average, the world’s rivers annually transport about 0.5 billion tons of organic carbon
to the oceans. This transport, in general, is equally distributed between dissolved and particulate fractions
of the river load (Spitzy and Ittekkot, 1991). A significant fraction of the transported carbon is finally
oxidized and emitted into the atmosphere. A principal off-site environmental impact is due to the disruption
of the global carbon cycle, resulting in an erosion-induced efflux of about 1.14 billion t/yr from soil to
the atmosphere (Lal and Kimble, 1998). The influence of the efflux on the climate is considerable.
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Fig. 2.23 Vegetation succession from a pioneer suite consisting of lichen and grasses (a), to a suite consisting of
shrubs and grasses (b), and finally to a complex suite consisting of woods, shrubs and grasses on the Yunnan-Guizhou
Plateau in southwestern China (c)

Vegetation control erosion—Vegetation is the most effective form of erosion control and it is also
self-healing. Vegetation reduces erosion by (D adsorbing the impact of raindrops, @ reducing the velocity
and scouring power of runoff, @) reducing the runoff volume by increasing the percolation into the soil,
@ binding soil with roots, and ® protecting the soil from wind erosion (Goldman et al., 1986). On the
Loess Plateau of China the Wangjiagou Gully has a well-established forest that has trapped sediment and,
therefore, the gully bed has risen 5 m in 120 years (Li, 1993). Investigations into many small watersheds
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on the Loess Plateau demonstrate that 40% vegetation cover may reduce the soil erosion by 62%, and
54% vegetation cover may reduce erosion by 80% (Li and Zhang, 1997). A study indicates that the soil
erosion the Loess Plateau is inversely proportional to the density of the vegetation cover. The sediment
yield reduces to nearly zero if the forest cover is higher than 60% (Wang and Wang, 1999).

Estimating rate of erosion with vegetation—Vegetation may be used for estimation of the erosion
rate. Rill and gully erosion are the main patterns of upland erosion. It is estimated that more than 60% of
sediment yield results from rill and gully erosion. The rate of rill and gully erosion can be estimated by
the following method: select newly eroded rills or gullies on slopes with vegetation, as shown in Fig. 2.24.
The trees on the banks of the gully are very useful for the erosion estimation. Tree-ring sampling is
performed to estimate the age of plants on the gully banks and the depth of the gully erosion is measured
directly from the tree elevation to the gully bed. The rate of the gully erosion may be calculated by dividing
the depth of the gully by the age of the plants. This method is based on the assumption that vegetation and
rills or gullies develop on the slope simultaneously, and the plants grow up while the rills and gullies erode.

W ol et e

e rate of gully erosion (See color figure at the end of this book)

Fig. 2.24 Trees on the gully banks used to estimate th

Modeling of vegetation development—Many efforts have been made to model vegetation dynamics.
Svirezhev (1999) studied the development of vegetation patterns (grass or forest) under climatic and
anthropogenic stresses. Three fundamentally different approaches to the solution of the problem have
been proposed. The first one is based on the assumption that climatic factors such as temperature,
precipitation, etc., are the factors which best define the allocation of different plant communities around
the world. The approach has been used to investigate the geographical distribution of the main biomes
under prospective climatic changes at a global scale (Monserud et al., 1993). The second approach is
based on the description of physiological growth processes and their dependence on local climatic
parameters, and it mainly operates with the global carbon cycle. The third approach is an attempt to
apply dynamic models using either mathematical ecology or mathematical evolutionary genetics.
Introducing p(x,y,?) and g(x,y,t) =1- p to represent the probabilities of the vegetation pattern being forest
and grass, respectively, Svirezhev (1999) presented a simple model to calculate the probability of the
vegetation of an area being grass or forest.

Maley and Brenac (1998) analyzed the pollen record from the Lake Barombi Mbo and found that the
vegetation is naturally dynamic with pollen concentration varying from 1,000-50,000 per gram of deposit
following climate change and other stresses. Pedersen (1998) introduced a conceptual model of the process
of tree mortality responding to ecological stresses. To simulate short and long-term stresses the model
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predicts changes in tree vigor. The results also suggest a mechanism by which short-term environmental
stresses affect tree physiology prior to death. Mulligan (1998) examined the impact of climatic variability
on hydrology and vegetation cover using the PATTERN ecosystem model. An examination of the
variability of soil erosion which results from this variable hydrology and vegetation cover indicates the
temporally erratic nature of erosion events, the tendency for most erosion to occur during infrequent
extreme events, and the dynamic response of erosion to climatic variability. The results also indicate the
dependence of erosion on the type of vegetation cover and vegetation response to climatic variability.
Thornes (1985) proposed a model of the geomorphologic process considering the rate of change of
vegetation. The differential equations of vegetation and erosion are coupled and the influence of wild
animals is modeled.

2.2.2 Ecological Stresses on Vegetation

Ecological stress—While the vegetation harmonizes itself with the environment, it suffers various ecological
stresses. Ecological stress is defined as any kind of disturbance, natural or non-natural, on the vegetation
development, which may change the vegetation cover or affect the evolution process of vegetation. Soil
erosion is the most important natural ecological stress and human activities are the non-natural ecological
stress. Conversely the development of vegetation cover affects the soil erosion with the interaction,
following a law of dynamics. For a watershed, vegetation and erosion may reach an equilibrium state if
the circumstances remain unchanged for a long period of time.

Generally speaking, vegetation suffers from various ecological stresses, including erosion, forest fire,
drought, windstorm, grazing, air pollution, logging, acid rain, and reforestation. Human activities, including
mining, road construction, logging, and reforestation, exhibit the most direct, and in many cases, the
strongest ecological stresses on the vegetation. Drought is the most potent natural ecological stress
reducing the vigor of vegetation, which may eventually cause mortality of vegetation because most of the
dead trees experienced vigor reduction prior to mortality. Bussotti and Ferretti (1998) studied the impact
of air pollution on a forest in Europe and found that air pollution reached the concentration likely to have
adverse effects on forest vegetation. Ozone has been proven to cause foliage injury in a variety of native
forest species in different countries. Obvious declines of vegetation related to environmental factors are:
(@ the deterioration of some coastal forests due to the action of polluted sea spray; @) the deterioration
of reforestation projects, especially conifers mainly due to the poor ecological compatibility between
species and site; and 3 the decline of deciduous oaks due to the interaction of climate stresses and pests
and diseases. Catastrophic wind causes damage and fall of trees. Clinton and Baker (2000) studied the forest
tree-fall due to storms and pit and mound topography resulting from catastrophic wind in the U.S. Wind
has caused large-scale forest disturbance.

Natural stresses—Among the many natural ecological stresses that disturb structure and functions of
vegetation are erosion, drought, storm, floods, hurricanes, tornadoes, fire, lightning, salinization of soil,
volcanic eruptions, earthquakes, insects and disease, landslides, temperature extremes, and grazing. For
instance, erosion damages the vegetation on the slope of the Yunnan-Guizhou Plateau of China (Fig. 2.25(a));
salinization of soil may kill the shrubs, grass, and trees (Fig. 2.25(b)); and an earthquake induced landslide
destroyed the vegetation on the Jiufener Mountain in Taiwan, China in 1999 (Fig. 2.25(c)); insects killed
trees (Fig. 2.25(d)); a heavy snow broke trees and almost killed a forest on the Zhangjiajie Mountain
(Fig. 2.25(e)); and a forest fire cleared the vegetation in the upper reaches of the East River watershed in
Guangdong Province in southern China (Fig. 2.25(f)). For the latter case most of the roots are still alive
and new vegetation is quickly developing.

Natural disturbances are sometimes agents of regeneration and restoration. Certain species of riparian
plants, for example, have adapted their life cycles to include the occurrence of destructive, high-energy
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disturbances, such as alternating floods and droughts. In general, riparian vegetation is resilient. A flood
that destroys a mature cottonwood forest also commonly creates nursery conditions necessary for the
establishment of a new forest (Brady et al., 1985), thereby increasing the riparian system.

(@ (b)

Fig. 2.25 Various natural stresses on vegetation: (a) Soil erosion damages the vegetation on a slope of the
Yunnan-Guizhou Plateau of China. (b) Soil salinization has resulted in the mortality of shrub vegetation on the Yellow
River delta; (c) An earthquake-induced landslide destroyed the vegetation in Taiwan, China in 1999; (d) Insects
killed trees; (e) Heavy snow broke trees on Zhangjiajie Mountain; and (f) A forest fire cleared the vegetation in the
upper reaches of the East River in southern China (See color figure at the end of this book)

Human-induced ecological stresses are exerting ever-increasing impacts on vegetation. The human-
induced stresses include land use change, agriculture, urbanization, air pollution, sewage and industrial
waste contamination, husbandry, logging, reclamation, mining, road construction, and afforestation.
Figure 2.26 shows the effect of mining (a), road construction (b), agriculture (c), and husbandry (d) on
vegetation.
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(©) (d)
Fig. 2.26 (a) Effect of quarrying on vegetation. To mitigate the effect of quarrying on the vegetation workers
transport soil to the quarry face and plant grasses to green the quarry; (b) Road construction causing forest damage;
(c) Farmers reclaim the slope land for agriculture and some trees have been removed; (d) Goats eat buds and leaves
of shrubs, intense grazing impairs vegetation

Mining—Exploration, extraction, processing, and transportation of coal, minerals, sand and gravel,
and other materials have had and continue to have a profound effect on vegetation. Surface mining
methods include strip mining, open-pit operations, placer mining, and hydraulic mining. Such mining
activity has frequently resulted in destruction of vegetation. In some cases today, mining operations still
disturb most or all of entire watersheds. Mining can often remove large areas of vegetation at the mine
site, transportation facilities, processing plant, tailings piles, and related activities. Reduced shade can
increase water temperatures enough to harm aquatic species. Loss of cover vegetation, poor-quality water,
changes in food availability, and disruption of migration can have serious effects on terrestrial wildlife.
Species composition may change significantly. Transportation, staging, loading, processing, and similar
activities cause extensive changes to soils including loss of top-soil and soil compaction. Direct
displacement for construction of facilities reduces the number of productive soil acres in the watershed,
as does covering of productive soil by materials such as tailings. These activities decrease infiltration,
increase runoff, accelerate erosion, and increase sedimentation

Water and soils are contaminated by acid mine drainage (AMD) and the materials used in mining.
Acid mining drainage, formed from the oxidation of sulfide minerals like pyrite, is widespread. Many
hard rock mines are located in iron sulfide deposits. Upon exposure to water and air, such deposits
undergo sulfide oxidation with attendant release of iron, toxic metals (lead, copper, zinc), and excessive
acidity. Mercury was often used to separate gold from the ore; therefore, mercury was also lost into
streams. Present-day miners using suction dredges often find considerable quantities of mercury still
resident in streambeds. Current heap-leaching methods use cyanide to extract gold from low-quality ores.
This poses a special risk if operations are not carefully managed. Toxic runoff or precipitates can kill
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streamside vegetation or can cause a shift to species more tolerant of mining conditions. This affects
habitat required by many species for cover, food, and reproduction.

Farming—An obvious human stress disturbing vegetation is the conversion of natural areas to farmland,
resulting in the removal of native riparian and upland vegetation. Producers often crop as much productive
land as possible to enhance economic returns; therefore, native vegetation is sacrificed to increase arable
acres. As the composition and distribution of vegetation are altered, the interactions between vegetation
structure and function become fragmented. Vegetation removal can result in sheet and rill as well as gully
erosion, reduced infiltration, increased upland surface runoff and transport of contaminants, increased
soil erosion, unstable stream channels, and impaired habitat.

Agricultural drainage, which allows the conversion of wetland soils to agricultural production, lowers
the water table. Tile drainage systems concentrate ground water discharge to a point source, in contrast to
diffuse natural discharges. Subsurface tile drainage systems and drainage ditches constitute a landscape
scale network of disturbances. Underground water supplies have diminished at an alarming rate in the
areas surrounding cities and towns. These practices have eliminated or fragmented habitat.

Tillage and soil compaction interfere with the soil’s capacity to partition and regulate the flow of water
in the landscape, increase surface runoff, and decrease the water-holding capacity of soils. Tillage also
often aids in the development of a hard pan, a layer of increased soil density and decreased permeability
that restricts the movement of water into the subsurface. This results in changes in surrounding vegetation.
Pesticides and nutrients (mainly nitrogen, phosphorous, and potassium) applied during the growing
season can leach into ground water or flow in surface water, either dissolved or adsorbed to soil particles.

Logging—Vegetation is a key factor influencing the bio-communities of the watershed. Forest thinning
includes the removal of either mature trees or immature trees to provide more growth capability for the
remaining trees. Final harvest removes mature trees, either singularly or in groups. Both activities reduce
vegetative cover. Tree removal decreases the quantity of nutrients in the watershed since approximately
one-half of the nutrients in trees are in the trunks. In stream nutrient levels can increase if large limbs fall
into streams during harvesting and decompose. Conversely, when tree cover is removed, there is a
short-term increase in nutrient release followed by long-term reduction in nutrient levels. Logging of
trees can reduce availability of cavities for wildlife use and otherwise alter the biological system as the
tree cover is removed. Loss of habitat for fish, invertebrates, aquatic mammals, amphibians, birds, and
reptiles can occur. Removal of topsoil, soil compaction, and equipment and log skidding can result in
long-term loss of productivity, decreased porosity, decreased soil infiltration, and increased runoff and
erosion. Soil disturbance by logging equipment can have a direct physical impact on habitat for a wide
variety of amphibians, mammals, fish, birds, and reptiles, as well as physically harm wildlife. Loss of
cover, food, and other needs can be critical. Sediment produced for logging areas can clog fish habitat.

Husbandry—Vegetation is stressed by husbandry, or grazing of domestic livestock, primarily cattle
and sheep. Grass vegetation is particularly attractive to livestock. Unless carefully managed, livestock
can overuse these areas and cause significant disturbance. The primary impacts that result from grazing
of domestic livestock are the loss of vegetative cover due to its consumption or trampling from the
presence of livestock. Reduced vegetative cover can increase soil compaction and decrease the depth of
and productivity of topsoil. Reduced cover of mid-story and over-story plants decreases shade and
increases water temperatures.

Trampling, trailing, and similar activities of livestock physically impact soil moisture content by
compaction, varying markedly with soil type and moisture content. Very dry soil is seldom affected, while
very wet soils may also be resistant to compaction. Moist soils are typically more subject to compaction
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damage. Compaction of soils by grazing animals can cause increased soil bulk density, reduced infiltration,
and increased runoff. Loss of capillarity reduces the ability of water to move vertically and laterally in
the soil profile. Reduced soil moisture content can reduce site capacity for lowland plant species and favor
upland species. Excessive trailing can result in gully formation and eventual channel extension and migration.
Unmanaged grazing can significantly impair vegetation. Figure 2.26(d) shows trees damaged by the goats.
Heavy husbandry impairs vegetation.

Recreation—The amount of impact caused by recreation depends on soil type, vegetation cover,
topography, and intensity of use. Various forms of foot and vehicular traffic associated with recreational
activities can damage riparian vegetation and soil structure. All-terrain vehicles, for example, can cause
increased erosion and habitat reduction. At locations, reduced infiltration due to soil compaction and
subsequent surface runoff can result in increased sediment loading to a stream (Cole and Marion, 1988).
Both concentrated and dispersed recreation can cause disturbance and ecological change. Camping, hunting,
fishing, boating, and other forms of recreation can cause disturbances to vegetation and bird colonies.
Motorcycles and horses cause far more damage to vegetation and trails than do pedestrians.

2.2.3 Classification of Stresses

The degree of vegetation development may be represented by the coverage of trees and shrubs, the
thickness of vegetation (height of trees shrubs and grasses) and the vigor of the trees, biomass per unit
area, and age and health of the plants. In the view of controlling erosion, binding soil with roots and
shelter of plants are a highly effective function of vegetation, therefore, the mass of the plant roots per
unit area and cover of vegetation are meaningful parameters. However, the mass of plant roots is difficult
to measure and the measurement may damage the plants. Thus, the density of vegetation cover (vegetation
cover for simplification) and vigor typically are applied to represent the state of vegetation development.
The vegetation cover is defined as the percentage of the area with trees and shrubs in the entire area. The
vigor of trees is dynamic responding to the impact of various stresses and is an important indicator if the
instantaneous state of the vegetation is studied.

Long-term stresses—Ecological stresses, natural or human-induced, can be classified into: (D long-term
stresses, such as erosion, air pollution, and grazing; @ short-term stresses, such as drought, pests and
diseases, and acid rain; and @) instant stresses, such as a volcano eruption, forest fire, logging and wind
storms. Vigor reduction and mortality of vegetation may result from short-term stress (e.g., drought) acting
on trees that have been predisposed to injury by long-term ecological stresses (e.g., air pollution).

Long-term ecological stresses, for instance, the stress resulting from air pollution can be mathematically
expressed by:

A, =a,Po, +a,Po, +a,Po; +... 2.2)
In which Po,, Po,, and Poj; are the concentrations of pollutant 1, pollutant 2, and pollutant 3; and a;, a,,
and a; are impact factors of the pollutants on the vegetation. Here long-term implies the period during
which the present vegetation developed.

Short-term stress, such as drought, impacts the vegetation temporarily (one year or several years) but
more intensively.

p="—" (2.3)

in which P is the precipitation in a year, and P, is the vegetation water demand. The vegetation water
demand can be estimated by using an ecological method or a hydrologic method. The former calculates
the water demand according to the plant species of the vegetation. The later assumes that the vegetation

81



River Dynamics and Integrated River Management

water demand is proportional to the soil water received from precipitation, which equals the ~ long-term
average precipitation minus the average runoff depth. If the precipitation is more than the vegetation
water demand, the stress is positive and vegetation growth and vigor will be promoted. If drought occurs,
the stress is negative and the vegetation will suffer.

Instant stresses—For the instant ecological stress, a step function 4(¢) and an impulse function 5(¢)
are applied and given as follows

0 i 0
A(t°):{1 it >4, @4

and

ot,) =

dA(rO)_{O for t#1, 25)

de 1 for =4,

The instant ecological stresses can be mathematically expressed with the S-function.

Jo =K 0(1y) (2.6)
in which K, is a coefficient representing the reduction of vegetation due to the instant stress occurring at
time #. For instance, the eruption of the Mount St. Helens volcano in the U.S in 1980 exerted an
extremely high but instant stress on the forest vegetation of more than ten thousand square kilometers of
the neighboring area. The forest vegetation cover was totally destroyed and the area was changed into
bare mountains and hills. Figure 2.27 shows the bare hills 13 years after the eruption of the volcano. The
vegetation had not recovered yet after a long period of time. This process can be then, without consideration
of other stresses, simply be described by the equation:

Y __k_ 51980 2.7)

inst

in which V is the vegetation cover; ¢ is time, K,y = 0.8 yr’l because the vegetation was about 0.8 before
the eruption and it was totally destroyed by the eruption of the volcano. After integration the vegetation
process is obtained
0.8  Dbefore 1980
V)=
0.0 after 1980

The stress resulting from logging can also be expressed by an impulse function. For instance, the
vegetation cover of the Xiaojiang watershed on the Yunnan-Guizhou Plateau of China was reduced by
5% due to logging in 1958. People cut the trees and burned the wood for iron and copper production. The
stress on the vegetation is then

f, =K, 0(1958) 2.8)
in which Kiuy = 0.05 yr . The ecological stress by catastrophic wind can be expresses in the same way.

