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EROSION AND SEDIMENT
PROBLEMS: GLOBAL ISSUES
AND HOTSPOTS

° The Context

Water erosion of the land surface of the globe by
rainfall and associated fluvial processes and transfer of
the mobilized sediment to the oceans by rivers must be
seen as an integral part of the natural functioning of the
Earth system. For example, it underpins the geological
cycle of erosion, sedimentation and orogenesis that has
formed the current land surface of the earth (Pinter &
Brandon, 2005) and it also represents a key component
of the global biogeochemical cycling of important
nutrients such as carbon, nitrogen and phosphorus as
well as numerous other elements (Lerman & Meybeck,
1988; Ludwig, Probst & Kempe, 1996). In addition, it
has played a key role in developing the contemporary
landscape of the earth’s surface (Tucker & Hancock,
2010) and it has a continuing role in maintaining that
landscape and its associated habitats and ecosystems
(Kirwan & Megonigal, 2013).

The natural processes of erosion and sediment transport
also interact with human activity and society and this
Interaction 1s important from two perspectives. Iirst,
human activities, such as forest clearance, the development
of agriculture, infrastructure construction and water
resource development involving the construction of
dams and irrigation systems, have had a major impact on
erosion rates and sediment transfer from the land to the
oceans. Montgomery (2007) suggests that erosion rates
assoclated with conventional cultivation practices have
increased by one to two orders of magnitude relative
to natural or background rates and a global assessment
of the impact of dams on sediment transport to the
oceans reported by Vorosmarty et al. (2003) estimated
that 25-30% of the global land-ocean sediment flux was
trapped in reservoirs. Walling (2012) used different data
to suggest that dams could be reducing contemporary
sediment transport to the oceans by as much as 24 Gt
year', a value which is similar in magnitude to estimates
of the current land-ocean sediment flux. Not all human
impacts on erosion and sediment transport should be seen
as detrimental. Soil and water conservation strategies
developed in many agricultural areas can result in major
reductions in erosion rates (Nearing et al. 2017), although
they may not succeed in reducing erosion rates to the
levels found prior to the development of agriculture.
If contemporary climate change is recognized as being
caused by human activity, this must also be seen as
causing further changes in the natural system. In many
areas, climate change has resulted in increases in both
storm magnitude and intensity, causing increased soil
loss. In other regions of the world, climate change can

result in reduced erosion. Recent studies undertaken
in agricultural areas of the Russian Plain (Golosov et
al., 2017, 2018) have, for example, demonstrated that
increased winter temperatures have reduced snow
accumulation and soil freezing, resulting in reduced
erosion during spring snowmelt.

From the second perspective, the processes of erosion
and sediment transport, both essentially natural or acce-
lerated/increased by human activity, have many impor-
tant implications for society, particularly in terms of the
sustainable development and management of natural re-
sources. The soil is a key resource for agriculture and the-
refore food production, since it has been estimated that
ca. 95% of world food production comes from the soil.
Ongoing erosion and soil loss can result in both loss of
agricultural land and reduced crop productivity and the-
refore has important implications for global food security.

The impact of dams in trapping sediment formerly trans-
ported by rivers to the oceans and thereby reducing the se-
diment loads of many of the world’s rivers and disrupting
load-ocean material transfer has been mentioned above.
Sediment trapped behind dams will in most cases occupy
valuable storage and progressively reduce the capacity of
dams to store water for water supply, flood control and
hydropower generation (Morris & Fan, 1998). Dam de-
sign can take account of this loss of storage, by providing
‘dead’ storage for sediment, to ensure that the dam func-
tions effectively over an extended period, or by taking
account of the effects of progressive sedimentation on
long-term reservoir operation. However, sedimentation
will inevitably result in a finite life for most reservoirs, or
at best a progressive reduction in their efficiency, and the-
refore represents an important problem for sustainable
water resource and hydropower development. Basson
(2008) estimated that approximately 73% of the total
storage capacity of existing large Asian dams was free
of sediment at that time, but he indicated that this va-
lue would reduce to about 47°% by 2050. The available
storage is currently being increased and will continue to
be increased to offset this and future losses and provide
further storage to meet increased demand by construc-
ting new dams. However, cost and locating suitable new
dam sites are likely to prove important problems. The
impact of dam construction in reducing the downstream
sediment loads of many of the world’s major rivers (Wal-
ling, 2006) could be seen as beneficial, where the sedi-
ment load transported by a river causes problems for its
management. However, reduced sediment loads caused
by dam construction can impact on channel morphology
and aquatic habitats, sometimes causing problems (Petts
& Gurnell, 2005). Reduction of the sediment loads of
large rivers have also recently been recognized as posing
major problems for the future stability and longer-term
sustainability of many of the world’s major deltas (Sy-
vitski et al., 2009). These deltas frequently represent im-
portant centres of population and key areas of agricultu-
ral production. Reduction of the sediment supply to the
delta can disrupt the delicate balance between sediment
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input and ongoing subsidence, causing the delta to shrink
or to be increasingly susceptible to flooding by the sea
and river floods. This disruption can be further exacer-
bated by subsidence caused by groundwater abstraction
for local water supplies or by oil and gas abstraction and
comes at a time when deltas are additionally threatened
by a rising sea level caused by climate change and melting
of the polar ice sheets.