Reforestation has become the artificial ecological stress with the most positive influence. Usually it is
a continuous effort and is expressed with a continuous function. Assume the rate of the reforestation is
maintained at V(7), the stress is then

F. =V, (t) (2.9)
Of course, the recently planted trees do not behave immediately like mature trees. But as long as the
reforestation is continuously maintained, and the trees planted in the past years grow up, the expression
by Eq. (2.9) of the stress resulting from reforestation is correct.

Mortality and vigor stresses—Ecological stresses are classified into mortality stresses and vigor stresses
for modeling of the dynamic process. The watershed vegetation has the following ecological functions:
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control of soil erosion-including rainfall and surface runoff erosion and wind erosion; habitat, and primary
productivity. For instance, the roots and fallen leaves from the shrubs and grass on the Maousu Desert in
Northwestern China result in surface crusting of the sand dunes, which protects the desert from wind
erosion and fixes the sand dunes. In general, the ecological function of vegetation depends on the density
of vegetation cover and the vigor of vegetation.

Fig. 2.27 The mount St. Helens Volcano erupted in 1980 and destroyed the forest vegetation cover. The picture was
taken in 1993. The mountains and hills of the area were still bare 13 years after the eruption of the volcano

The ecological functions of vegetation are a function of vegetation cover, vigor, and functional index:
- £
F=V.v, (2.10)

in which F = functional capability of vegetation, "= fraction of vegetation cover, V, = vigor of vegetation,
& = the functional index. The value of & is different for different ecological functions. The functions of
wind erosion control, habitat, and primary productivity depend highly on the vigor of vegetation, and the
value of ¢ is large. In this case both vigor stress and mortality stress are important. For rainfall and
surface runoff erosion, however, vegetation controls the erosion mainly by its root system, in which the
vigor of vegetation plays a less important role, and the value of & is small. In this case, the mortality
stresses are mainly considered and vigor stresses are omitted.

Vegetation is composed of trees, shrubs, and grass, which may overlap with each other. In hilly areas,
the roots of grass are not as strong as those of tree forests to resist flowing water and protect gully banks
and the overland slope from erosion. The vigor of vegetation may be represented by the density of
foliage and branches, the biomass production per unit area, or age and health of the plants. It can be
measured by the ratio of the seasonal biomass production per area to the biomass production of the
vegetation subjected to no stresses. The vigor reduces to zero if the vegetation is impaired, and dies
because of ecological stresses. Compared with vegetation cover, the vigor of vegetation is much more
dynamic and always fluctuates under the impacts of ecological stresses.

Mortality stress is defined as the stresses directly causing mortality of vegetation. Volcano eruption,
forest fire, and logging are mortality stresses. Debris flow and landslide, in some cases, also cause
mortality.
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Vigor stress is defined as the stresses causing only vigor reduction. Drought, pollution, grazing, insects
and diseases, windstorm, and flooding are a few examples of vigor stresses. Drought is the most
important vigor stress. If the vegetation suffers continuing drought the vigor of the vegetation may greatly
reduce or even reduce to zero. Under the action of vigor stresses, vegetation will adjust itself to fit the
stressed environment. If the vigor stresses are strong and impact the vegetation for a long time, the vigor
of the vegetation may reduce to zero. If the stresses are removed before the vegetation perishes, the
impaired vegetation can recover in a short period of time. The capability of self-healing is termed
resilience. The vegetation in warm and wet area exhibits high resilience because the precipitation,
climate, and soil favor quick vegetation recovery.

The following theorems describe vigor stresses:

(1) The vigor of vegetation is represented by the parameter V, which varies in the range of 1 to 0.
V,=1 implies the perfect function of vegetation in photosynthesis, erosion control, providing habitat and
primary productivity for the bio-community, wind reduction, interception of dust and raindrops, increasing
percolation into the soil, etc., and V,=0 represents death of the trees and zero ecological functions.

(2) Vigor of vegetation reduces if vigor stresses act on the vegetation, i.e., V,<l. The vegetation may
recover if the stresses are removed.

(3) The speed of vigor recovery depends on the structure of vegetation, or on the resilience of the
vegetation. The resilience 7, is a function of the composition of the species of the vegetation, the climate,
precipitation, and the soil composition.

(4) If vigor stresses act on the vegetation for a long period of time the vigor of vegetation may reduce
to zero, which results in mortality.

Both mortality and vigor stresses are negative because they cause reduction of vigor or death of
vegetation. Reforestation and nursing enhances the cover and vigor of vegetation, and is a positive stress.
They are not included in the mortality and vigor stresses.

In some cases, the vegetation has developed under very harsh ecological conditions and the development
has taken a long period of time under no external stresses. The resilience of such a vegetation is usually
very low or zero. Any strong stress, vigor stress or mortality stress, acting on the vegetation may kill the
vegetation. Such a kind of vegetation is called vulnerable vegetation. For instance, the forest in the glacier
near Banff in Canada and the trees in Sina; Peninsula in Egypt, shown in Fig. 2.18, cannot recover if the
vegetation is destroyed by a forest fire or logging.

The grassland on the Qinghai-Tibet Plateau of China has developed over quite a long period of time
because the temperature and precipitation are low. A part of it was damaged by human harvesting of
medicinal herbs (roots of the grass). It could not recover even if the stresses are reduced or removed. In
the Maousu Desert in northwest China, people have stopped the motion of sand dunes by planting straw
and dry grass to form a framework, as shown in Fig. 2.28(a). Planting shrubs in the desert is not a
difficult job, but to assist the shrubs to survive wind storms is not so easy. Figure 2.28(b) shows the
human care for protection of shrubs to resist wind. After a long period of time the human efforts have
resulted in nice vegetation cover on the desert, as shown in Fig. 2.28(c). After a long period of
continuous effort the dunes are greened by grass and shrubs and a surface crust has formed on the desert,
which can resist against wind erosion. Nevertheless, the vegetation is vulnerable. If any stress by human
activities damages the vegetation, it cannot recover by natural processes. Human and animal traffic can
damage the crust. If the sand dunes are moved by wind, the vegetation can be quickly destroyed, as
shown in Fig. 2.28(d).
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(d)
Fig. 2.28 (a) In the Maousu Desert in northwestern China, people have stopped the motion of sand dunes by planting
straw and dry grass to form a framework; (b) Protection of shrubs to resist wind; (c) A nice vegetation cover has
developed on the desert; and (d) A surface crust formed on the desert, which can resist against wind erosion. Human
and animal traffic can damage the crust
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2.3 Vegetation-Erosion Dynamics

Vegetation-erosion dynamics is a new interdisciplinary science, studying the laws of evolution of watershed
vegetation under the action of various ecological stresses (Wang et al., 2003a). Different from other
stresses, soil erosion not only impacts the vegetation but also is affected by the vegetation. Vegetation and
erosion are a pair of competing and mutually interacting aspects of a watershed. In nature, the development
of vegetation cover and variation of soil erosion affect each other, following a dynamic law. For a watershed,
vegetation and erosion may reach an equilibrium state if the circumstances remain unchanged for a long
period of time, as shown in Fig. 2.29. However, the equilibrium may not be stable. Ecological stresses,
especially human activities, may disturb the balance and initiate a new cycle of dynamic processes.

Fig. 2.29 Vegetation and erosion may reach an equilibrium state, if the circumstances remain unchanged for a long
period of time (See color figure at the end of this book)

The vigor of trees is dynamic responding to the impact of various stresses and is an important indicator
if the instantaneous state of the vegetation is studied. For the functions of wind erosion control, habitat,
and primary production of vegetation, both the vegetation cover and vigor are important and must be
considered in any dynamic model. For rainfall and runoff erosion control, vigor is not important and only
the vegetation cover need be studied and modeled.

2.3.1 Differential Equations

The vegetation cover is a function of the mortality stresses, soil erosion, and human activities. Different
from other stresses, soil erosion not only impacts the vegetation but also is affected by the vegetation. In
sediment engineering, erosion usually is quantitatively represented by E, the rate of sediment eroded
from a unit area per year. In general, the existing vegetation favors vegetation development due to the
effects of canopy cover providing shadow and propagation of mature vegetation, but erosion destroys the
vegetation cover. Therefore, the rate of change of vegetation is proportional to the vegetation but inversely
proportional to the erosion rate. The dynamics of the vegetation under the action of ecological stresses is
described by the following differential equation:

%=aV—cE—Km§(t0)+VR @2.11)

Where V is the fraction of vegetation cover, and a and ¢ are parameters, the third term on the right
hand side represents the mortality stresses which are usually instant stresses. The fourth term Vg represents
the human stresses, which may be positive (reforestation) or negative (deforestation). In the equation, a is
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a parameter representing the effect of shadow and propagation with dimensions [time™'] and units (yr).
The value of a depends on the precipitation, soil, and species composition of the vegetation and must
be determined using field data. The parameter ¢ represents the damage to vegetation by erosion, with
dimensions [area/mass] and units (km%t). The value of ¢ depends on soil texture and the species
composition of the vegetation. If the soil is thin and erosion may seriously impair the vegetation, the
value of ¢ is large.

It must be noted that the erosion rate in the equation is a moving average value over a certain period of
time because the erosion rate fluctuates following rainfall and runoff, but the vegetation is affected by the
long-term action of erosion, which is represented by an average rate of erosion. For instance, the
averaging period may be 10 years, then the moving average value of the erosion rate is attributed to the
year in the center of the averaged range of years. For example, the average from the 1st to 10th year is
plotted at the 6th year, the value for the 7th year is the average from the 2nd to 11th year, and so on. E in
the equations is not a fluctuating parameter but a rather smooth function of time, as shown in Fig. 2.30.
The Anjiagou Gully located in Dingxi County of Gansu Province is in the watershed of the Donghe
River, which is a tributary of the Zuli River on the Loess Plateau of China. The annual runoff, the rate of
erosion, and the moving average rate of erosion over a 10-year period for the Anjiagou Gully are shown
in Fig. 2.30. The rate of erosion fluctuates with variation in runoff but the moving average of erosion
reflects only the trend of variation. The rate of erosion in Eq. (2.11) is the moving average value of
erosion but is still called the rate of erosion for convenience.
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Fig. 2.30 Variation of the annual runoff, the annual rate of erosion, and the moving average rate of erosion of the
Anjiagou Gully in Gansu Province, China

If K,6(t,), E, and V' are known as functions of time and the parameters a and c are determined, the
vegetation development under the action of the stresses can be determined. Nevertheless, the rate of erosion
E is usually not given because it depends, in turn, on the vegetation, therefore, one more equation is needed
to solve for V and E. Thornes (1985) proposed coupled differential equations for the vegetation-erosion
processes. The equation for erosion is applied and revised here by introducing the impact of human
activities on erosion:

& _pp-+E, @.12)
de
in which b and f are parameters to be determined with field data, Ey represents the impact of human
activities on erosion, including the increase of erosion due to mining, road construction, land-use change,
and agriculture; and the reduction of erosion by the application of soil conservation measures, such as
terrace field replacing slope tillage, structures controlling slope erosion, and sediment-trapping dams. The
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parameter b represents the effect of increasing erosion by removing topsoil in the process of erosion, and
the parameter f represents the effect of vegetation controlling erosion. Figure 2.31 shows that once the
top soil is removed the slope suffers from accelerating soil erosion in a red soil area in southern China.

Combining Egs. (2.12) and (2.11) the coupled differential equations for the vegetation-erosion interaction
under the action of ecological stresses are obtained as (Wang et al., 2003a)

d—V—aV+cE =—-K, 0@, +V,

:1; (2.13)
—-bE+ fV=E

” 1V =E;

In the equations, the dimension of patameter b is [1/time™'] with the units yr™', the dimensions of fand Ej
are [mass/(area-time?)] with the units of t/(km?yr®). The parameters a, ¢, b, and f are important and they
are functions of climate, precipitation, soil, topography, and morphology. For any watershed or area the
parameters can be determined by applying a trial and error method and using data on vegetation, erosion,
and human activities.

Fig. 2.31 A slope suffers from accelerating soil erosion because the top soil is removed in a red soil area in
southern China (See color figure at the end of this book)

The differential equations are non-homogeneous and linear and may be solved theoretically as follows:

V=ce™ +c,e™ + emlt_[ |:eM1temz’jem2’ (% ~bV, —cE, jdt} de (2.14)

- dE
E —¢, a—m et +e, a—m, e +em.tJ' |:ern.temztj'emzx (d_;_aEz _fVTjdt:| dr (2.15)
Cc

c

in which

Vr = _Kinsté‘(to) + VR} (2 16)

Er :ER

The exponents m,; and m, are given as follows:

m, = %[(cﬁb)i«/(a +b) —4(ab—cf)} .17

¢ and ¢, are integration constants to be determined by the boundary conditions. For any watershed if the
ecological stresses are known the vegetation and erosion processes can be theoretically described by
Egs. (2.14) and (2.15).
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It must be noted that the vegetation cover V in the differential equations is calculated in different
ways for different erosions because different erosions can be controlled by different types of vegetation.
Figure 2.32(a) shows that herbaceous vegetation on the Qinghai-Tibet Plateau completely controls splash
erosion and sheet erosion but does not control gully erosion. Figure 2.32(b) shows that herbaceous
vegetation in the Xiaojiang River basin on the Yunnan-Guizhou Plateau controls rill erosion. Figure 2.32(c)
shows that shrubs and trees in Lixian County on the Loess Plateau control gully erosion. Nevertheless,
not all erosion can be controlled by vegetation. Figure 2.32(d) shows that well developed complex vegetation
consisting of trees, shrubs, and grasses on the Chenyoulan River in Taiwan, China could not control bank
failure, which was caused by channel erosion during the flood on August 8, 2009. Several buildings fell
into the river and one building was suspended on the cliff.

Fig. 2.32 (a) Herbaceous vegetation on the Qinghai-Tibet Plateau controls splash and sheet erosions but not gully
erosion; (b) Herbaceous vegetation in the Xiaojiang River basin controls rill erosion; (c) Shrubs and trees on the Loess
Plateau control gully erosion; (d) Channel erosion caused bank failure on the Chenyoulan River in Taiwan, China
(See color figure at the end of this book)

In the differential equations, the vegetation cover, ¥, is the coverage ratio of vegetation consisting of
grasses for studying the vegetation-erosion dynamics in the Qinghai-Tibet Plateau because there is no
intensive gully erosion and rill and sheet erosions are the main type of erosion in the area. Whereas for
studying the vegetation-erosion dynamics in the Xiaojiang River basin, where gully erosion is intensive
and is the dominant erosion type, the value of V' in the differential equations is the vegetation cover of trees
and shrubs. Herbaceous vegetation is not counted in this case because grasses cannot control gully erosion.

2.3.2 Application of Vegetation-Erosion Dynamics
The vegetation-erosion dynamics model is first applied to the Loess Plateau and Yunnan-Guizhou Plateau
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in western China. The Anjiagou watershed is on the Loess Plateau with elevation in the range of 1,900—
2,250 m above the sea level, and has a drainage area of 9.06 km”. There are many gullies in the watershed
with a distribution density of 3.14 km/km®. The gullies are 30-50 m deep. The annual precipitation is
427 mm, of which 60% occurs in July, August, and September. The annual pan evaporation is 1,526 mm
and annual average temperature is 6.3°C. The soil is composed of gray desert soil, spodosol, and loamy
soil. The gully bed and gully slope are covered with halogenic soil. The rate of soil erosion was as high
as 10,000 t/(km*yr) and the vegetation cover was only 5.7% before the 1950s, when erosion control
projects were launched. The erosion control and reforestation of the watershed were performed in three
phases (Ye, 1986; Li, 1986; Zhang et al., 1986): (D From the mid 1950s to the mid 1960s, the local people
terraced the sloping farmland, and planted trees and grass on the bare hills and slopes. They constructed
4 sediment-trap dams in the late 1950s. @ From the mid 1960s to the late 1970s, the reforestation effort
was interrupted but the construction of terraced farm fields continued. &) From the late 1970s to the
1980s, reforestation was intensified and the construction of terraced fields continued. In the meantime, a
project of comprehensive watershed management was conducted to speed up the erosion control and
greening of the landscape. In the late 1970s, other 3 sediment-trap dams were completed.

Land-use change in the watershed was mainly to farmland, forest, and wasteland, among them farmland
was changed from sloped land to forest and terraced fields and the wasteland was greened into forest and
grassland. Data on land-use change, reforestation, rate of erosion, and the sediment amount trapped by
the dams during the period 1950-1990 were collected. The sediment trap dams raised the gully bed and
reduced the bed slope and bank slope. Even if the dams have been filled with sediment they still are
effective in stabilizing the slopes and promoting vegetation development. The area of reforestation by
planning trees, shrubs, and grass per year is divided over the total area of the watershed, yielding the
value of V.. The value of E_ consists of two parts: the reduction in erosion resulting from by changing
the sloped land into terraced fields and from sediment trap dams. The first part is calculated as the ratio
of the area of terraced fields each year to the total area of the watershed multiplied by the sediment-yield
per year. And the second part is obtained by taking the differential of the cumulative sedimentation curve
of the dams divided by the total area.

Because V. and E, are not constants and cannot be described with a simple mathematical function, the
solution, Egs. (2.14) and (2.15) cannot simply be applied, but rather Eq. (2.13) must be solved numerically.
The four parameters for the Anjiagou watershed were determined as follows:

a=0.001(1/yr), ¢=0.0000018(km?*yr), b=0.01(1/yr), f=400(t/(km>yr?)) (2.18)

For each parameter, a trial-and-error method was used to compare the computed result with the data.
The trial-and-error method was performed many times for every adjustment of each parameter until the
best-fitting value of the parameter was obtained. Because the vegetation cover ¥ is defined in the domain
[0, 1], and the erosion rate E is in the domain [0,°°), the value of vegetation cover is taken as V=0 if the
calculation yields /< 0; and V=1 if the calculation yields "> 1; and the erosion rate is taken as £ =0 if
the calculation yields £ < 0.

Figure 2.33(a) shows the computed and measured development process of vegetation cover and
Fig. 2.33(b) shows the variation of the rate of erosion for the Anjiagou watershed. The computed curves
closely follow the real processes, implying that the theoretic model is able to simulate the complex and
dynamic evolution processes of vegetation and erosion.