The importance of erosion and sediment transport for
the sustainable management of the environment and
aquatic habitats and ecosystems is emphasized by a
growing awareness of the important role of fine sediment
in the transport of many persistent environmental
pollutants and in degrading aquatic habitats as a result of
both its physical and biogeochemical impacts. For these
and other reasons, fine sediment is frequently referred
to as the world’s number one pollutant. However, when
considering these issues, it is important to recognize
that the seriousness of the problem is frequently not
directly related to the magnitude of the fine sediment
flux or concentrations. There are many situations where
the greatest problems occur in those areas where fine
sediment concentrations and fluxes are naturally low and
small increases can give rise to serious degradation of the
aquatic habitats and ecosystems. This is, for example,
frequently the case with salmonid fish habitats, where
small increases in sediment flux can result in siltation of
spawning gravels, reduction in the availability of dissolved
oxygen to the fish eggs during hatching and spawning
success and consequent reduction in fish populations.

This contribution provides a global perspective on
contemporary erosion rates and sediment fluxes and the
impact of global change, with particular emphasis on the
problems posed by erosion and sediment transport for
the sustainable management of the Earth system and for
society more generally. Since the greatest problems are
commonly associated with high erosion rates and high
sediment loads, emphasis will be placed on identifying
those areas of the world that could be classified as
hotspots in terms of erosion rates and sediment yields.

In one context, however, problem areas will represent
locations where serious problems are generated by
reduced sediment loads and lack of sediment, namely
river deltas. Since erosion exerts a fundamental control
over the mobilization of sediment for subsequent
transport through river systems to the oceans, attention
will initially be directed to erosion rates, before moving on
to consider sediment loads and the problems associated
with reservoir sedimentation and reduced sediment
supply to deltas.



Erosion and sediment problems: global issues and hotspots

a Erosion hotspots

2.1 The approach

Data availability and quality represent major constraints
on any attempt to identify areas of the world where soil
erosion rates are high and could therefore be seen as
representing ‘hotspots’. What could be seen as reliable,
high quality, field-based data, founded on long-term
monitoring or application of other indirect techniques
capable of providing reliable estimates of the mean
annual erosion rate based on a period of ca. 20 years,
are available for only a limited number of countries. In
this study, it was necessary to make use of data derived
using a variety of approaches. These include runoff plot
studies, mostly of short duration, catchment monitoring,
again often of short duration, fallout radionuclide
measurements that provide estimates of medium-
term average erosion rates and observations of the
development of gully systems. Such data were primarily
available for areas of Europe, as well as North America,
Australia and New Zealand. Empirical erosion models or
erosion prediction procedures can be seen as providing an
alternative to field-based data, but reliable input data are
unavailable for many parts of Africa, Latin America and
Asia. This problem is well illustrated by Figure 1, which

Do amESo =

presents a map of the location of measuring stations
capable of providing the data required to derive accurate
values of annual rainfall erosivity, a key parameter (R) in
the Universal Soil Loss Equation and its many derivatives
that are often used to estimate soil erosion rates. Only 9%
of the available measuring stations are located in Africa
and South America. Recent advances in the application
of high resolution satellite images in combination with
GIS has greatly facilitated the construction of land use
maps and digital terrain models for use with such models
and prediction procedures, but reliable soil erodibility
data are again unavailable for many areas of the world,
particularly in developing countries. For some parts
of the world reliable information on erosion rates is
limited to measurements of catchment sediment yield
and reservoir sedimentations rates. However, such data
provide information on net rates of sediment loss from
the upstream catchment area, rather than on-site rates of
soil loss and therefore require additional interpretation.