The Xiaojiang River is a tributary of the Yangtze River that begins on the northeastern Yunnan-Guizhou
Plateau of China. The elevation is in the range of 1,100-4,344 m above the sea level. Dongchuan City is
located in the middle and lower reaches of the river with a drainage area of 1,881 km?. It is located in the
semi-tropical zone with the average temperature over 20°C. The annual precipitation is 688 mm in the
middle and lower reaches and over 1,000 mm in the upper reaches. The drainage area has active tectonic
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motions and the rocks have been cut into small pieces. The area was covered with well-growing forest but
the forest cover was damaged due to copper mining and metallurgical industries over the past 400 years.
Erosion rates as high as 13,000 t/(km”yr) and debris flow occur very often in its 107 tributary gullies.
Because of soil erosion the vegetation cover deteriorated from more than 40% to less than 10% in the past
century. In the 1950s the vegetation cover was about 25% but deforestation and logging for the copper
and steel production in 1958 cut the vegetation by 5%. From that time the vegetation cover continued to
reduce due to the high rate of erosion. Since the late 1970s, however, people have made a great effort to
green the hills by reforestation but only limited results have been achieved. In the 1990s the reforestation
effort was intensified and the vegetation cover turned from reducing to increasing. The lead author of this
book has made field investigations in the area during the high erosion rate period in summer since 1998
and collected data on reforestation, land-use change, rate of erosion, and erosion control.
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Fig. 2.33 (a) Computed and measured development process of vegetation cover (¥) and (b) computed and measured
rate of erosion (E) for the Anjiagou watershed in China (Wang et al., 2003b)

The parameters a, ¢, b, and f were determined by applying a trial-and-error method for the Xiaojiang
watershed as follows:
a=0.03(1/yr), ¢=0.000005(km*yr), b=0.054(1/yr), =200 (t/(km*yr’)) (2.19)
The main ecological stresses on the vegetation are logging and reforestation. From the 1950s to 1970s
human activities exhibited minor influence on the vegetation and erosion, except for the intensive logging
reducing 5% of the forest cover in 1958. Since 1979 humans has reforested the hills at a rate of 1%
annually, and, in the meantime, humans has accelerated erosion, adding 60 t/(km’yr?) per year, due to
road construction, mining, and other activities. Such an impact is reinforced year by year. Thus, the
functions V,(¢) and E (¢) are:

V(1) = =K, 6(1958) +V, A(1979)e" ™

(2.20)
E (t)=E, A(1979)e""™"

in which Kipq = 0.05 yr', ¥, =001 yr', n = 0.1, E, = 60 (t/(km*yr’)), and A(1979) is the step
function with step at 1979. Substituting Eq. (2.20) into Egs. (2.14) and (2.15) the following theoretical
solution is obtained:

V. (n—d)—cE,
A(1958)+ A(1979)— >

inst i (2.21a)
(n—a)(n—-d)—cf

V() =ce™ +ce™ -K
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)= S Mem 1o, A7 ey a1979) e T T DE i
c c (n—a)(n—-d)—cf

in which ¢ is the time in years from the initiation of this study (1954 in this case) and ¢—¢, is the time from

1979, m, and m, are given by Eq. (2.17), and ¢, and ¢, are determined by the initial conditions.

The solution of the vegetation-erosion dynamics, given by Eq. (2.19), provides the evolution process of
vegetation and erosion, as shown in Fig. 2.34. The theoretical solution agrees well with the measured data.
The values of the parameters shown in Eq. (2.19) are for the Xiaojiang watershed and they are the climate,
soil, and morphology and are independent of the human caused stresses. Therefore, the values can be applied

(2.21b)

to sub-watersheds within the area, within which the climate, morphology, and soil composition are the same
but the human caused stresses may be quite different from those on the Xiaojiang watershed as a whole.
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Fig. 2.34 Theoretical solution for the variation of (a) vegetation (V) and (b) erosion rate (£) for the Xiaojiang
watershed in comparison with measured data (after Wang et al., 2003a)

The Heishuihe River is a tributary of the Xiaojiang River. It is 3.9 km long with drainage area of 9.94 km?.
In this watershed debris flow has occurred frequently and the erosion rate was high in the 1960s and 1970s.
The watershed was selected as a demonstration area of an intensive erosion control and reforestation
project. The vegetation cover was only 7.6% and the soil erosion rate was 7,243 t/(km®-yr) before 1978
when the intensive erosion control project started. The major strategies of the project were reforestation
and controlling erosion with check dams. The hills and slopes were reforested at a rate of 4% per year, and
the erosion rate was reduced by the construction of a series of dams by 650 t/(km?-yr) every year. After
20 years the watershed changed its landscape completely. The vegetation cover increased to 70% and the
erosion rate is reduced to less than 200 t/(km>yr).

The development of vegetation and variation of erosion can be described directly by the theoretical
solution of the vegetation-erosion dynamics, in which the values of a, ¢, b, and f are directly taken from
Eq. (2.19). The stresses are constant ¥, (¢) =0.04yr™", E_(¢) = —650 (t/km*yr®). In this case the stresses are

V.o=v,, E@O=E, (222)
Substituting Eq. (2.22) into Egs. (2.14) and (2.15), and integrating yields
V(t)=ce™ +ce™ - M (2.23a)
ab—cf
E(t)=c, L0 emt o LM g SV, rak, (2.23b)
c c ab—cf
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in which 7, =0.04 yr, E, =-650 t/km’yr’, and ¢, and ¢, are determined by the initial conditions:
V(t = 1978) = 0.076, and E(t = 1978) = 7,243 t/km’yr.

The values of the parameters a, ¢, b, and f'are the same as those given by Eq. (2.19) because the Heishuihe
watershed is in the watershed of the Xiaojiang River and the climate, morphology, and soil compositions
are the same. Equation (2.23) provides the theoretical solution of the vegetation and erosion processes, as
shown in Fig. 2.35. The theoretical curves agree well with the measurements. During the first 10 years
the vegetation cover developed slowly but the development accelerated during the second 10 years.
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Fig. 2.35 Comparison of the theoretical curves calculated with the same parameters as for the parent Xiaojiang
watershed with the real development process of (a) vegetation cover and (b) erosion rate for the Heishuihe watershed
(after Wang et al., 2003a)

Another example is the Shengou watershed near the suburbs of Dongchuan City. This small watershed
experienced extremely high rates of erosion and degradation of vegetation in the 1950s—1970s. Debris
flow damaged the farm fields and factories, and even invaded the downtown of the city many times. The
erosion rate was 8,000 t/km’yr and the vegetation cover was only 6% in the 1970s. The government launched
the erosion control and reforestation project in 1976. People constructed more than 200 check dams and
planted trees to green the hills at a rate of 4% per year. The erosion rate was reduced by 700 t/km’yr
every year. After 20 years the vegetation cover increased to 60% and the erosion rate reduced to less than
150 t/km’yr. No debris flow occurred anymore.

The ecological stresses and the solution of the vegetation-erosion equations are the same as those for
the Heishuihe watershed but only the values of the initial conditions and the coefficients of the stresses
are different, they are:

V(t=1976)=0.06, E(t=1976)=8,000 tkm’yr V, =0.04yr', E, =-700 tkm’yr’.

The values of the parameters a, ¢, b, and f are the same as those given by Eq. (2.19). Figure 2.36 shows
the comparison between the theoretical solution and the measurements. The agreement of the theory and
data proves again that the vegetation-erosion dynamics is a powerful tool for prediction of the vegetation
evolution of areas of known, regionally consistent climate, morphology, and soil composition. Again the
result shows slow development of the vegetation cover in the first 10 years but much faster development
in the second 10 years, implying the effort of reforestation and erosion control must be a long-term
strategy for effective improvement of the vegetation.

The agreement between the data and the theoretical curves proves that the parameters a, ¢, b, and fare
independent of the stresses and initial conditions. Once the parameters are determined for a watershed or
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an area, they can be directly applied to the sub-watersheds or neighboring areas with the same climate,
topography, soil, and vegetation composition.
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Fig. 2.36  Comparison of the theoretical curves calculated with the same parameters as for the parent Xiaojiang
watershed with the real development process of (a) vegetation cover and (b) erosion rate for the Shengou watershed
(after Wang et al., 2003a)

2.3.3 Vegetation-Erosion Chart
The vegetation-erosion chart is used to discuss the development trends of vegetation and erosion in the
case of no human-caused stresses. If the stress terms are zero, Egs. (2.14) and (2.15) can be rewritten as:
V'=aV —cE
(2.24)
E'=bE-fV

in which V'= %/,E '= ?Tt , which are expressed as functions of V" and E. V' and E' may be positive
or negative, therefore, the V—E plane: V €[0,1], E €[0,%) can be divided into three zones by the two
lines V'=0,E'=0, or

E=%y; g=Ly (2.25)
c b

If the values of a, ¢, b, and f'are known, the two lines are given by Eq. (2.25) and the vegetation-erosion
chart can be developed.

Figure 2.37 shows the vegetation-erosion chart for the Xiaojiang watershed, in which the values of a,
¢, b, and fare from Eq. (2.19). The three zones are:

Zone A: dV/dt < 0, dE/dt > 0. In this zone the vegetation cover is deteriorating and the erosion rate is
increasing. The larger the zone is, the more difficult for the vegetation to develop. The size of Zone A

depends on the value of max {g;g} , the larger the value, the smaller the zone.
c
Zone C: dV/dt>0, dE/dt<0. In this zone the ecological system is developing toward complete

vegetation cover and zero erosion rate. A large Zone C favors stable vegetation. The size of the zone

depends on the value of min {E;%} , the larger the value, the larger the zone. For a watershed in this
c

zone, a forest may be logged to a certain extent (not bringing the system over the lower line) and the
vegetation may recover after a period. The period of recovery depends on the ecological resilience.
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Fig. 2.37 Vegetation-erosion chart for the Xiaojiang watershed and its sub-watersheds (®- Xiaojiang watershed in
the 1990s; A- Heishuihe watershed in the 1998; M- Shengou watershed in the 1996) (after Wang et al., 2003a)

Zone B: dV/dt> 0, dE/d¢ > 0. In this zone the vegetation cover is in an unstable state. Both vegetation and
erosion are increasing. If erosion increases faster or human caused stresses lead to deforestation and erosion
continues to increase the ecological system may enter Zone A. If vegetation increases faster or human
controls are applied to erosion, such as reforestation of the hills the ecological system may enter Zone C.

The vegetation-erosion chart is exclusively resolved by the parameters a, ¢, b, and f, which are
determined by long-term measurement of the vegetation and erosion variation. The parameters are constant
and universal for the areas of the same climate, topography, soil, and vegetation compositions. If the
values of the parameters a and f are large, the system in most cases is in the Zone C developing toward
perfect vegetation. If the values of ¢ and b are large, the system in most cases is in Zone A developing
toward poor vegetation and high rates of erosion.

The three points in Fig. 2.37 indicate the state of the vegetation and erosion for the Xiaojiang watershed
and the Heishuihe and Shengou sub-watersheds. The ecological systems of the Heishuihe and Shengou
watersheds moved from Zone A to Zone C thanks to 20 years of effort of intensified reforestation and
erosion control. Now, they are developing toward perfect vegetation. Nevertheless, the Xiaojiang watershed
as a whole is still in Zone A and exhibits the development trend toward poor vegetation, which can offset,
to a certain extent, the human effort for improvement of the vegetation. The dashed curve in the figure
shows the suggested route for moving the system into Zone C. First, erosion control must be performed
to reduce the erosion rate by 60-80%, thus the system is moved into Zone B. Then the development

trend of />0 may support reforestation projects moving the system into Zone C. Erosion control is very
important in the area for re-vegetating the hills. Mere planting of trees and shrubs do not work well for
greening land subject to high erosion.

Similarly, the vegetation-erosion chart for the Anjiagou watershed on the Loess Plateau is prepared
using the values of the parameters given by Eq. (2.18), as shown in Fig. 2.38. There is no Zone B but
rather a Zone D, in which 7'<0,E'<0 . The ecological system in Zone D also is unstable, because both
vegetation and erosion are reducing. If the vegetation reduces faster than erosion the system may enter
into the Zone A and if erosion reduces faster than vegetation the system may enter into the Zone C.

The Zone C in the chart is very small and the Zone D is large. The tangent of the line £'=0 is high,
implying high effectiveness of vegetation in controlling erosion. On the other hand, the line V'=0 is
almost horizontal, which suggests that erosion control helps little for vegetation development. Thus, in
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Fig. 2.38 Vegetation-erosion chart for the Anjiagou watershed on the Loess Plateau of China (@-before 1956; O-in
1988; — route of the vegetation development and erosion reduction) (after Wang et al., 2003b)

the Loess Plateau the most effective way to control erosion is to increase the vegetation cover, to move
the system from the Zone A into the Zone D. Thence the system will move in the direction of erosion
reduction but also vegetation reduction. Humans can further increase the vegetation cover by planting trees
and reduce erosion by engineering strategies. The dashed curve shows the route of watershed management
and vegetation development. Unfortunately, Zone C is too small to stable vegetation development.
Human effort is always needed to maintain a stable or increasing vegetation cover. For the Anjiagou
watershed, although reforestation and erosion control have been continued for more than 30 years, the
rate of erosion has been reduced by 90%, and the vegetation cover has increased by 8 times, the state of the
system still is in Zone D. It is possible for the system to return to Zone A if the vegetation is not carefully
protected. To move the system into Zone C, both reforestation and erosion control must be continued.

From the vegetation-erosion dynamics and the vegetation-erosion chart the following can be concluded.
@ Vegetation is affected by various stresses. The stresses can be mathematically expressed, based on
which the coupled differential equations of vegetation-erosion dynamics are established. @ Four parameters
a, c, b, and f in the equations are determined using field data and a trial and error method. & The
theoretical solution of the coupled differential equations has been compared with the real development
processes of vegetation and erosion in the Anjiagou watershed on the Loess Plateau and the Xiaojiang
watershed and its sub-watersheds on the Yunnan-Guizhou Plateau. The theoretical curves agree well with
the field measurements of the real processes. @ Simplifying from the coupled differential equations and
using the four parameters the vegetation-erosion chart can be developed, with which one can predict the
development trend of the vegetation and erosion, and suggest the most effective strategy to permanently
improve the landscape. & On the Yunnan-Guizhou Plateau with relatively high precipitation and
temperature, vegetation can develop well if erosion is controlled and the vegetation is stable after
improvement. On the dry and cold Loess Plateau, vegetation can effectively control erosion but erosion
reduction exhibits low effectiveness on vegetation development. Vegetation in the area is not stable and
management is always needed to maintain the vegetation.

In general the vegetation of a watershed or an area may exist in three states, i.e., vegetation-developing
and erosion-reducing, vegetation-deteriorating and erosion-increasing, and the transitional state between
the two. Human activities may change a watershed from one state into another, the effort required depends
on the distance from the present position to the destination position on the vegetation-erosion chart.
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Figure 2.39(a) shows the vegetation status in Zone A in Wudu County in the upper reaches of the Jialing
River where the vegetation has been destroyed erosion is severe and debris flow occurs often. Figure 2.39(b)
shows the vegetation status in Zone C in Guangyuan City in the upper reaches of the Jialing River, which
is only about 200 km distance from Wudu County. The vegetation has been preserved and erosion is
controlled by the vegetation. The two states in the figure are relatively stable and disturbances by humans
can hardly change them.

(b)
Fig. 2.39 (a) Vegetation-erosion status in Zone A in Wudu County in the upper reaches of the Jialing River;
(b) Vegetation-erosion status in Zone C in Guangyuan City (about 200 km distance from Wudu County) in the upper
reaches of the Jialing River

Determination of values of the four parameters a, ¢, b, and f'is difficult for areas or watersheds without
long term data of soil erosion and vegetation. Because the four parameters depend mainly on climate, soil,
and topography, Wang and Wang (2007) collected data from 13 small watersheds on the loess plateau.
They applied the vegetation-erosion dynamics equations to the areas and obtained the values of the four
parameters for the Eq. (2.14) for best agreement with the data. The geographical locations of the 13 small
watersheds are shown in Fig. 2.40 and the basic features and the values of the parameters a, c, b, and f
for the 13 watersheds are listed in Table 2.2.

97



River Dynamics and Integrated River Management

[ Sandy Loess

I Loess
[l Cohesive Loess
Contour of

= s RS
median diameter| 4%

0 40 80km
e —

(.045mm
~0.035mm

Fig. 2.40 Geographical locations of the 13 small watersheds in the Loess Plateau used to evaluate the vegetation-

erocess dynamics model

Table 2.2 The four parameters in the vegetation-erosion differential equations and climatic, topographical, and soil
characteristics of 13 small watershed on the Loess Plateau

Watershed County | P (mm) (ag) s Dsy (mm) (1;‘;“) (10 6IC(m2 ) (1/Z;r) (W(k rf: 2yr)
Chuanzhang  |Zhunger 400.0 7.2 0.172 0.046 | 0.0010 1.90 0.033 450
Nanqugou Hequ 462.9 6.8 0.708 0.044 | 0.0010 1.30 0.030 450
Zhuanyaogou [Hequ 447.5 8.8 0.695 0.042 | 0.0015 1.30 0.025 450
Yulingou Mizhi 451.6 8.5 0.780 0.038 | 0.0015 1.40 0.021 470
Wangmaogou |Suide 513.0 10.0 0.836 0.036 | 0.0020 1.50 0.015 510
Zhifanggou Ansai 549.1 8.8 0.680 0.034 | 0.0022 1.70 0.014 500
Wangjiagou Lishi 506.1 8.8 0.412 0.032 | 0.0020 1.75 0.020 470
Anjiagou Dingxi 427.4 6.3 0.398 0.022 | 0.0010 1.70 0.014 480
Huangjiaercha |Xiji 402.2 5.8 0.323 0.029 | 0.0010 2.00 0.015 480
Wangdonggou |Changwu 584.1 8.3 0.462 0.02 0.0020 1.80 0.019 380
Nihegou Chunhua 600.6 9.5 0.368 0.014 | 0.0030 1.50 0.012 350
Zaozigou Qianxian 590.0 10.9 0.202 0.012 | 0.0045 1.10 0.011 300
Luergou Tianshui 574.1 11.0 0.661 0.011 0.0040 1.32 0.014 400

Note: P is the annual precipitation; 7 is the annual average temperature; s is the average slope; and Dsy is the median
diameter of the soil.

Table 2.2 shows that the value of @ increases with the precipitation and temperature. In general the
existing vegetation favors vegetation development and parameter a is positive due to the effect of canopy
cover providing shade and propagation of mature vegetation. But this effect is limited by low precipitation
and low temperature. In arid and semi-arid areas there is not enough water for vegetation development,

the parameter « is small. In cold areas plants grow very slowly and the parameter a is small. Soil and

topography do not affect the value of @ obviously. parameter ¢ represents the area of vegetation damaged
by soil erosion, or, vegetation-damage caused by one ton of soil erosion. The erosion layer on the Loess
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Plateau is thick and the ¢ value is small. In a hilly area with slope debris in the suburbs of Beijing and the
in Xiaojiang watershed, one ton of soil erosion may cause a larger area of vegetation-damage, and the ¢
value is large. Parameter b represents the effect of increasing erosion by removing topsoil in the process
of erosion. The surface of the hilly area with slope debris near Beijing is composed of various particles
with a wide range of size and erosion cannot penetrate down, therefore, the value of b is small. In the
Xiaojiang watershed and on the Loess Plateau, the vegetation protects the soil from erosion. Once the top
layer is eroded the erosion may further penetrate down to the erodible soil. Therefore, the value of b is
large. Parameter f represents the effect of vegetation controlling erosion, which is large for the Loess
Plateau.