Another issue which adds further complexity to
identifying erosion hotspots is the fact that to some degree
the exercise involves a ‘moving target’. Under natural
conditions, erosion rates can be expected to demonstrate
considerable inter-annual variability and, as indicated
above, there is a need to base their quantification on

Figure 1. The global distribution of rainfall erosivity stations (red dots) included in the Global Rainfall Evrosivity Database
(GloRED)is shown in (a); (b) shows the distribution of rainfall erosivity stations by continent. Maps generated with ESRI
ArcGIS ver. 10.4 (http:/lwww.esri.com). (After Panagos et al., 2017)

a period of sufficient length (e.g. 20 years), in order to
generate a representative value. However, erosion rates
may show trends through time in response to changes
in the driving factors. Particularly important here are
changes in land use. These could include the effects of
land clearance for agriculture or intensification of land
use in increasing erosion rates. Conversely, progress in the
implementation of soil and water conservation strategies
could result in a reduction in erosion rates. This is the
case in many European countries, the USA, Canada,

Australia, Brazil and some Asian countries. In Brazil, for
example, the introduction of no-till soil management over
an area of 32 x 10* km? has had a major impact on soil
erosion rates. The increasing evidence of recent climate
change also has important implications for erosion rates,
with potential for both ongoing increases and decreases
in erosion rates. However, current uncertainty relating to
the magnitude and direction of such changes in erosion
rates and the global patterns involved has precluded
detailed consideration of this factor.
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Figure 2. The approach used for identifying erosion hotspots

Figure 2 summarises the approach used for identifying
and classifying erosion hotspots. A distinction is made
between those reflecting essentially ‘natural’ drivers and
those where anthropogenic factors are important in
causing erosion rates to increase relative to those expected
based on natural drivers. The latter essentially represent
erosion rates associated with agricultural land. The two
are, however, not mutually exclusive, in that many erosion
hotspots linked to anthropogenic activity will be found
in areas characterized by high natural erosion (e.g the
Magdalena River basin in Columbia, Restrepo & Syvitski,
2006). Attention was directed to each continent in turn.
Initially, hotspots associated with natural erosion were
identified and mapped. Subsequently, hotspots associated
with anthropogenic erosion were similarly considered.
The mapping aimed to show the general location and
approximate extent of hotspot areas, but did not involve
detailed analysis of the factors responsible for the high
erosion rates associated with a particular hotspot, their
spatial distributions and thus the likely precise boundaries
of a particular hotspot area. Although the aim was to
provide global coverage, the erosion rate thresholds used
to define hotspots varied between the continents, in order
to take account of differences between the continents in
the intensity of natural erosion/denudation processes and
the extent to which soil and water conservation practices
were being implemented.

Hotspotswith high natural erosion rates are mainlylocated
in mountains areas, where relief, climate conditions
and tectonic activity promote the intensification of

exogenic processes. The natural erosion rates are higher
within continents most susceptible to tectonic activity
and endogenic processes (Figure 3). In the case of
anthropogenic erosion hotspots, more intensive erosion
processes are observed in regions where cropland, pasture
and orchards are located in areas with steeper slopes and
high frequency of extreme rainfall. Such areas are mainly
located in foothill areas and in low mountains. However,
the scale of application of soil conservation measures is a
key factor influencing erosion rates on agricultural land. It
is difficult to identify a uniform threshold value of erosion
rate for the hotspots located on different continents,
because of the different intensity of exogenic processes
and the different productivity of soils on agricultural
land. However, a threshold value equal to 10 Mg ha™
year' or 1 000 t km™ year' has been used. This value is
an order of magnitude higher than the tolerable erosion
rates for soils in most parts of the world (Pierce et al.,
1984; Verheijen et al., 2009). The annual erosion rate is
calculated by dividing the total material losses (including
the different denudation processes within the catchments:
sheet, rill and gully erosion, landslides screes, rockfalls,
avalanches etc.) by the area involved (field, catchment).
Usually, soil losses from agricultural land are reported
in units of Mg per ha' per year'. However, units of t
km™ year! are more often employed for the evaluation of
denudation rates in mountain areas or when considering
erosion rates based on the measurement of sedimentation
in reservoirs. We use values expressed as t km? year ' for
evaluation of mean annual erosion rates for both natural
and anthropogenic erosion.
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Figure 3. A world map produced by the Global Seismic Hazard Assessment Programme showing the distribution of seismic
activity and therefore those areas most susceptible to tectonic activity and endogenic processes. (Original version available at
hittp:listatic.seismo.ethz.chl GSHAP/globall)
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Figure 4. World map showing the global pattern of rainfall erosivity as represented by the R factor in the Revised Universal Soil
Loss Equation. (Based on Panagos et al., 2017)
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2.2. Natural erosion

At the global scale, the occurrence of high natural
erosion rates is largely controlled by the interaction of
five key factors or controls, which reflect both the nature
of the terrain and the intensity of the processes causing
erosion. The first is relief, which reflects the steepness of
the terrain. High erosion rates are commonly associated
with steep terrain. The second is tectonic or seismic
activity (Montgomery & Brandon, 2002). This affects the
stability of the terrain and the occurrence of uplift, which
promotes down-cutting. In the context of erosion, tectonic
activity is frequently referred to as an endogenic process,
whereas rainfall and runoff are classified as exogenic
processes. Figure 3 presents a world map showing the areas
of the world where seismic activity is significant. Areas of
the world such as New Zealand and Taiwan, China are
frequently cited as experiencing high erosion rates and
here tectonic or seismic activity is an important driver of
the high erosion rates. The third is the vegetation cover,
since this can protect the soil surface from the erosive
effects of both rainfall and surface runoff. The fourth is
the erodibility of the soil and rocks, which assesses their
susceptibility to erosion. This will reflect the properties of
the soil, regolith or bedrock found at the surface, including
its grain size composition, organic matter content and
depth. The high erosion rates that characterize the Loess
Plateau of China are largely attributable to the influence
of this factor and more particularly the deep loess deposits
that characterize this region. The loess is readily eroded
by rainfall and runoff and can be as much as 100 m thick.
The fifth is the erosivity of the rainfall and runoff. This will
primarily reflect the amount and duration of precipitation
and its intensity which in turn exert an important influence
on the incidence of surface runoff. Figure 4 presents a
world map showing the global distribution of the rainfall
erosivity or R term in the Revised Universal Soil Loss
Equation (Renard et al., 1997) based on the work of
Panagos et al. (2017). The R values shown on the map
represent mean annual values and reflect the magnitude
and timing of the annual rainfall, as well as its intensity
and they provide a direct measure of the erosive energy
of the annual precipitation as well as an indirect measure
of the likely occurrence of surface runoff. Together, these
provide a useful indicator of the erosivity associated with a
given location. The magnitude of the natural erosion rates
found at different locations across the globe will reflect
the interaction of the five controls outlined above. In the
Central Amazon basin in Brazil, for example, the rainfall
erosivity is shown by Figure 4 to be very high, but this is
countered by the lack of tectonic activity, the low relief and
the natural vegetation cover of tropical forest to produce
low erosion rates. In contrast, the mountain relief with
steep slopes and the high level of seismic activity found in
the Southern Alps of New Zealand combine to produce
high erosion rates, despite the intermediate level of rainfall
erosivity shown on Figure 4. Further consideration of the
global distribution of hotspots evidencing high rates of
natural erosion will consider the different continents in
turn.

2.2.1 Hotspots of natural erosion in Africa
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Figure 5. Natural erosion hotspots, Africa

It is difficult to identify the hotspots of natural erosion in
Africa, because of the very limited data available
regarding contemporary denudation rates, when
compared with other regions of the world (Figure 5). It is
important to emphasize that in some areas where
quantitative evidence of high erosion rates is available
(e.g. the highlands of Ethiopia and Madagascar and the
mountains of Uganda, Kenya and Tanzania), the
influence of natural factorsisimportant but anthropogenic
disturbance causing increased erosion rates is widespread
and exerts a key influence on the occurrence of high
erosion rates. As examples of high erosion rates reported
for Africa, Christiansson (1981) reports an annual soil
erosion rate for Tanzania of 1 800 t km™ year™. Rates of
gully erosion in Madagascar can reach 30 000 t km™
year ' (Braun et al., 1997). For the Madagascar highlands
some uncertainty exists regarding the contribution of
anthropogenic factors to the high rates of sheet and rill
erosion. However, even under ‘natural conditions’ they
are unlikely to fall below 3 000 t km™ year'(Braun et al.,
1997). The Atlas Mountains of Morocco and mountain
areas in the south of the continent (i.e. Lesotho and South
Africa) have also been included as African hotspots,
despite the relatively low natural erosion rates when
compared with the hotspots identified in other continents.
Erosion rates reaching 1 000 - 2 500 t km™ year' have
been reported by Chakela (1981), Tox et al., (1997) and
Boardman et al., (2015) for these mountain areas. The
natural erosion rates in these areas are relatively high for
Africa and the ongoing crosion is seen as resulting in
serious problems of land degradation.
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2.2.2 Hotspots of natural erosion in Asia