A correlation analysis is performed with the data in Table 2.2. The result indicates that parameter a
depends mainly on the precipitation and annual average temperature; and parameter ¢ depends mainly on
the slope and the median diameter of the soil. Figure 2.41 shows parameter ¢ as a function of the
precipitation and annual average temperature, and parameter ¢ as a function of the slope and the median
diameter of the soil. In the varying ranges of the precipitation, temperature, slope, and soil size, the two
parameters can be preliminarily determined with the diagrams. The parameters b and f cannot be clearly
expressed as functions of the climatic, morphological, and soil conditions of the watershed from the
correlation analysis with the available data. More work is needed to establish empirical formulas for
parameters b and f. If, however, parameters a and ¢ are predetermined for a watershed according to the
precipitation, temperature, slope, and soil size, parameters b and f can be easily determined with data.
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Fig. 2.41 For the loess plateau (a) Parameter a as a function of the annual precipitation and annual average temperature;
and (b) Parameter c as a function of the slope and the median diameter of the soil

2.3.4 Application of Vegetation-Erosion Chart
Effective strategies for restoration of watershed vegetation and erosion control can be found by analyzing
the vegetation erosion chart.

2.3.4.1 Loess Plateau

The geographical range of the Loess Plateau is N 33°43'-N 41°16'\ E 100°54'-E 114°33". It extends from
Taihang Mountain in the east to the Helan Mountain in the west and from the Qingling Mountain in the
south to the Great Wall in the north. The total area is about 480,000 km”. The annual precipitation varies in
the range of 200-700 mm, with the highest precipitation in the southeastern part and lowest precipitation
in the northwestern part. More than 60% of the rainfall occurs in June, July, August and September (Tang,
2004). The Loess Plateau is divided into four areas according to climate, topography, soil, morphology,
and soil erosion: Area I is a sandy and hilly area along the Great Wall, as shown in Fig. 2.42; Area Il is
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the east loess hilly and gully area; Area III is the west loess hilly and gully area; and Area IV is Loess
Plateau gully area, which is located in the southeasternmost of the Loess Plateau.
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A .
qol | 1 Eastloess hilly-gully area ! .__»J:"Ji,)
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IV Loess plateau gully area by
1

34

Fig. 2.42 Zoning of the Loess Plateau in the Yellow River basin (after Wang and Wang, 2007)

According to the data of vegetation and erosion for the four areas, the parameters a, ¢, b, and f are
determined with the diagrams in Fig. 2.41 and using the method of trial and error, as listed in Table 2.3.
With the values of the parameters the vegetation-erosion charts are worked out, as shown in Fig. 2.43.
The four vegetation-erosion charts show that for the sandy and hilly area along the Great Wall, and the
west and east loess hilly and gully areas, Zone C is very small and the points of present status are far from
Zone C. It is almost impossible to develop a sustainable vegetation having capacity of self-restoration.
Only by intensive soil erosion control and reforestation projects on very small watersheds can vegetation
be improved. Even when vegetation is developed a certain amount of human management is still necessary
because Zone C is very small and the vegetation has no capacity of self-restoration.

Table 2.3  Average values of a, ¢, b, and f for the four areas in the Loess Plateau and the present vegetation cover
and erosion

P Present vegetation
arameters :
and erosion
No|Zone 3 a 5
ax10 cx10 bx10 f y E
(Uyr) |(10°%km*t)| (1/yr) | ((kmyr?) (tkm2-a™)
I |Sandy and hilly area along the Great Wall | 1-1.5 1.3-1.9 | 2.5-3.3 | 450470 | 0.293 11,500
11 |East loess-hilly and gully area 1.5-3 1.5-1.8 | 1.4-2.1 | 470-520 | 0.380 11,000
III |West loess hilly and gully area 1-2 1.7-2.0 | 1.4-1.5 | 450-490 | 0.309 5,400
IV [Loess Plateau gully area 2-45 1.1-1.8 | 1.1-1.8 | 300-400 | 0.440 3,500

For the plateau-gully area in the southeastern most part of the Loess Plateau, the vegetation can be
permanently improved because Zone C is relatively large, which means the vegetation has a capacity of
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Fig. 2.43 Vegetation-erosion charts for the four areas in the Loess Plateau in China: (a) Area I- Sandy and hilly area
along the Great Wall; (b) Area II- East loess-hilly and gully area; (c) Area III- West loess hilly and gully area; (d) Area
IV- Loess Plateau gully area (A - Present status of vegetation and erosion; A- Present status of vegetation and erosion
in Area II excluding Yan-an city)

self-restoration. The main strategy is intensive reforestation. Once a relatively high vegetation cover has
been achieved the vegetation is self sustainable and human management is only needed to avoid
deforestation. For other three dry and cold areas (Areas I-III) in the Loess Plateau the strategies of
watershed management should be as follows: (D Planting trees to reduce erosion. The straight line
E'=0 is steep, thus, reforestation may easily move the status point into the Zone D, in which the erosion
rate may automatically reduce. @ Managing artificial vegetation carefully. Because Zone C is small,
vegetation is not stable even when the vegetation has been greatly improved and erosion has been
reduced. Management is always needed to maintain the vegetation. Neither reforestation nor erosion
control are effective for further vegetation development. Reforestation can be applied as an effective
strategy to control erosion but vegetation development must rely on human effort.

2.3.4.2 The Yangtze River Basin

The Yangtze River is 6,300 km long and has a drainage area of 1.80 million km®. From the source to
Yichang (Three Gorges Dam site) is the upper reach, from Yichang to Hukou (Poyang Lake mouth) is the
middle reach, from Hukou to Datong is the lower reach, and below Datong is the estuary. There are
562,000 km® of land experiencing soil erosion in the upper reaches of the river. The annual sediment
yield from the upper Yangtze River basin is 2.2 billion tons (Tang, 2004). Glacial erosion occurs in the
Qinghai-Tibet Plateau and serious rainfall erosion occurs in the Yunnan-Guizhou Plateau. For
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vegetation-erosion analysis the upper Yangtze River basin is divided into three areas according to climate,
topography, soil, morphology, and soil erosion and vegetation: Qinghai-Tibet plateau, hot and dry valleys,
and Yuannan-Guizhou-Sichuan area, as shown in Fig. 2.44.

On the Qinghai-Tibet Plateau, the annual average temperature is only —4.2°C at the Tuotuohe meteorological
station, which results in low evaporation. Vegetation may slowly develop and mainly is herbaceous. The
Jinsha River valley and many tributary valleys on the Yuannan-Guizhou Plateau are dry and hot valleys,
where the annual average temperature is about 20°C, and monthly average rainfall from December to April
is less than 10 mm, which results in poor vegetation. In the summer from June to September, the monthly
rainfall is more than 120 mm, which causes high soil erosion. Splash erosion, sheet erosion, and rill erosion
are moderate but gully erosion is extremely intensive. The sediment eroded from the area is composed of
clay, silt, sand, gravel, cobbles, and boulders. More than 50% of the sediment load in the Yangtze River are
from the Jinsha River basin. On the Yunnan-Guizhou Plateau and in the Sichuan basin, it is warm and
wet. The average annual precipitation is about 1,000 mm and annual average temperature is about 18°C.
Vegetation develops well and soil erosion is low.
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Fig. 2.44 Zoning of the upper Yangtze River basin for vegetation-erosion analysis

Using the data of vegetation and erosion rate measured in the Mengzong Watershed on the Qinghai-Tibet

Plateau, the four parameters are determined as follows:
a=0.001(1/t); ¢ = 0.0000014(km” / yr); b = 0.01(1/ yr); £ = 190(t / km®yr’) (2-26)

With the values of the parameters the vegetation-erosion chart for the Qinghai-Tibet Plateau is developed,
as shown in Fig. 2.45(a). The chart has a very small Zone C and a large Zone D. The vegetation is
vulnerable and has no capacity of self-restoration. If the vegetation on the Qinghai-Tibet Plateau is
destroyed, it is very difficult to restore. Therefore, the main management strategy for the area is careful
protection of the vegetation.

In the hot and dry valleys the vegetation is poor and the soil erosion is intense. The four parameters are
determined with data as follows:

a=0.017-0.03(1/yr); c=0.000002—0.000005(km? / t);

(2.27)
b=0.045-0.054(1/ yr); f =200-350(t/km’yr)
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The ¢ value is relatively large, b value is very large, and f value is small, which implies that soil
erosion may seriously impair the vegetation and deforestation may substantially increase soil erosion.
Figure 2.45(b) shows the vegetation erosion chart for the hot and dry valleys, in which there is a
relatively large Zone C, a large Zone A and very small Zone B. The points representing the current status
of vegetation and erosion are mostly in the Zone A. Although the current vegetation is very poor, if soil
erosion is controlled, a new vegetation may develop. The watershed may move into Zone C. The new
vegetation will have a relatively high capacity of self-restoration, and it will have a moderate resilience
and may sustain a certain intensity of ecological stresses.

The strategies for vegetation restoration for the hot and dry valleys should be as follows. (O Making
use of limited sources for reforestation of small watersheds, as has been done for the Heshuihe and
Shengou watersheds. If limited resources of labor, funds, and materials are used for the whole area, the
vegetation may be improved more or less and erosion can be reduced to a certain extent after a period of
continued reforestation. Despite some reforestation effort the status point in the chart may still be in Zone
A. If the efforts for reforestation and erosion control are not continued, the vegetation may deteriorate
and the erosion rate may increase again. Only if necessary the resources are used for a small watershed will
the status point in the chart be moved into Zone C in a not long period of time. Thence, the vegetation will
perfect itself. In this way all small watersheds can be greened one by one. @ Controlling erosion before
planting trees. Erosion control is more important than planting trees for the hot and dry valleys at the
beginning stage of because the present status point is far for Zone C. By terracing the slopes and constructing
check dams in gullies, the erosion rate can be reduced below 5,000 t/kmzyr, Then, reforestation will be
more effective. 3 Allowing limited husbandry and selected logging as fuel and fodder. For a watershed
whose status point in the chart is in the Zone C, limited husbandry and logging may be allowed.
Vegetation in Zone C is stable and limited logging cannot badly impair the vegetation.

On the Yunnan-Guizhou Plateau and in the Sichuan Basin it is warm and wet and the slope is gentle.
Therefore, the rate of soil erosion is low and vegetation develops well. The four parameters are determined
with data as follows:

a=0.01-0.024(1/a); ¢=0.000001—0.000005(km" /t);

(2.28)
b=0.01-0.03(1/a); f =250-400(t/km’a*)

Figure 2.45(c) shows the vegetation-erosion chart for the Yunnan-Guizhou Plateau and the Sichuan Basin,
which has a rather large Zone C, a large Zone A, and a moderate Zone D. The points of current status for
Yunnan (Kunming), Guizhou (Guiyang), and Sichuan Provinces are in Zone C. The point for Chonggqing
is in Zone D but very close to Zone C. The vegetation in the area may sustain moderate logging. The main
management strategy is to avoid any large scale of deforestation.

2.3.43 Mountainous Area with Slope Debris in North China

This area includes the mountainous and hilly areas in Hebei Province, Beijing, and Tianjin. The annual
average temperature is about 10°C and the annual precipitation is about 600 mm. The soil layer is thin.
Human activities act as a very strong stress on the vegetation, both negative (deforestation) and positive
(reforestation). The four parameters are determined as follows:

a=0.006-0.009(1/a); ¢ =0.000004—0.0000045(km” /t); 229)
b=0.003-0.005(1/a); f=180-210(t/km’a’) '

Figure 2.46 shows the vegetation-erosion chart for the area, which has a very large Zone D, a small Zone
A, and a small Zone C. The vegetation in the area is not stable and may be changed by human activities
to a large extent.
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Fig. 2.45 Vegetation-erosion charts for the upper Yangtze River basin: (a) Qinghai-Tibet Plateau; (b) Hot and dry valleys;
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(c) The Yunnan-Guizhou Plateau and the Sichuan Basin
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2.3.4.4 Red Soil Area in South China

Vegetation-erosion chart for the mountainous and hilly area in north China

The red soil area in south China includes Guangdong, Guangxi, Jiangxi, and Fujian provinces in China.
It is very wet and warm. Generally the vegetation develops well and limited erosion occurs in the area.
For instance, Huizhou may be a representative area for the red soil area, which is located in Guangdong
Province, southern China. The annual precipitation is 2,000 mm and annual average temperature is 25°C.
There was high density of vegetation cover before the 1960s. In the 1970s and 1980s human activities
and poor management resulted in severe deforestation and many hills became bare and the rate of
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soil erosion was nearly 8,000 t/km’yr. An experimental research station was established in 1978 and
experiments of reforestation were performed in the area. In selected experimental plots, trees were planted
in the first 4 years and grasses, shrubs, liana, and bamboo grew quickly in the following years. The
vegetation develops with time and the rate of soil erosion reduces with time as shown in Fig. 2.47(a)—(d).
An experimental plot is used as a comparison, in which no trees are planted and the plot is closed for
natural development of vegetation. The variation in vegetation and erosion of the comparison plot is
shown in Fig. 2.47(e)—(f).
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Fig. 2.47 Comparison of the vegetation development and the erosion reduction of reforested plots by planting
Acacia Mangium (a) and (b) and Acacia Mangium and Pine (c) and (d) with a plot, which is closed for natural
development of vegetation (e) and (f) for Huizhou, Guangdong Province, south China
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The differential equations of vegetation-erosion dynamics are applied to the Huizhou area, and the
parameters of a, ¢, b, and f are determined with the data from the experiment plots as follows:
a=0.06(1/yr), ¢=0.000005(km*t), b=0.01(1/yr), f=500 (t/(km’yr’)) (2.30)
The vegetation and erosion chart for this area is developed as shown in Fig. 2.48. The straight line
E’=0 is steep and Zone C is very large. The point of the vegetation-erosion status in 1978 is in Zone A.
Planting trees and control of erosion moved the point into Zone C. Thence, the vegetation develops
automatically and the vegetation community develops from simple wood to a complex community consisting
of different species, including grasses, shrubs, liana, woods and bamboo.
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Fig. 2.48 Vegetation-erosion chart for Huizhou area in Guangdong Province, southern China

From Eq. (2.24) it can be calculated that the rate of vegetation development may be accelerated from
dv/dr = 0.002 (yr) to dP/dr = 0.014 (yr ") if the reforestation area is increased from 20% to 40% for
erosion rate equal to 2,000 t/km’yr. In other words, the rate of vegetation development may be increased
by 7 times if the area of tree-planting is increased by 2 times. In general, the vegetation succession from
pioneer species well-adapted to bare soil and plentiful light to longer-lived species that can regenerate
under more shaded and protected conditions takes about a century. Planting dominant tree species in the
area accelerated the plant succession. It takes only 24 years to develop a vegetation consisting of a complex
plant community including long-lived wood species and grasses and shrubs accustomed to shaded and
protected conditions. The time of vegetation development is shortened by 75%.

Figure 2.49 (b) shows the development process of the vegetation cover of woods, grasses, shrubs, liana,
and bamboo in 1981-2004. Only tree planting was performed in the beginning period in 1981-1984. In
the following years, the vegetation cover and the species composition of the vegetation developed
automatically. All species of shrubs, liana, bamboo and some wood are local species and develop naturally.
Figure 2.49(a) shows the comparison of the closed plot, in which only herbaceous and some shrubs
species, which are well-adapted to bare soil and plentiful light, have been developed.

Figure 2.50 shows the pictures of the two cases, in the experimental plot the trees of Acacia Mangium
have well grown and the natural species have also developed within the forest. In the comparison plot
only some grasses and shrubs can grow under the conditions of bare soil and plentiful light after 24 years
of natural development.

106



2 Vegetation-Erosion Dynamics

Legend
Woods 12 Imperata cylindrica 1 Ischaemum barbatum =221 Xylosma congestum
Acacia auriculaeformis | Blechnum orientale — 1 Cymbopogon goeringii 171 Syzygium jambos
= Ailanthus altissima | Melastoma dodecandrum: =2 Others 1y Aglaia odorata
= Cinnamomum camphora 771 Selaria viridis =1 Others.
e Scheffera actinophylla 1 Helicteres angustifolia
= Sapium discolor * 1 Eremochloa ciliaris Shrubs and bamboo Liana
mm Others | Eriachne pallescens ' Rhodomyrtus lomentosa Rhododendron simsii
== Scirpus subcapitatus = Baeckea frutescens 7 Lygodium japonicum
Herbage =71 Bulbostylis barbata 22 Melastoma candidum 227 Smilax china
Dicranopteris pedata =1 Exacum 11 Lantana camara 21 Zanthoxylum nitidum
=1 Melinis minutiflora 71 Eleusine indica == Cleridendrun fortunatum =7 Fructus Zanthoxyli Planispini
 Miscanthus floridulus w7 Eragrostis poaeoides w0 Psychotria rubra 7771 Smilax china
-7 Gahnia tristis Lycopodium Cernuum 711 Prunus mume (11 Others
1 Scleria hookeriana ) Dianella ensifolia 7171 Bambusa stenostachya
80 I Closed plot (plot 1) 80 | Reforested plot (plot 4)
0F 0 2 ﬂ 5
_ 60 _ 60 1
g 50 I g 50
E 40 ‘S.’ 4
5] L 5] L
% 30 I ;‘;D 30
20t oy
10 - 10 H
— B EN 0 B | [54) A
1978 1983 1988 1993 1998 2004 1981 1984 1988 1992 1998 2004
Year Year
@ (b)

Fig. 2.49 (a) Development of vegetation in a closed plot, in which only herbaceous and some shrubs species have
been developed; (b) Development process of vegetation cover consisting of woods, grasses, shrubs, liana, and bamboo
in 1981-2004 in an experimental plot by planting Acacia Mangium, which has accelerated plant succession.

Fig. 2.50 Comparison of the vegetation consisting of woods, grasses, shrubs, liana, and bamboo in an experimental
plot by planting Acacia Mangium (a) with the vegetation in a closed plot consisting of only herbaceous and some
shrubs species (b) (See color figure at the end of this book)
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2.4 Riparian Vegetation

Riparian vegetation, by definition, is controlled in both form and species distribution by fluvial-geomorphic
forms and processes, which, in turn, are products of prevailing hydrologic conditions. Riparian vegetation,
channel form, and streamflow are mutually adjusted features of the bottomland landscape; alteration of
one will result in compensating adjustment of the others. Severe degradation of the channel typically
removes most of the riparian zone from the influence of fluvial processes for all but the highest flows.
The influence of the riparian zone on fluvial processes and aquatic biota is, likewise, substantially
reduced, which usually leads to deterioration of aquatic ecosystems and water quality. Although some
research has been conducted on the use of vegetation to mitigate the effects of channel incision (Shields
et al., 1993 and 1995), substantially less research has been devoted to the description and interpretation
of the role that riparian vegetation plays during incision and subsequent recovery. The basic organization
and content of this section is patterned after Hupp (1988), but the authors have integrated much of the
recent literature to the basic discussion of concepts and applications.

2.4.1 Zoning of Riparian Vegettion

In equilibrated fluvial systems characteristic vegetation species and patterns have adapted to the prevailing
environmental processes associated with particular fluvial landforms (Ma et al., 2006; Hack and Goodlett,
1960; Zimmermann and Thom, 1982). Interdisciplinary (fluvial-geomorphic and plant ecological)
approaches clearly show that riparian vegetation is an integral part of an equilibrated fluvial system.
Moreover, during natural geomorphic recovery from degradation, invasive or ruderal plants may play an
important and sometimes critical role in the re-establishment of equilibrium conditions (Osterkamp and
Costa, 1987; Hupp, 1992; Friedman et al., 1996a). Hickin (1984) listed five ways in which vegetation affects
fluvial geomorphology:

(1) by creating flow resistance on most fluvial surfaces;

(2) by increasing bank strength through root mass development;

(3) by increasing sedimentation on channel bars;

(4) by providing large woody debris (LWD) that may affect numerous hydraulic processes, including
debris jams, flow deflection, and bank armoring; and

(5) by increasing sediment deposition and stability on banks and other low fluvial surfaces.

All of these effects can be seen along streams, particularly during channel recovery following incision (Hupp,
1992; Fetherston et al., 1995; Diehl, 1997).

Specific riparian plant species grow on specific fluvial landforms. The typical landforms that may be
found along alluvial streams are shown in Fig. 2.51. Some species may be restricted to only one landform,
others may occur on two adjacent landforms, and still others may occur on most fluvial landforms (Fig. 2.51).
The likelihood of a given species vigorously growing on a particular landform is a function of the
suitability of the site for germination and establishment, and the ambient environmental conditions at the
site that permit persistence at least until reproductive age. The distribution pattern may be limited by the
tolerance of a species to a specific disturbance or stress regime, as well as by tolerance for other more
diffuse interactions including competition, for which one set of factors drives the limits at one extreme,
while another set drives the limits at the other extreme. In fluvial systems, the distribution of vegetation
across landforms may be driven largely by the tolerance of species to specific geomorphic processes at
the severe end of a stress-equilibrium relation and by competition with other riparian species at the other
end. In temperate regions, where water is abundant, vegetation distribution can be related to the distribution
of fluvial landforms (Hupp and Osterkamp, 1985). In arid and semi-arid environments, bare sites for
colonization are relatively abundant, but water availability is limiting. Thus, in dry climates, vegetation
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patterns may be strongly influenced by surface floods and ground-water levels (Zimmermann, 1969;
Friedman et al., 1996b).
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Fig. 2.51 Distribution of typical riparian plant communities in relation to fluvial landforms. Idealized individual
species distributions are shown in bars A through H; for example, species A typically grows on floodplains and
terraces and is restricted on lower fluvial surfaces (after Hupp, 1992)

The following descriptions and definitions (from Hupp and Osterkamp, 1996) are for the typical fluvial
landforms found along most streams from temperate to semi-arid regions. The term bottomland refers to
all fluvial generated landforms and the vegetation they support. These landforms occur as terraces high
in the valley section and, in descending order, proceed through floodplain, various riparian features
including riverine wetlands, channel bars, to the channel bed (Fig. 2.51). Alluvial streams impacted by
channel incision will be dominated by fluvial processes during the recovery period. The recovery process
(unaided by human restoration) may require decades to centuries (Hupp, 1992).

Table 2.3 Fluvial-landforms and their relations with vegetation type, flow duration (i.e., percentage of time the
landforms are inundated), and flood frequency (Hupp and Osterkamp, 1996)

Fluvial landform Vegetation type Flow duration Flood frequency
Channel bar Largely absent About 40%
Channel shelf Riparian shrubs 5%-25%
Floodplain Floodplain forest 1-3 years
Terrace Terrace assemblage >3 years

The channel bed is the surface that is wholly or partly covered by flows below mean annual discharge.
Thus, at least part of the channel bed is inundated at all times. Channel bars (Fig. 2.51, Table 2.3) occur
in the active-channel part of the valley section and are the lowest prominent geomorphic feature higher
than, but within, the active-channel bed. The level of the channel bar generally corresponds to a stage
slightly higher than the low-flow water stage. The channel shelf, a bank feature, is a horizontal to gently
sloping surface (Fig. 2.51, Table 2.3). The channel shelf is best developed along relatively steep-gradient
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reaches. The level of the channel shelf along many perennial streams approximates the level of the mean
annual discharge. Floodplains (Fig. 2.51, Table 2.3) are the flat surfaces that are flooded, on average, once
per 1-3 years. The water elevation just necessary to reach the floodplain is termed bankfull stage. Terraces
may occur for a number of reasons (Howard et al., 1968), however, most represent former floodplains
and may be at various levels above the modern floodplain (Fig. 2.51, Table 2.3). Channel incision
typically renders once active floodplains to terraces through degradation. The likelihood of terrace
inundation is always less than that of the floodplain, with the frequency of terrace inundation less than
once every 3 years.

Figure 2.52 shows the riparian vegetation by a small river in the U.S. The roots of the riparian forest
increase the roughness and reduce bank erosion.

Fig. 2.52 Riparian forest by a small river in the U.S. The roots of the riparian forest increase the roughness and
reduce bank erosion

Research in forested areas over the past two decades has shown ILWD in and along the channel to be
an important element of fluvial-geomorphic form and process. Most streams, even those in semi-arid
environments, naturally support woody riparian vegetation. Meandering, avulsion, braiding, and changes
in channel width along forested, low-gradient channels may be controlled at least in part by LWD. LWD
may buttress portions of the channel slowing flow in the lee of the obstruction, thus enhancing sediment
deposition (Osterkamp and Costa, 1987).

2.4.2 Role of Vegetation in Fluvial Process

2.4.2.1 Degradation

Many mountainous streams in China are degrading channels. Even for those that have achieved equilibrium
many causes may induce channel degradation or aggradation. Any natural or human induced causes that
change the channel gradient or supply of sediment from the drainage basin in an equilibrated fluvial
system may cause channel aggradation or degradation. Woody riparian vegetation typically does not
become established on the active channel bed of perennial streams (Hupp and Osterkamp, 1985). Thus,
initial bed degradation does not directly affect riparian vegetation. However, as degradation increases
bank heights, the roots of plants growing above the bed may significantly increase bank stability along
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banks that would otherwise fail (Thorne, 1990). Roots, growing below the bed of ephemeral channels, may
act as natural grade-control structures in degrading systems and limit headcut migration (Germanoski and
Ritter, 1988).

Once degradation increases bank heights past a critical threshold (shear stresses in excess of material
strength), however, mass wasting of the banks occurs regardless of riparian vegetation, toppling vegetation
down the bank slope on failure blocks (Simon and Hupp, 1987 and 1992). This failed woody vegetation
sometimes re-establishes on the lower bank slope (Hupp, 1992) or may contribute to the LWD load of the
stream. In both cases this vegetation may ultimately ameliorate degrading conditions by increasing channel
roughness, promoting flow deflection, and adding coarse material (LWD), thus decreasing flow velocity
and subsequent erosion (Gregory and Gurnell, 1988; Shields et al., 1994; Fetherston et al., 1995).

If the channel gradient is near equilibrium, riparian vegetation and large woody debris may facilitate
sediment trapping and initiate aggrading conditions and the recovery process (Simon and Hupp, 1992).
Drift or LWD may be generated along incised channels in greater quantities than along non-degraded
streams. Diehl (1997) notes that channelized and subsequently incised streams generate abundant LWD
because increased bank heights promote bank failure in forested riparian surfaces

The effects of degrading channels on riparian vegetation, particularly below dams, has been summarized
by Williams and Wolman (1984). They note that the extent of riparian vegetation below the floodplain
elevation increases after dam closure, most likely due to regulation of peak flows. The reduction of peak
flows and sediment trapping behind dams, however, limits the production of coarse sediment and the
creation of mid-channel bars and islands necessary for some riparian species to establish (Scott et al.,
1996). Thus, species diversity may decrease and community composition may change after dam closure
(Baker, 1989; Stromberg and Patten, 1992; Nilsson and Jansson, 1995). Comprehensive establishment of
riparian vegetation on bars and islands along the North Platte River, Nebraska, occurred after several dam
closures early last century; this vegetation establishment promotes the coalescence of islands and bars
and threatens critical habitat for sandhill cranes. Collier et al. (1996) observed that the steady reduction
of both springtime flows and total annual flow have allowed the encroachment of cottonwood (Populus),
elm (Ulmus), and willow (Salix) on bare sand bars and islands.

Vegetation on former floodplains along incised channels may be adversely affected by degradation as
a result of water stress from lowered water tables. Johnson et al. (1976) attributed a post-dam decrease in
several floodplain species along the Missouri River, in part, to a reduction in high flows that formerly
delivered nutrients and maintained a higher water table. Along these same reaches, Reilly and Johnson
(1982) correlated a substantial decrease in the growth rate of many surviving floodplain species with the
near elimination of over-bank flooding and lowered floodplain water tables following dam closure.

2.4.2.2 Aggradation

Channel evolution is a complex response punctuated by geomorphic thresholds (Schumm, 1973). One of
these thresholds, the regime shift from bed degradation to bed aggradation, signals the beginning of the
recovery cycle following channel incision. The shift from general degradation to general aggradation
reflects a regime shift from a regime dominated by vertical processes (erosion) associated with non-
equilibrium incision to a regime dominated by lateral processes (point-bar development and meander
initiation and extension) consistent with equilibrated conditions (Schumm et al., 1984; Harvey and Watson,
1986; Simon, 1989; Hupp and Simon, 1991).

Channel banks may not achieve equilibrium conditions coincident with the establishment of channel-bed
equilibrium. If the channel bed has degraded past a critical bank-height threshold, bank failure and
subsequent bank widening may continue until bank angles are reduced to a stable form (Simon and Hupp,
1987; Hupp and Simon, 1991). Sustained accretion on the low parts of bank surfaces is coincident with,
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and facilitated by, the establishment of dense woody vegetation (Hupp and Simon, 1991; Hupp, 1992).
The woody vegetation on recently stabilized banks and floodplains increases soil strength through root
development and reduces flow velocity by increasing surface roughness (Williams and Wolman, 1984;
Hupp and Simon, 1991; Shields et al., 1993 and 1995). This vegetated depositional area expands from
low on the bank slope, and depending on the magnitude of prior degradation, may ultimately extend to
the former floodplain elevation.

Many rivers are now channelized and the riparian vegetation experiences devastation and recovery.
The amount of vegetation cover, age of the riparian plants, and species richness varies with the stage of
channel recovery after channelization (Fig. 2.53; Simon and Hupp, 1987). Vegetation cover is high during
stage I and stage III where it occurs above the limit of channelization; here the mature riparian vegetation
has not been affected by channel incision. For channelized reaches, cover is lowest in stage II, the
construction stage, during which woody vegetation typically is removed, and in stage IV where numerous
bank failures remove woody plants and preclude the establishment of new vegetation (Fig. 2.53). Cover
and number of species increase from late stage IV through stage VI. The age of the woody plants through
the course of channel evolution closely matches the trends in cover for obvious reasons. Trends in the
number of species (or species richness) also match those of cover and age. The greater site stability of
riparian areas in stages I and III may promote greater species richness, while severe instabilities in stage
IV and early stage V preclude all but the most vigorous, ruderal species.
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Fig. 2.53 Age, cover, and numbers of species as functions of the stage of channel degradation and recovery (after
Simon and Hupp, 1987)

2.4.2.3 Large woody debris (LWD)
Wallerstein et al. (1997) found LWD induced sedimentation exceeded LWD induced scour, thus the overall
effect of debris jams is grade control and accelerated sedimentation, promoting stable channel features
that may trigger the onset of recovery. They also offer a classification of debris jams based on debris
length L and channel width (Fig. 2.54) that may be used as a conceptual model to evaluate types of LWD
along incised channels. The use of artificially placed LWD has been shown to increase channel stability
along incised channels, whereas removal of LWD increased degradation (Shields and Gippel, 1995).
Vegetation patterns seemingly develop largely in response to surface-stability conditions, accretion
tolerance, inundation tolerance, and, for some species, light availability. For example, three distinct suites
of vegetation were identified as recovery vegetation along incised channels in west Tennessee (Hupp and
Simon, 1991; Hupp, 1992), which develop in succession beginning near the end of stage IV through stage
VI (Fig. 2.53) of the Simon and Hupp (1987) model of channel evolution, matching the ameliorating
conditions during the recovery period. The initial pioneer suite (Suite 1, Table 2.4) of riparian plants
establish late in stage IV or early in stage V and are hardy, fast-growing plants dispersed in late spring,
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Fig. 2.54
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Table 2.4 Summary of pioneer, intermediate, and hardwood species suites and their characteristics, which occur
during the recovery period after channel incision in west Tennessee (after Hupp, 1992, revised)

Vegetation Pioneer species Intermediate species Hardwood species
succession (Suite 1) (Suite 2) (Suite 3)
Time Late Stage IV Stage V Stage VI
Species Salix nigra, Betula nigra, Acer |Carpinus caroliniana, Fraxinus |Quercus lyrata, Q. nigra,
negundo, Platanus occidentalis, |pennsylvanica, Taxodium Q. pagadofolia, Q. phellos,
Populus dehoides Populus dehoides, Nissa aquatica|Fagus grandifolia
Bank stability Ruderal, unstable sites Stable conditions Mature, stable conditions

Light requirements

Shade intolerant

Moderately shade tolerant

Shade tolerant

Plant life cycle Fast-growing, short-lived Slow-growing, long-lived plants |Slow-growing, long-lived
plants plants

Reproduction Extensive asexual reproduction |Rare asexual reproduction Rare asexual reproduction

Seed life Abundant short-lived seeds Long-lived seeds Short-lived seeds

Seed dispersal Wind and/or water dispersal ~ |Wind and/or water dispersal Animal dispersal

Seed timing

Seed release in late spring

Seed release in late summer

Seed release in late
summer/fall

a time that coincides with lowered stream flow elevations exposing fresh surfaces for establishment.

These species tolerate moderate to high amounts of mass wasting and accretion and generally require
high amounts of light. Additionally, upland ruderal species may establish high on the former floodplain
and its banks, where overbank flows have been eliminated, or nearly so, because of the degraded channel.
A second intermediate suite (Suite 2, Table 2.4) of riparian vegetation establishes late in the recovery
period (late in stage V) and generally requires stable banks, low amounts of accretion, and tolerates low
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light or closed canopy situations. A final suite of hardwood vegetation (Suite 3, Table 2.4), typical of
undisturbed systems, may establish on the new floodplain after complete recovery to a meandering channel
and the development of natural levees. Although the exact species involved in recovery (Table 2.4) will
vary from region to region, it is reasonable to assume that the characteristics of the suites along many
recovering incised channels will be similar.

2.4.3 Dendrogeomrophic Evidence of Evolution of Incised Rivers

Dendrogeomorphology is the study of geomorphic processes through the use of dendrochronologic (tree
ring) analysis (Shroder, 1980; Shroder and Butler, 1987). Tree ring analysis may be used to estimate the
rate of channel widening, bank and floodplain accretion, and the timing of vegetation establishment
(stability) on various fluvial surfaces (Hupp, 1987). The mechanism of radial growth is well documented
in the botanical literature. The annual increment of tree growth has been the basis of many studies using
tree rings in documentation of the magnitude and frequency of important hydrologic and geomorphic
events. Trees and saplings growing on bank surfaces may also be tilted or scarred during mass wasting or
may be partly buried during bank or floodplain accretion. Thus, increment cores or cross sections collected
from riparian trees can be aged and crossdated to determine the timing of geomorphic events. When stem
age data are combined with measurements of failure-block width or burial depth, the rates of channel
widening and bank accretion, respectively, may be estimated. Figure 2.55 shows the types of botanical
evidence of geomorphic events including floods and mass wasting (Hupp,1988).
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Fig. 2.55 Types of botanical evidence of geomorphic events: (a) Corrasion scar; (b) split base sprouts; (c) Sprouts
from tilted parent; (d) Eccentric growth; and (e) Generalized buried sapling, showing age and depth of sediment
deposition (after Hupp, 1988)
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At least five basic types of botanical evidence of geomorphic events are useful, as shown in Fig. 2.55
(Sigafoos, 1964; Hupp, 1988): (O corrasion scars; ) adventitious sprouts; () eccentric growth;
@ secondary roots, and &) buried sapling with adventitious roots showing ages and depth of sediment
deposition. Corrasion scars and sprouts from tilted parent stems yield accurate (usually within one year)
dates of bank failure. Increment cores or cross sections are taken through scars or at the base of tilt
sprouts to determine when the trees were impacted. Figure 2.56(a) shows sprouts from a tilted parent
stem of a tree by a small river in central China. The sprouts are about 6 months old, from which it is
estimated that a flood event occurred 6 months ago and caused the bank erosion and the tree tilted.
Figure 2.56(b) shows a dying tree in the Xiaojinchuan River in Sichuan Province, which explains that
there was a relative stable vegetative island in the river that had existed for several tens of years. A major
event occurred recently and the island was scoured away. It is estimated that the flood was an major
event with high sediment-removal capacity.

Fig. 2.56 (a) Sprouts from tilted parent stem of a tree by a small river in central China. It is estimated that a flood
event occurred 6 months ago and caused the bank erosion and the tree tilted; (b) A dying tree in the Xiaojinchuan
River in Sichuan Province, which indicates that there was a relatively stable vegetated island in the river.

Eccentric growth often occurs when a stem is tilted off centre and is easily determined from cross
sections by noting where relatively concentric ring formation abruptly shifts to eccentric ring formation.
Eccentric ring patterns provide accurate dates of tilting, often to the season of occurrence. Estimates of
channel widening are made first by determining the ages of stem deformations associated with bank
failure, and then subsequently measuring the width of the slump block or the distance between affected
stems and the present top-bank edge (Fig. 2.57). Slump blocks of varying ages and entrained woody
plants provide a history of recent bank failure along a given reach.

Sediment carried by high water may be deposited around the bases of riparian trees and saplings
growing on various fluvial geomorphic surfaces. Buried trunks, branches, and adventitious roots permit
estimates of the sediment accretion rate. A rate of accretion may be estimated (Fig. 2.55) by digging the
ground adjacent to buried stems to the depth of their original root collar (germination point), coring the
stem for age determination, and subsequently dividing the depth of burial by stem age.

Over the last 25 years or so, there has been a substantial increase in the amount of plant ecological
and fluvial-geomorphic research on the role vegetation in geomorphic form and process and vice versa.
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Fig. 2.57 Botanical evidence of events of bank cross section widening of a degraded channel. Bank forms are
indicated on the right (after Hupp, 1987)

However, much of this integrated research has remained in more academic circles rather than reaching
the applied sector, excepting some excellent biotechnical approaches to streambank stabilization. Several
directions for future applied and basic research should be fruitful; a few are now offered. Dendrogeomorphic
approaches to assessing the impact and long-term effects of channel incision offer a relatively inexpensive,
yet relatively accurate methodology that has yet to come into widespread use. The effect vegetation has
on bank stability (root strength versus surcharge) has received little quantitative study. The role vegetation
plays in affecting channel roughness, flow velocity, and sediment deposition rate and location has only
recently been appreciated and there are yet but few quantitative studies.

Review Questions

1. Answer the following questions

(a) What are main agents of erosion?

(b) Why grain erosion became important after a great earthquake?

(c) What are the ecological functions of vegetation? What are the major stresses on vegetation?

(d) Why is erosion a special stress? How are the ecological stresses classified? List the vigor stresses
and mortality stresses.

(e) What will happen if a vigor stress acts on the vegetation?

(f) What is vulnerable vegetation? Give an example.

(g) What does vegetation-erosion dynamics study and what problems can be solved with knowledge of
the dynamics?

(h) What is riparian vegetation? How does riparian vegetation affect fluvial geomorphology?

(1) State the process of degradation and recovery of streams with woody riparian vegetation and the
general variation of the vegetation, including number of species, cover, and age of the vegetation in the
process.

(j) What is dendrogeomorphology? What are the basic types of botanical evidence used in the
dendrogeomorphology?

(k) A bank failure occurred about 3-5 years ago, explain how can you estimate the accurate time of the
bank failure with the dendrogeomorphic approaches.
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2. From collected data the values of the parameters of the vegetation-erosion dynamics model were
obtained as follows: @ = 0.02 (1/yr); ¢ =0.00001 (km*t); b= 0.05 (1/yr); f= 50 (t/km>yr’). Work out the
vegetation-erosion chart. At present, the vegetation cover is V= 5% and sediment yield by erosion is
E =4,000 (t/km’yr). Indicate the location of the vegetation-erosion status on the chart, and suggest an
efficient strategy of vegetation improvement and erosion control (Accurate figures of reforestation and
erosion reduction are not required).

3. As shown in the lower diagram in the Figure the floodplain has been experiencing a siltation process
over the past 10 years. Analyze the diagram ad state the sedimentation process.
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3 Mountain Rivers and Incised Channels

Abstract

An incised river is defined as a river that is experiencing bed-level lowering. From the viewpoint of
geomorphological process, mountain rivers either were or are incised rivers. Large rivers may be incised
rivers in the upper reaches, but fluvial rivers in the lower reaches. The development of channel incision
in mountainous areas depends on the rainfall, watershed vegetation, and soil and rock compositions.
Incision may cause landslides, debris flows, and riverbed scour and in conjunction with bank erosion,
provides sediment to the flow. A step-pool system is a geomorphologic phenomenon occurring in high-
gradient mountain streams with alternating steps and pools. Cobbles and boulders generally compose the
steps, which alternate with finer sediments in pools to produce a repetitive, staircase like longitudinal
profile in the stream channel. The tight interlocking of particles in steps gives them an inherent stability
that only extreme floods are likely to disturb. Step-pool system maximizes the resistance, and, thus,
controls riverbed incision. A bedrock channel has bedrock exposed along the channel bed or walls for at
least approximately half its length, or has bedrock limits to the magnitude and location of bed scour and
bank erosion during floods. Bedrock channels most commonly occur in regions of high topographic
relief. Relief may be a product of recent tectonic uplift, as in the Himalayan Mountains of central Asia.
The exposed bedrock implies that the channels may be particularly sediment-starved during floods and
subjects to long term incision. The causes and evolution process of incised rivers and control strategies of
channel bed incision are also discussed in this chapter.

Key words

Mountain rivers, Step-pool system, Riverbed incision, Bedrock channel, Incision control strategies

3.1 Incised Rivers

3.1.1 Riverbed Incision

At the most fundamental level, without incision there is no channel. In a broad sense, therefore, one can
consider channel incision as a requirement of denudation, drainage-network development, and landscape
evolution (Darby and Simon, 1999). Channel incision has been and is a major concern of river managers
because it disrupts transportation, destroys agricultural land, threatens adjacent structures, drastically
alters environmental conditions, and produces sediment that causes further problems downstream. Therefore,
the causes of channel incision have been a topic of great interest because a better understanding of the
phenomenon could lead to prevention.

The most dramatic channel incision occurs on the east margin of the Qinghai-Tibet Plateau. Geologically,
the Indian Plate moves northward at a rate of 5 cm/yr and collides with the Eurasian Plate, resulting in the
uplift of the Himalaya mountains and the Qinghai-Tibet Plateau (Wikipedia, 2011). The Qinghai-Tibet
Plateau has become the highest plateau in the world and is referred to as the third pole of the earth. Uplift
of the plateau resulted in accelerated fluvial incision because of the remarkable increase in stream bed
slope at its margin. The fluvial incision into the plateau margin in response to tectonic motion resulted in
isolating remnants of the original plateau surface. These remnants of the plateau surface can be used as
reference surfaces against which to evaluate the impact of lateral erosion since uplift. The high loads of
sediment carried by the tributary streams of the Yellow, Yangtze, and Lancang rivers on the plateau
indicate rapid rates of denudation in the catchments.

Rapid fluvial incision into bedrock has been interpreted to reflect a tectonic uplift of similar magnitude,
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thereby sustaining topographic equilibrium. In uplifting mountain belts, an end-member scenario can be
formulated in which the rate of bedrock uplift is matched by the rate of stream incision and valley
lowering (Hovius and Stark, 2006). The slopes steepen until topographic elements become unstable and
collapse, producing rock falls, avalanches, and landslides. Tectonic uplift has been found to be
responsible for the abandonment of valleys, formation of deep and incised river valleys, highly irregular
longitudinal profiles of channels, and the varying number and tilting of terraces. Among these features,
deep valleys formed by the incision of rivers with high flow velocity are a prominent characteristic of
active, uplifting mountain areas. On a large scale, the ridge-valley landscape of the entire Qinghai-Tibet
Plateau was formed by the mechanism of intensive incision.

The continuous rising of the Qinghai-Tibet Plateau has resulted in steep slopes and several active
faults including the Longmenshan Fault where a great earthquake, known as the Wenchuan Earthquake,
occurred on May 12, 2008. River-bed incision has dominated the fluvial process in the area. The frequent
landslides on threshold hill-slopes is one means of relief adjustment to fluvial bedrock incision. Besides
the rate of rock uplift and incision intensity, the characteristics of the underlying rock are another
controlling factor. Limestone usually has great permeability, thus allowing rainfall to infiltrate to the
subsurface and reducing incisions on the surface (Hovius and Stark, 2006). Rocks with lower permeability,
but vulnerable to weathering, usually are more prone to mass wasting; for example, the granite in the
lower Minjiang River. Observations have revealed that steady incision during low and intermediate flow
conditions leads to channel bed lowering while significant channel widening occurs during big floods.
Crucially, such floods help transmit the effect of the accumulated thalweg lowering to adjacent hill slopes.
Deep landscape dissection has produced high-relief, narrow river gorges, and threshold hill-slopes that
frequently experience large landslides, making the entire region highly susceptible to quake lake formation.
The quake lakes and their management play an important role in the morphological process and reclamation
of the land in the earthquake area.

Of course, channel incision occurs mainly in mountainous rivers. However, incision may also occur in
channels of relatively gentle slope. Because of dense population and infrastructure channel incision in an
in habited plane area is more disastrous, although the incision is in much smaller scale than that on the
Qinghai-Tibet Plateau margin. For example, rapid urbanization and the resulting increase in peak flows
from a watershed can result in substantial channel incision in urban areas threatening homes, roads, and
other infrastructure, serious incision problems have resulted in the bluffs near Lake Michigan in the
Chicago and Milwaukee areas in the U.S. Release of clear water from a reservoir also may cause incision
of the downstream reaches, and channelization of a river may cause continuous scour of the channel bed
(Wang, 1999). The Sanmenxia Reservoir began filling with water in 1960 and released clear water beginning
in September 1960. A 400 km long reach was scoured when the reservoir released water at a rate of
1,000 m*/s and an 800 km reach along the riverbed was scoured when the released discharge was over
2,000 m*/s (Yang et al., 1994). From September 1960 to October 1964, the released clear water from the
reservoir scoured 2 billion tons of sediment from the bed of the lower Yellow River. The incision of the
riverbed endangered bridge piers and exposed oil pipelines, which were buried beneath the riverbed. The
Dashi River is located to the north of Qinhuangdao, with bed sediment mainly composed of sand and
gravel. An oil pipeline from the Daqing oil field to Qinhuangdao crossed the river. A 1,126 m long pipe
section was buried 2 m beneath the bed. A reservoir with a storage capacity of 70 million m® was built
3 km upstream of the river-pipeline crossing. The reservoir released a discharge of 4,250 m’/s, equal to
the 100-year flood, in the summer of 1984. The riverbed was seriously scoured and the oil pipe was
exposed to the flow and was broken. A large amount of oil was discharged into the river, which resulted
in serious environmental pollution.

The middle reaches of the Mississippi River were shallow and unstable. American engineers began to
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train the river by the end of the 19th century. Then the river was channelized by dykes and groins and the
main channel of the river was scoured 2 m (Stevens et al., 1975). The Rhine River was channelized by
German engineers in the 19th century. It has become a human-controlled straight waterway. Sediment
was trapped by dams and weirs in the upstream reaches and tributaries. Consequently, flood flow scoured
the riverbed. The ground water table in the zone by the river was then reduced by 1-2 m and the
navigation conditions of the river channel were worsened. In order to prevent channel bed incision,
German engineers have had to feed gravel to the river at a rate about 170,000 t/yr since 1978 and the
strategy has proved successful (Kuhl, 1992). Incision control strategies will be discussed in detail in
Section 4.8.

Table 3.1 lists the incised channels on the basis of size and location. Rills are small channels that form
on steep slopes (Fig. 3.1(a)). They are ephemeral because they can be obliterated seasonally by frost
action or by the ploughing of fields. They are of little concern except that they increase stream turbidity,
and they can deepen and become permanent gullies. Gullies are incised channels that form where there
was no existing channel. They form on valley sides (Fig. 3.1(b)) and on valley floors. Entrenched streams
are existing channels that have become incised. Figure 3.1(c) shows a stream in the upper Yangtze River
basin in Sichuan Province, which is developing into an entrenched stream in a process of channel
incision. Composite incised channels are composed of reaches that are gullies, as defined above, and
reaches that are entrenched streams. Depending upon the design and construction, a channelized stream
can also be a composite incised channel. Figure 3.1(d) shows the Grand Canyon of the Colorado River,
U.S.. It is a composite incised channel, showing the different varieties of valley-floor gullies. Scarps are
formed by erosion. Headcut occurs in the tributary gullies. The incision of the valley floor forms terraces.
Rill erosion is still occurring on the floor and the rills will eventually develop into gullies and integrate
into the drainage network.

Table 3.1 Incised channels in different scales (based on Schumm et al., 1984)

Incised channels Notes
Rill Very small (centimeters) ephemeral channel on steep slopes
Gully A relatively deep (meters) incised channel that formed where there was no pre-existing

channel. There are valley-side gullies and valley-floor gullies which can be continuous
or discontinuous

Entrenched stream Incision of an existing channel produces a deep unstable channel such as a mountain
stream experiencing continuous incision.

Composite incised river A complex river system with incised main stem river and tributary channels (the middle
reaches of the Yellow River for example)

Incised streams are disturbed ecosystems. Although Brookes (1988) refers to the effects of channelized
streams on stream ecology, the same can be said for incised stream systems in general:”...habitat
diversity and niche potential are reduced, and, the quality and functions of the species occupying the
system are changed.”

Sediment produced from incised channel systems impacts local and downstream water quality.
Populations of fish and benthic macro-invertebrates (a measure of water quality) are severely impacted in
incised channels (Brookes, 1988). Mobile, unstable streambeds destroy spawning habitats and pool-riffle
sequences. Bank failures result in loss of riparian vegetation cover, higher water temperatures, and
increased turbidity. Changes in bed-material composition, or complete burial of gravel substrates by
aggradation, also cause destruction of aquatic habitat. Because the cover provided by riparian vegetation
is lost by mass failure of channel banks, populations of mammals and birds are also reduced along
incised stream corridors (Carothers and Johnson, 1975; Possardt and Dodge, 1978; Barclay, 1980).
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Channel incision may cause many problems in navigation. Lowering of local ground water tables as a
result of incision can also have far-reaching effects on floodplain and wetland flora and fauna.

Fig. 3.1 (a) Rills developed on slope by erosion on the bank slope of the Yalutsangbu River; (b) A gully developed
from rills in the Yongding River basin; (¢) A stream in the upper Yangtze River basin in Sichuan Province developing
into an entrenched stream in a process of channel incision; (d) The Grand Canyon of the Colorado River, U.S. is a
composite incised channel (See color figure at the end of this book)

Incised channel systems pose particular challenges to engineers, managers, and planners because they
are extremely dynamic. Since incised channels convey flows that are even more erosive than the same
flow within a non-incised channel, river crossings and other in-stream structures must be able to cope
with the maximum amount of morphological change that is likely to occur during the design life of the
structure. It is also essential to investigate the effects that a structure is likely to have on channel processes.
For example, various types of grade-control structures have been successfully used to arrest the upstream
propagation of knickpoints and ensuing degradation. It has been found, however, that if the structure
ponds water as a dam, resulting in sediment deposition upstream from the structure, a new wave of
degradation is induced by clear-water flows downstream (Simon and Darby, 1997c¢). In alluvial reaches
that are actively widening, maintenance of cross-section shapes at bridges is often counterproductive.
The narrower section at the bridge can cause backwater effects during high flows, resulting in a hydraulic
drop through the bridge opening and the development of enormous scour holes downstream. These scour
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holes ultimately migrate back upstream through the bridge opening, posing a threat to the stability of the
bridge and threatening public safety.

Trees and tree branches delivered to incised channels by bank failures often become trapped on the
upstream sides of bridge piers and abutments. Accumulation results in trapping of additional debris and
the redirection of flows. Secondary flows result in scour around piers and abutments, undercutting of
bank toes, and slab failures. Large woody debris and its effects have been cited as a cause for bridge
failures in incised channels (Robbins and Simon, 1983; Melville and Dongol, 1992; Wallerstein and
Thorne, 1996; Hupp, 1997). On the other hand, large woody debris may mitigate the channel incision by
creating high resistance and trapping sediment. Figure 3.2 shows large woody debris deflecting the flow
in a tributary stream of the Yalong River in Sichuan, China, which results in sedimentation mitigation of
channel incision.
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Fig. 3.2 Large woody debris mitigates incision in a tributary stream of the Yalong River in Sichuan

In field investigations the diagnostic feature of incised rivers is the “V”-shape channel. If the lower
banks have higher slope than upper banks the river experienced accelerating incision in the past decades
and is of particular danger of bank failures or landslides. The banks of incised rivers are mostly at the
critical slope, which means that a slight increase in bank slope may cause bank failures or even landslides.
On incised rivers the bank slope may be higher than 30°. In some cases it may be as high as 45°. Lithologic
characters are the most important factor for the bank slopes. Limestone, granite and sandstone support
high slopes but shale, antigorite and phyllite can only sustain low slopes. Poor vegetation is associated
with reduced slope. Figure 3.3(a) shows the incised Liwu River in Taiwan, China with “V” shape valley.
The bank slope is so steep and unstable that rainstorms often cause bank failures and landslides. Because
bank failures bring a lot of sediment into the river the sediment concentration in the river is quite high.
Figure 3.3(b) shows a bank failure due to incision on a river in Sichuan.

3.1.2 Causes of Incision

The causes of channel incision are numerous and they can be grouped into six categories (Table 3.2) that
at least partly reflect the different time and space scales at which formative processes operate (Darby and
Simon, 1999). Geologic and geomorphic causes may require many years to develop a response, whereas
climatic and hydrologic variability, animal grazing, and human activities can have a more immediate
impact. For example, a wetter climate (C2) will increase discharge (D1), and increased rainfall intensity
(C3) will increase peak discharge (D2). Also, there is feedback from human and animal activities to
hydrologic controls. For example, human activities, 1, 3, 4, 5, 13, 14, and 15 will modify water discharge
and sediment loads.
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Fig. 3.3 (a) The upper reaches of the Liwu River in Taiwan, China; (b) Bank failure due to incision on a small
stream in Sichuan (See color figure at the end of this book)
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Table 3.2 Causes of incised channels (after Darby and Simon, 1999)

Category

Causes

Studies

A. Geologic

Al. Uplift

A2. Subsidence
A3. Faulting
A4. Lateral tilt

Burnett and Schumm (1983), Wang et al. (2009)

Ouchi (1985)

Keller and Pinter (1996), Mayer (1985), Ouimet et al. (2007)
Reid (1992)

B. Geomorphologic

BI1. Stream capture

B2. Base-level lowering

B3. Meander cutoffs

B4. Avulsion

BS5. Lateral channel shift

B6. Cliff retreat

B7. Sediment storage
(increased gradient)

B8. Mass movement

B9. Groundwater sapping

Shepherd (1979), Galay (1983)

Begin et al. (1980)

Winkley (1994), Love (1992)

Kesel and Yodis (1992), Schumm et al. (1996)
LaMarche (1966), Galay (1983)

Schumm and Phillips (1986)

Patton and Schumm (1975), Trimble (1974),

Mead et al. (1990), James (1991), Vandeaele et al. (1996)
Martinson (1986), Rodolfo (1989), Ohmori (1992)
Higgins (1990), Jones (1997)

C. Climatic

Cl1. Drier
C2. Wetter
C3. Increased intensity

Knox (1983), Graf (1983), Hall (1990)
Knox (1983), Graf (1983), Bull (1991)
Knox (1983), Balling and Wells (1990)

D. Hydrologic

D1. Increased discharge
D2. Increased peak discharge
D3. Decreased sediment load

Burkard and Kostachuk (1995)
Macklin et al. (1992)
Lane (1955), James (1991)

F2. Sediment diversion

F3. Flow diversion

F4. Urbanization

FS5. Dam removal, failure

F6. Lowering lake levels

F7. Meander cutoff

F8. Underground mining

F9. Groundwater and
petroleum withdrawal

F10. Sand and gravel mining

F11. Dredging

F12. Roads, trails, ditches

F13. Channelization

F14. Deforestation

F15. Fire

E. Animals El. Grazing Alford (1982), Graf (1983), Prosser and Slade (1994)
E2. Tracking Trimble and Mendel (1995)
F. Humans F1. Dam construction Williams and Wolman (1984)

Galay (1983)

Maddock (1960)

Morisawa and LaFlure (1979)

Galay (1983)

Born and Ritter (1970), Galay (1983)
Lagasse (1986), Winkley (1994)

Goudie (1982)

Lofgren (1969), Goudie (1982),

Prokopovich (1983)

Harvey and Schumm (1987)

Lagasse (1986)

Burkard and Kostachuk (1995), Gellis (1996)
Schumm el al. (1984), Simon (1994)
Macklin et al. (1992)

Laird and Harvey (1986), Heede et al. (1988)
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Table 3.3 uses the reference codes of Table 3.2 to categorize the various causes by their effect and by
the type of incision, respectively, which is either upstream or downstream progressing or both (Galay,
1983). The most common example of downstream progressing incision occurs downstream from large
dams. One can also group the causes into those that increase energy and those that decrease the resistance
of the surface or channel. For example, anything that causes steepening of the channel increases stream
power and a stream’s ability to incise. All of the geologic, geomorphic, climatic, and hydrologic causes
with the exception of B8 and B9 fall into the category of increased energy. In contrast, animal causes
reduce resistance by removing vegetation and channelizing flow. The human causes combine both effects
with the effect of increasing energy by increasing or concentrating flow (F3, F4, F12, F13, F14, F15) by
increasing gradient (F5, F6, F7, F§, F10, F11), and/or by decreasing sediment loads (F1, F2, F10, F11). A
single cause can produce either a gully or an entrenched stream or both, and the effect of the incision can
either propagate upstream or downstream or both.

Table 3.3 Effects and types of incision

Formation of a new Deepening of existing channel Downstream Upstream progressing
channel (gully) (entrenched channel) progressing
Al,A2,A3, A4 Al,A2,A3 Al,A2,A3, A4
B2, B4, B6, B7, B8, B9 |B1, B2, B3, B, B6, B8 B4, B8 B, B2, B3, B4, B5, B6,
B7, B8, B9
Cl1,C2,C3 C2,C3 Cl1,C2,C3 C1,C2,C3
D1, D2, D3 D1, D2, D3 D1, D2,D3 D1, D2, D3
El,E2 El, E2
F3,F4,F8,F9,F12,  |F1,F2, F3,F4, F5 F6,F7,F8, |Fl, F2, F3, F4, F10,|F3, F4, F5, F6, F7, F8,F9, F10,
F14, F15,F16 F9, F10, F11, F13, F14, F15 F11, F12, F14, F15 F11, F12, F13,F14, F15

3.1.2.1 Geological Causes

Uplift, subsidence, and faulting all modify the slope of the valley floor and channel gradient. For
example, channel incision should occur on the downstream steeper part of uplift and at the upstream steeper
side of subsidence and where a stream crosses from the up-thrown to the down-dropped portions of a
fault. If the uplift is a dome, gullies can form a radiating pattern. Lateral tilt of a valley floor can cause
avulsion and the development of a new channel, and lateral fault displacement can also cause stream
incision and gullies.

The 921 earthquake in Taiwan (September 21, 1999) was caused by tectonic motion. The tectonic
motion generated a huge fault, and caused lateral tilt of river valleys. Figure 3.4 shows that the left side
of a river in Taiwan, has risen up and the right side of the river has settled down by 8 m due to the tectonic
motion. Erosion and incision of the channel bed was induced thereafter. The magnitude of the resulting
incision depends on the amount of deformation and the ability of a channel to adjust to the altered slope
by increasing its sinuosity (Schumm, 1985).

According to the British Geological Survey, the Indian Plate moves northward at a rate of 5 cm/year
(Chen and Gavin, 2008). Its collision with the Eurasian Plate has resulted in the uplift of the Himalaya
and the Qinghai-Tibetan plateau, and associated earthquake activity. The rate of horizontal movement is
about 5 cm/yr at Himalaya, 4 cm/yr in the source area of the Lancang and Yangtze Rivers, to about 2
cm/yr at the Qilian Mountain. As a result the Himalaya rises at a rate of 21 mm/yr while the Qilian
Mountains rise at a rate of 5 mm/yr. The Sichuan basin, located to the east of the plateau, is stationary.
This pronounced variability in the rates of horizontal movement has resulted in many active faults and
river bed incision of almost all rivers on the east margin of the plateau.
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- et 5 18200
Fig. 3.4 A broken bridge illustrating the lateral tilt of the river valleys caused by the 921 earthquake in Taiwan
(September 21, 1999)

The streams in the area are incised channels and the bank slopes are so steep that slope failures readily
occur during rainstorm and earthquake events. The rising plateau has increased the gradient of rivers and
caused dramatic changes to stream networks. In general the rivers flows from northwest to southeast are
strengthened and extended but the rivers in an opposite direction are reduced in length or eliminated.
Asymmetry of stream networks is then evident in watersheds on the margin of the plateau. Figure 3.5
shows the stream network of the Xihanshui River (the upstream area of the Jialing River) on the
northeastern margin of the plateau. All large tributaries join the river from the northwestern side, creating
a very asymmetrical stream network. More than 90% of the drainage area is on the western side of the
river. This situation is repeated for many stream networks at the margins of the Qinghai-Tibetan Plateau.

Fig. 3.5 Asymmetrical distribution of tributaries and drainage area of the Xihanshui River

3.1.2.2 Geomorphic Causes
Geomorphic causes of incision for the most part involve an increase in gradient. For example, stream
capture, base-level lowering, meander cutoffs, avulsion, cliff retreat, sediment storage, and lateral shift of
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a main channel can cause a local steepening of the channel gradient and incision. It has been demonstrated,
for example, that sediment deposition and storage in valleys and on alluvial fans eventually leads to
steeper gradients and the formation of discontinuous gullies (Fig. 3.1) and alluvial-fan trenches (Schumm
et al., 1984), when a threshold of slope stability or stream power is exceeded. Cliff retreat and lateral
channel shift can shorten and, therefore, steepen the affected channels.

Other processes, such as mass movement, can produce incision. Mudflows and debris flows are
capable of erosion and channel enlargement, and when a landslide delivers large amounts of sediment to
a valley floor, this deposit will eventually be eroded and become incised by the existing stream. In
addition, where groundwater emerges from a sloping surface, a channel can be produced that extends
back toward a drainage divide or to the source of the groundwater.

3.1.2.3 Climatic and Hydrologic Causes

Climatic and hydrologic causes of incision are closely related, and perhaps they should not be separated
in Table 3.2. Nevertheless, it is possible to think of a climate change that alters vegetation. A change to a
drier climate can reduce vegetation cover and produce higher sediment loads and higher peak discharges.
A change to a wetter climate can increase vegetative cover, which reduces sediment loads and increases
mean annual runoff. These climatic changes produce hydrologic changes that cause incision. Climatic
fluctuations also may produce hydrologic responses, such as major floods, periods of increased discharge,
and changes in sediment loads, without greatly affecting vegetative cover.

3.1.2.4 Human and Animal Causes

Human activity of a variety of types is known to cause channel incision. These causes can be grouped
into four effects as follows: decreased sediment loads, increased annual discharge and peak discharge,
flow concentration, and increased channel gradient. Decreased sediment loads can be caused by dam
construction, sediment mining, urbanization, diversion of sediment into another channel such as a canal,
and gravel mining and dredging. Flow can be concentrated with the effect of increasing stream power by
gravel mining and dredging, urbanization, roads, trails, ditches, channelization, and by flow constriction
by dikes. Gradient can be increased by dam removal, lowering of water levels in lakes and reservoirs,
meander cutoffs, mining, withdrawal of fluids and hydro-compaction, gravel mining, dredging, and
channelization.

Figure 3.6(a) shows sediment mining from the Lishui River in Hunan Province, China. Sediment
demand for building materials has been increasing due to economic development and urbanization in
China. There are no laws to control sediment mining from rivers. Consequently, the total amount of
sediment mining in many places is much more than the annual coarse sediment load (bed load). As a
result the channel bed has incised down by several to twenty meters.

Channelization has become an important cause of bed and bank erosion. Figure 3.6(b) shows that
channelization of the Charlooz River in Iran causing channel incision, which endangered the banks and a
nearby road. The banks are hardened and smoothened, therefore, high velocity current may flow near the
banks and cause erosion of the bank toe. The river channel is narrowed and straightened because of
urban construction. The flow velocity is enhanced, which caused river bed incision and bank collapse, as
shown in the figure.

It has been argued long that overgrazing has produced the great arroyos of the southwestern U.S.
Whether or not this is true, weakening of vegetation cover by grazing can produce channel incision.
Tracking of animals also decreases infiltration rates, which in turn increases runoff both on hill slopes
and in the trails.
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Fig. 3.6 (a) Sediment mining from the Lishui River in Hunan Province, China; (b) Channelization of the Charlooz
River in Iran causing channel incision, which endangered the banks and a nearby road

3.1.3 Evolution process of Incised River

3.1.3.1 Channel Incision
The incision of the river channel indicates a period of vertical instability or disequilibrium by
degradation. Lane (1955) suggested degradation occurs if

Os > kQ. Dy, 3.1
where O is the channel-forming discharge (m’s™), s is the channel gradient, k is a coefficient, O, is the
unit bed-material discharge (m%™), and Ds, is the median grain size of the bed material (m). Figure 3.7
shows the factors affecting channel degradation or aggradation and their dynamic relations.

The bankfull discharge of non-incised, stable streams is generally accepted to be in the range of the
1-2 year recurrence interval flow (Wolman and Leopold, 1957; Williams, 1978). As degradation
progresses, discharge capacity increases and the channel is able to pass progressively larger volumes of
water within its enlarged cross section. The frequency of floodplain inundation is, therefore, reduced to
less than the 1 to 2-year recurrence interval and the floodplain becomes a terrace. This has important
implications for the geomorphic effectiveness of moderate and high recurrence-interval flows, which
would have previously spilled out over the floodplain, dissipating flow energy. In an incised system, such
flows are constrained within the deeper, narrower cross section and exert higher shear stresses, transporting
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more sediment than the same flow (same recurrence-interval flow) prior to degradation (Simon, 1992;
Simon and Darby, 1997a). The dominant discharge, defined by magnitude-frequency analysis of
long-term sediment-discharge rates (Wolman and Miller, 1960; Andrews, 1980; Thorne et al., 1993;
Andrews and Nankervis, 1995) may, therefore, be quite distinct in incised versus non-incised rivers. This
has serious implications for morphological analyses and design tools which are based on regime relations
(Leopold and Maddock, 1953; Hey and Thorne, 1986) or other methods, which rely on specification of
the bankfull or dominant discharge (Rosgen, 1996). Particular care must, therefore, be exercised in
identifying the level of the bankfull discharge, and determining whether the discharge at that level

actually represents the dominant flow.
| I ———— 1 I - |
Stream slope

Flat Steep

Sediment size

Course Fine

Fig. 3.7 Factors affecting channel degradation or aggradation. The channel incision (or siltation) is determined by
the stream’s energy, slope, and flow of water in balance with the size and quality of the sediment particles (after
FISRWG, 1997)

3.1.3.2 Bank Erosion

An important characteristic of incised alluvial channels is the role of bank erosion and channel-width
adjustment. Depending on the strength of the bank materials, increases of bank heights and angles
resulting from incision may be sufficient to trigger mass movement under gravity (Daniels, 1960; Thorne
et al., 1981; Little et al., 1982; Schumm et al., 1984; Simon and Hupp, 1986; Simon, 1989, 1992; Darby
and Thorne, 1996; Simon and Darby, 1997a). A common feature of the response of incised channels is,
therefore, the sudden switching of the locus of channel instability from deepening to widening. Rates of
channel widening in incised channels range over several orders of magnitude; from less than 0.01 m yr'
in bedrock canyons, to less than 1.0 m yr™' in cohesive stream bank materials, to as much as 100 m yr '
in non-cohesive stream bank materials.

The bank heights of incised channels are greater than those prior to incision, and the upper bank
surfaces are wetted less frequently by rises in stage. Bank failure may occur during the receding limb of a
flood as shown in Fig. 3.8. The onset of widening by mass movement processes results in distinguishable
bank morphologies (Simon, 1989), which in turn depend on the type and mode of bank failure. Planar
failures are generally associated with very steep banks and with the formation of tension cracks, which
develop at the ground surface and extend downward. Rotational failures occur along the highest banks
with shallower angles and tend to occur later in the adjustment sequence. Slab failures are characterized
by the toppling of an upper bank mass after undercutting of the lower part of the bank by fluvial action
(Thorne, 1990) or by pore pressure induced pop-out failures (Bradford and Piest, 1980; Simon and Darby,
1997b). Figure 3.9 shows a bank failure due to bed incision of the Liujia Ravine in Lixian county of
Gansu Province. A recent flood scoured the river bed by about one meter and the banks became very

133



River Dynamics and Integrated River Management

unstable and the bank failure occurred.

Top bank X £ 0ld flood

== plain

Arcuate bank
failure

Rotational
failure

Failed bank —

\ material \
\ Fluvial
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Fig. 3.8 Schematic illustration showing the morphological features of a typical incised river channel (after Darby
and Simon, 1999)

i By R T ‘g

Fig. 3.9 Bank failure during the process of stream bed incision of the Liujia Gully in Lixian, Gansu (See color figure
at the end of this book)

Channel widening is an extremely important process in accelerating the recovery of incised streams
because it acts to reduce flow depth, available shear stress, and sediment-transport capacity for a given
discharge. Together with the input of volumes of hydraulically controlled sediment from eroding banks,
these processes act as a feedback mechanism to reduce the rate of bed degradation. This helps to promote
establishment of a more stable longitudinal profile through aggradation downstream. Predictive analyses,
such as numerical models of incised channels, that ignore channel widening run the serious risk of
biasing estimates of future channel changes or stable morphologies (Darby and Thornes 1996; Simon and
Darby, 1997a).

3.1.3.3 Evolution of Incised Channels

In general, the morphological process of incised rivers goes through four stages as shown in Fig. 3.10(a)
Rapid degradation of the channel bed ensues as the channel begins to adjust after tectonic motion. The
valley takes a narrow “V” form. There is little space for humans to reclaim the hill slopes; (b) Degradation
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continues and the river valley widens. Because degradation flattens the channel gradient, the available
stream power for a given discharge reduces with time. Concurrently, bank heights increase and bank
angles steepen, which induces bank failures and successive landslides. Especially during earthquakes,
many rockfalls, avalanches, and landslides occur, causing the valley to broaden laterally. The valley takes
a broad “V” form in this stage. Because the valley becomes wider and the bank slopes gentler, humans
can reclaim the hill slopes, build houses, plant crops, and construct roads and highways; (c) As
degradation migrates further upstream, aggradation becomes the dominant trend in previously degraded
sites, because the flatter gradient cannot transport the increased sediment loads emanating from upstream.
The river bed becomes flat and the valley takes a “U” form. The valley becomes safer for humans to
reclaim and live in than in Stage 2; (d) Attainment of a new dynamic equilibrium takes place through @
bank widening and the consequent flattening of bank slopes, and knickpoint establishment through
landslide occurrence, quake lake formation, or in some cases dam construction by humans, @ sediment
deposition and bed structure development, and the establishment and proliferation of riparian vegetation
that adds roughness elements, enhances bank accretion, and reduces the stream power for a given
discharge, and @) flow energy consumption at knickpoints and bed-gradient reduction in the reaches
upstream of the knickpoints.

Figure 3.11(a) shows an example of a tributary of the Minjiang River in stage 1. In this stage, deeply
incising rivers often create a landform called an inner gorge at the interface between hill slopes and river
channels. An inner gorge is characterized by a convex break in the hill-slope gradient, and lined by
hill-slope toes significantly steeper than those of upper valley flanks. Thus, the hill slope is divided into
the upper slope and the inner gorge wall (Korup., 2006). Figure 3.11(b) shows an example of the
Dajinchuan River in Sichuan in stage 2. Figure 3.11(c) shows an example of the Kuaihe River in the
upper Yangtze River basin in stage 3. Figure 3.11(d) shows an example of an upstream reach of the Dahu
River in Sichuan in stage 4. The valley is wide and flat. Several knickpoints consume energy and the
gradient between the knickpoints is low. The valley takes a broad “U” form, which is suitable for humans
to live and facilitates the best stream ecology.

Stage 1 Stage 2
N r;lighway
Residence
(a) ()
Stage 3
£ ~ ! !
Residence 7 Highway v Stage 4 o
Aae o ' Highway
Farmland FAVN Residence
Village

Farmland
(c) (dy

Fig. 3.10  Four stages of the morphological process of incised rivers.(a) Rapid degradation stage showing a narrow
“V” form valley; (b) degradation and widening stage showing a broad “V” form valley; (c) widening and resiltation
stage, showing a “U” form valley; and (d) equilibrium stage showing a broad “U” form valley

3.1.3.4 Riparian Vegetation
In many incised stream systems, riparian vegetation plays an important role in flow and near-bank
hydraulics, bank stability, and stream habitat. In humid environments, the sequence of processes and
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Fig.3.11 (a) A tributary of the Minjiang River in the rapid degradation stage; (b) the Dajinchuan River in the
degradation and widening stage; (c) the Kuaihe River in the upper Yangtze River basin in the aggradation and
widening stage; (d) an upstream reach of the Dahu River in the equilibrium stage (See color figure at the end of this book)

forms associated with the evolution of incised channels is accompanied by related changes in the
character and quantity of riparian vegetation (Hupp and Simon, 1991; Hupp, 1992; Simon and Hupp,
1992; Hupp, 1997). Riparian vegetation may be directly removed by a disturbance or by mass failures
during channel adjustment. Re-establishment of woody vegetation on the banks of incised channels
generally occurs initially on low-bank surfaces and is accompanied by reworking of failed materials and
fluvial deposition (Simon and Hupp, 1986; Hupp and Simon, 1991). This is an indication that relative
stability is returning to the stream bank as vegetation extends upslope with time.

Vegetation increases flow resistance on bank surfaces and can result in locally reduced velocities and
enhanced deposition. In contrast, vegetation either germinated in situ, or delivered with a failure block to
a low-bank position, can cause eddying, flow deflection, and basal erosion of bank toes of the opposite
bank or bar. Riparian vegetation also has a variety of effects on the shearing resistance of stream banks
through its effects on root reinforcement (Wu and McKinnell, 1976), permeability (Collison and
Anderson, 1996), and pore-pressure distributions (Huck et al., 1970), and increases in shear strength due
to increased suction. Figure 3.12 shows the riparian vegetation by a small river in the Mississippi River
drainage basin resisting bank erosion with the roots of the trees bonding the bank soil. Reinforcement of
the shearing resistance of stream banks by roots is of course limited to the rooting depth of the riparian
vegetation. Field studies have shown that roots with diameters greater than 15 to 20 mm do not greatly
contribute to increased shear strength (Coppin and Richards, 1990). Large roots are better treated as soil
anchors (Gray and Leiser, 1982). The effects of riparian vegetation on deep-seated rotational or other
failures where the failure-plane depth exceeds the rooting depth is, therefore, limited to creating a
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surcharge by increasing the normal force on the potential failure plane. The varying effects of vegetation
on incised stream bank stability have not been addressed in detail although Abernathy and Rutheford
(1998) provide a review of research in North America, Europe, and Australia.

Techniques and results for tropical cut slopes, which are characterized by deep, heterogeneous profiles
may prove useful in analyzing incised channel banks (Anderson et al., 1996; Collison and Anderson,
1996). A modified version of the combined slope hydrology-stability model CHASM (Anderson and
Kemp, 1991) may be particularly useful for testing the role of riparian vegetation on the stability of
banks in incised streams.

T Y = A el L

Fig. 3.12 The riparian vegetation by a small river in the Mississippi River drainage basin resists bank erosion with
the roots of the trees bonding the bank soil

3.2 Bedrock Channels

3.2.1 [Incision Rate of Bedrock Channels

A bedrock channel may be defined as one for which morphology and gradient are directly controlled by
bedrock (Wohl, 1998). A bedrock channel has bedrock exposed along the channel bed or walls for at least
approximately half its length, or has bedrock limits to the magnitude and location of bed scour and bank
erosion during floods. Bedrock exposure along at least half the channel length suggests that alluvium
does not accumulate to a depth at which the active channel is formed entirely in alluvium. The presence
of bedrock as channel boundaries during large discharges will facilitate different patterns of hydraulics,
sediment transport, and channel morphology than those common along alluvial channels. Bedrock-
constrained valley walls may limit floodplain development so that bedrock channels have low-flow and
high-flow portions. A bedrock channel may also have a bedrock surface into which a low-flow inner
channel is incised, thus, having inner channel flow in the dry season and high (flood plain) flow in flood
season (Figure 3.13).

Bedrock channels most commonly occur in regions of high topographic relief. Relief may be a product
of recent tectonic uplift, as in the Himalayan Mountains of central Asia, or the Colorado Plateau of the
southwestern U.S. High topographic relief in a drainage basin tends to produce high stream gradients,
and, thus, the potential for high sediment transport capacity and flow energy per unit of discharge. The
exposed bedrock implies that the channels may be particularly sediment-starved during floods.

Flood flows along channels incised into highly weathered, soft, or thinly bedded or jointed rocks result
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in substantial channel incision via abrasion, flaking, or plucking of bedrock. An example of bedrock
channel incision is the middle reaches of the Yellow River, as shown in Figure 3.14(a). The channel bed
is composed of thin-layered limestone. The heavy sediment load carried by the flow makes the flow
more abrasive and the flow has cut an inner channel up to 40 m deep. Figure 3.14 (b) shows the bare
bedrock bed of the Jinghe River, a tributary of the Weihe River in China. The bed cross section exhibits a
V-shape, which is similar to the second type in Fig. 3.13.

Flood level . N . Bedrock
nner channe beach

- 35 m
Bedrock

High flow

™ Bedrock
Low flow

Fig. 3.13 Schematic illustration of U-shape and V-shape channels of low-flow and high-flow morphologies present
along bedrock channels (after Wohl, 1992)

(b)
Fig. 3.14 (a) Bed rock channel in the middle reaches of the Yellow River; (b) Bed rock channel of the Jinghe River
with a V-shaped cross sections (See color figure at the end of this book)
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Bedrock channels tend to be incised below the surrounding slopes and uplands. Because bedrock
channel incision commonly occurs over the course of centuries to millennia, channel instability resulting
from bed incision is not as widespread a problem among bedrock channels as among alluvial channels.
However, there are conditions under which rapid bedrock channel incision may create hazards. As listed
in Table 3.4 the average rate of bedrock channel incision ranges from 0.5 to 1000 mm/kyr, depending on
the bedrock, the flow in the channel, and the bed gradient.

Table 3.4 Published long-term average rates of bedrock channel incision (after Schumm and Chorley, 1983; and
‘Wohl and Grodek, 1994)

Rate . . Drainage |~ . Time range
(cm kyr) Lithology Location arca (km’) Climate tectonics of incision Source
9 ranite, andesite Sierra Nevada, 35,000 |arid, uplift Pliocene- Huber, 1981
g ’ California, U.S. ’ »up Quaternary uoen
. . . Miocene- Larson et al.,
30 sedimentary Colorado, U.S 11,800 |semiarid, uplift Quaternary 1975
7 metamorphic Colorado, U.S. semiarid, uplift Pliocene- Scott, 1975
Quaternary
Goldberg,
. Nahal Zin, . . 1976; Schwarcz
45-130 |sedimentary Isracl 1,540  |hyperarid, uplift  |Quaternary etal.. 1979:
Yair et al., 1982
. Nabhal Paran, . . ‘Wohl and
10 sedimentary Israel 3,600 |hyperarid, uplift  |Quaternary Grodek, 1994
30 basalt, limestone | Utah, U.S. 9,900 |semiarid, uplift Quaternary ?;;rllbhn etal,
9.5 sedimentary Arizona, U.S. 68,500 |semiarid, uplift Quaternary  |Rice, 1980
Jalisco, . . Pliocene- .
23-25 basalt Mexico arid, uplift Quaternary Righter, 1997
suggested average
rate  of bedrock .
15 channel incision in Pitty, 1971
middle latitudes
. . . Harden and
25-47 sedimentary Utah, U.S. 115,000 |semiarid, uplift Quaternary Colman, 1989
igneous and . L . Leland et al.,
1,000 metamorphic Pakistan 260,000 |semiarid, uplift Quaternary 1995
th ~qst Fourth River
60,000 shale and fine sand Taiwan, China Wet and tropical 20°-21 Department,
stone century 2006
. . . Mediterranean, Merritts et al.,
70-180 |sedimentary California, U.S. 655 uplift Holocene 1994
sedimentary, Mediterranean. Rosenbloom
<25 . Lo California, U.S. 10-20 . ? Quaternary  |and Anderson,
intrusive igneous uplift 1994
Kauai, Hawail seasonal tropical to | Pliocene- Seidl et al.,
0.5-8 basalt U.sS. 0.1-90 semiarid, uplift Quaternary 1994
Kauai, Hawail seasonal tropical to | Pliocene- Seidl et al.,
—100* > _
40-100* | basalt U.S. 0.1-90 semiarid, uplift Quaternary 1997
50-690 |sedimentary Montana, U.S. 1,420 E;ﬁlfltd temperate, Quaternary | Foley, 1980
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(Continued)
<1,000 |mudstone Japan 0.15-0.4 E;ﬁlfltd temperate, Quaternary | Mizutani, 1996
5.7 limestone New Guinea 0.02 Egﬁlfltd tropical, Quaternary | Chappell, 1974
: . humid temperate Tinkler et al.,
<1.57* >
<1.57* |sedimentary Ontario, Canada | 686,000 passive Quaternary 1994
basalt. southeastern humid temperate, |Miocene Young and
0.5-3 metamorphic Australia 20-400 passive Quaternary ll\/;cglgougall,
300 basalt, sedimentary Svalbard, subpolar, passive |Quaternary  |Budel, 1982
? Norway ’ ’ ’
carbonates, . humid temperate, Granger et al.,
27 crystalline rocks Virginia, U.S. passive Quaternary 1997

* Symbol denotes knickpoint migration upstream

The Jinghe River, in the Loess Plateau of China, carries a huge amount of sediment and flows into the
Weihe River. The annual sediment load/water ratio is as high as 140 kg/m’. Because the sediment is fine
and there is no bed sediment, the bedrock is exposed to the flow and the bed is incised at a rate of about 5
mm/kyr.

Very fast incision rate occurs on the bed rock composed shale and fine sand stone. Figure 3.15 shows
the bed rock channel of the Cho-shui River in Taiwan. The Chichi Barrage was constructed on the river
in 1999 for water diversion and irrigation. Sediment was trapped in the reservoir, which caused more
than 50% of capacity loss of the reservoir. The released clear water from the barrage scoured the river
bed and carried the bed sediment away. The bare rock exposed directly under the action of the erosion
and flow scouring. In the meantime sediment mining also caused bed rock exposure. The bed rock
composed mainly of shale and fine sand stone which were deposited in Tertiary. A very intensive channel
bed incision occurred in the past decade. A 16 km long bed rock channel was incised down by about 6 m
(Fourth River Department, 2006). The deepest incision depth was 25 m measured in 2006. The rate of
bed rock incision was as high as 0.6 m per year.

Fig. 3.15 Bed rock channel downstream of the Chichi Barrage of the Cho-shui River in Taiwan experiencing
extremely high incision rate

3.2.2 Incision Processes of Bedrock Channels
The bedrock channel is eroded by three processes: corrosion, corrasion, and cavitation. Corrosion refers
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to chemical weathering and solutions that may directly erode the bedrock, as in carbonate lithologies, or,
more commonly, may weaken the bedrock and render the substrate more susceptible to erosion by
corrasion and cavitation (Carling and Grodek, 1994). Very few estimates have been published of direct
chemical weathering in channels. Most chemical erosion rates are averaged across a basin, and, thus,
incorporate groundwater and soil processes, or are obtained from rock faces exposed on hill slopes,
buildings, or tombstones. Generalized estimates for drainage basins range from 0.005 to 0.2 mm yr~' for
carbonates and shales and 0.7 mm yr™' for evaporites (Lerman, 1988). In one of the few studies that
quantified in-channel chemical erosion, Smith et al. (1995) measured rates of 0.022 -0.200 mm yr™' in
carbonate terrains of eastern Australia. Figure 3.16 shows a bedrock channel in the Three Gorges area of
the middle reaches of the Yangtze River, which is suffering from chemical corrosion. The channel bed is
composed of limestone and is likely to be eroded by corrosion. The rate of the corrosion is estimated at
about a few cm/kyr.

River is suffering from chemical corrosion

Corrasion is abrasive weathering of bedrock by clusters moving along the channel as bed load. Partly
because it is very difficult to separate erosion caused by abrasion from erosion caused by other processes,
and partly because rates of bedrock channel erosion are commonly slow relative to the duration of most
field studies, no published rates of bedrock channel erosion caused solely by abrasion are available The
most rapid rates of abrasion probably occur during turbulent floods with large and fairly coarse sediment
loads, along channels of weakly resistant bedrock. Channels likely to be dominated by corrasional
erosion have numerous potholes, longitudinal grooves, knickpoints, and similar erosional features along
the channel bed and walls. The bedrock channel of the Yangtze River near the Gezhouba Dam exhibits a
lowest point of elevation of — 10 m, 60 — 70 m lower than the surrounding bed elevation. The main cause
of the incision is abrasion of bed load particles against the relatively soft bedrock.

Perhaps corrasion is the most important process associated with fast bedrock channel incision.
Figure 3.17(a) shows the bedrock channel of the Lijiang River in Guangxi, China. The beautiful
landscape in the area was firstly sculpted by the corrosion process but the bed rock channel is eroded
mainly by corrasion induced by gravel movement on the bed. Figure 3.17(b) shows the incised bedrock
channel of a tributary of the Jinsha River (upper Yangtze River). The bed rock channel has been incised
down by about 20 m mainly due to corrosion. Figure 3.17(c) shows the parallel corrosion slots because
of bed load movement on the bedrock of the Jinsha River. During the flood season gravel bed load was
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transported in the river. Particles slid or jumped over the bedrock channel and hit against the bedrock,
which cause the bedrock corrasion.

Cavitation occurs when velocity fluctuations in a flow induce pressure fluctuations that cause the
formation and implosion of vapor bubbles. The shock waves generated by implosion can weaken
bedrock and pit the rock surface. Under sustained high flows, the erosive potential of this process can be
phenomenal. During 1983, discharges up to 900 m® s™' through the spillway at Glen Canyon Dam on the
Colorado River, U.S., generated cavitation that within days eroded pools up to 10 m deep and 6 m long in
a stair step configuration down the 12.5 m diameter concrete-lined spillway (Eckley and Hinchliff, 1986).

Corrosion, corrasion and cavitation may occur simultaneously in the process of bedrock channel
incision. In most cases remarkably little is known about the actual processes by which bedrock channels
are eroded. Quantitative experimental studies using both cohesive silt and clay substrates in flumes, and
actual rock and sediment for estimating abrasion rates, would be extremely useful.

e,
(W]
Fig. 3.17 The bedrock channel of the Lijiang River is eroded by corrasion induced by gravel movement on the bed;
(b) Bedrock channel of a tributary of the Jinsha River has been incised down by about 20 m mainly due to corrasion;
(c) Parallel corrasion slots on bedrock of the Jinsha River (See color figure at the end of this book)

The surface of bedrock channel can be rough, which creates high resistance and consume the flow
energy. Figure 3.18 shows the rough bed of the Black River in Shaanxi. The bedrocks are scoured into a
bedrock step-pool system. The high resistance of bedrock structure controls the bed incision and
stabilizes the channel bed. A section of such bedrock channel becomes a knickpoint of the river.
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Fig. 3.18 Rough bedrock of the Black River in Shaanxi

3.2.3 Knickpoints

A high gradient of a section of bedrock channel may take the form of vertical or undercut waterfalls
several meters in height, or they may be short, steep sections of channel called knickpoints Bedrock
channels may also have downstream variability in gradient as a result of knickpoints. Knickpoints are
commonly most well developed in layered or jointed rocks; and are generally regarded as disequilibrium
features that either migrate upstream, erode toward a lower angle, or otherwise change in form or
location fairly quickly relative to the evolution of the stream channel. Knickpoints, are, thus, commonly
regarded as evidence of channel instability in the form of headcut migration. Figure 3.19(a) shows the
famous Kettle Waterfall in the middle reaches of the Yellow River in China. The fall is a knickpoint
formed in the channel. The knickpoint migrates upstream at a rate about 0.5 —0.7 m/yr. The knickpoint is
maintaining a nearly vertical face as it migrates upstream.

The classic theory for a process of knickpoint retreat in stepped headcuts was first proposed by Gilbert
(1896, 1907) for Niagara Falls. This theory featured undercutting by erosion of less resistant strata due to
turbulence and abrasion in the plunge pool, creating an increasingly unstable cap rock that eventually
failed (Tinkler et al., 1994). However, the plunge pool at Niagara Falls is not undercut below the water
level, and the role of plunge pool erosion in knickpoint retreat remains unclear. Subsequent studies have
described knickpoints for which pothole erosion at the lip is an important component of headward retreat
(Bishop and Goldrick, 1992). The Kettle Waterfall on the Yellow River retreats due to the erosion caused
by the turbid water. It occurs often that many circle holes develop around the knickpoint, which are
called potholes. The mechanism of the development of potholes is yet to be studied. Potholes were
observed at the water fall. Figure 3.19(b) shows the pothole around the Kettle Waterfall. Figure 3.20 shows
developing potholes around a small knickpoint on a mountain stream in the Xiangjiang River Basin in
Hunan Province, China.

Knickpoints are the sites of the greatest concentration of energy dissipation along the course of a
stream. Most investigators have assumed that knickpoints retreat fairly rapidly, and have concentrated on
the mechanisms and rates of knickpoint retreat. Shear stress is highest just above and at the knickpoint
face (Gardner, 1983). Knickpoint retreat is proportional to discharge, and is a function of the balance
between the rate of downward wear on the steep reach and the rate of backward wear on the knickpoint
face, and of knickpoint height (Holland and Pickup, 1976). Very few actual measurements exist for rates
of bedrock knickpoint retreat. Exceptions come from the well-dated Niagara Falls region and from
Hawaii. Radiocarbon ages of clam shells at Niagara Falls suggest that the 46-m-high falls migrated very
slowly (0.05—-0.70 m yr™") along the narrow gorge section at Niagara Glen from 10,500 to 5,500 yr BP,
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when upper Great Lakes water bypassed the site (Tinkler et al., 1994). Prior to that interval, river
discharge and recession rates were similar to those at present (1.57 myr™"), and similar rates resumed
after 5,200 yr BP.

(b
Fig.3.19 (a) The Kettle Waterfall is a Knickpoint of the bedrock channel in the middle reaches of the Yellow River;
(b) Potholes at the Kettle Waterfall on the Yellow River

Fig.3.20 Developing potholes around a small knickpoint on a mountain stream in the Xiangjiang River Basin in
Hunan Province, China
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3.3 Bed Structures Resisting Incision

3.3.1 Step-pool Systems

A step-pool system is a geomorphologic phenomenon occurring in high-gradient (>3 —5%) mountain
streams with alternating steps and pools having a stair-like appearance (Chin, 1999). The step-pool
system usually occurs on a stream with bed materials consisting of particles with diameters differing by
several orders of magnitude with the largest diameter on the same order as the water depth. Cobbles and
boulders generally compose the steps, which alternate with finer sediments in pools to produce a
repetitive, staircase like longitudinal profile in the stream channel, as shown in Fig. 3.21.
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Fig. 3.21 Staircase-like longitudinal profile of a step-pool system in high gradient stream channels

A step-pool system develops usually in small mountain streams with a several meters wide channel.
Figure 3.22(a) shows the step-pool system in a small ravine in the upper Yangtze River basin, which has
a channel width of only 2 m. Large stones play an important role in the development of a step-pool
system. In relative large streams with high gradients, step-pool systems may develop if there are huge
stones. Figure 3.22(b) shows the step-pool system on the Xiaojinchuan River in Sichuan Province, which
has a channel width of several tens of meters. The large stones have a diameter of more than 5 m. The
structure developed after a landslide and long term erosion. The step-pool system causes a water head
reduction of more than 50 m and composes a knickpoint of the Xiaojinchuan River.

The tight interlocking of particles in steps gives them an inherent stability that only extreme floods are
likely to disturb, which suggests that step-pools are a valid equilibrium form, especially when coupled
with their apparent regularity and their role in satisfying the extreme condition of resistance maximization.
Step-pool systems also develop in many mountain streams in China, such as the Yuzixi and Zagunao
rivers, tributaries of the Minjiang River and the Jiuzhai Creek in Sichuan Province, the Qingshui River in
Guizhou Province, and the Shengou Ravine and tributaries of the Xiaojiang River in Yunnan Province.

There are many research results on the hydraulic features of regular step-pool systems. The step-pool
system affects not only flow resistance but also sediment transport, which in flume experiments occurs as
a series of waves linked to the underlying bed morphology (Whittaker, 1987, Rosport, 1994). Their role
as energy dissipaters can be impaired when pools become filled with sediment (Whittaker and Jaeggi
Martin, 1982), for then there is an increase in velocity and erosive capability, reactions that are opposite
to the original formation of mechanism the step-pool system. The bed adjustment in a step-pool system
in Leinbach, Germany sh