The hotspots of natural erosion in Asia shown in Figure
6 largely coincide with mountain areas where both the
steep terrain and tectonic instability promote high ero-
sion rates. The Himalayan mountain region is characte-
rized by the highest natural erosion rates in Asia. There,
erosion rates can reach values of ca. 20 000 t km™ year'.
This i3 an area with extremely high rainfall erosivity (Fi-
gure 4) and frequent tectonic activity (Figure 3) which
together result in high natural erosion rates. These are
increased further by human activity and associated land
disturbance (Finlayson et al., 2002; Burbank et al., 2003;
Avouac, 2003; Grujic et al., 2006). Although erosion rates
within the Loess Plateau of China have decreased mar-
kedly following the implementation of large scale soil
and water conservation programmes across the region,
the natural erosion rates in this area associated with the
high erodibility of the parent material and the relatively
high frequency of recurrence of extreme rainfall events
remain comparable with natural erosion hotspots in
other continents (Zhuang et al., 2017). High natural de-
nudation rates are also found in the southwestern part of
China. Despite the important impact of increased agri-

i

Figure 6. Natural erosion hotspots, Asia

cultural activity in Northern Thailand, the background
or natural erosion rates are also high (600 - 1 200 t km™
year') due to a combination of the monsoon rainfall, tec-
tonic activity and the steep slopes (Ziegler et al., 2014,
Golosov et al., 2015). High erosion rate in the southern
part of Japan are primarily a reflection of natural controls
(high precipitation and tectonic activity) (Sidle & Chigi-
ra, 2004). Even more intense natural erosion rates (>15
000 t km™ year™') have been reported in Taiwan, China
(Chen et al., 2017). The Kamchatka Peninsula, an area
with high volcanic activity, is also an area with high natu-
ral erosion rates because the unconsolidated volcanic de-
posits are easily eroded and transported by surface runoff
(Kuksina & Alekseevski, 2017). All other locations iden-
tified on Figure 6 as natural erosion hotspots, are cha-
racterized by high tectonic activity (Figure 3) and high
magnitude low frequency extreme events, which are as-
sociated with a range of natural disasters, including rapid
draining of glacial lakes, mudflows and debris flows, and
large landslides. The local consequences of such events
can be very dramatic (Huggel et al., 2005; Kdéb et al.,
2005; Korup & Clague, 2009).
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2.2.3 Hotspots of natural erosion in Australasia and

Oceania

Figure 7. Natural erosion hotspots, Australasia and Oceania

High natural erosion rates are common in New Zealand
(Iigure 7) due to the high levels of tectonic activity
(Iigure 3), relatively high rainfall erosivity (Figure 4) and
the steep relief. In most of these areas, mass movements,

Figure 8. Natural erosion hotspots, Europe

such as landslides, are an important contributor (Hovius,
et al.,, 1997), but the contribution of other exogenic
processes is also important (Dymond, 2010). According
to the results of a national assessment (Dymond, 2010),
natural erosion rates in many areas are in the range,
5000 - 20 000 t km?year'. It is likely that deforestation
in the mountains of North Island has intensified erosion
processes (Hicks et al., 2000; Marutani et al., 1999), but
the intensity of extreme events in combination with local
relief and tectonic activity are key factors in promoting
high denudation rates (ITrustrum et al., 1999).

2.2.4 Hotspots of natural erosion in Europe

It is possible to identify three main hotspots of natural
erosion in Europe (Figure 8). All of them are located
in mountain regions and the mean erosion rates within
the three hotspot areas range from ca. 1 000 - 1 500 t
km™ year'. The European Alps are an area where most
exogenic processes operate at high intensity and there is
evidence that erosion rates have increased in recent years
due to global warming, particularly within the periglacial
zone (Haeberli et al., 1997; Harris et al., 2009; Hilker
et al., 2009). Two other regions (the Pyrenees, and the
Balkans) represent areas where high natural erosion
rates occur in response to the steep terrain and, more
A

L5
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particularly, the frequent occurrence of high magnitude
extreme rainfall events which increase the intensity of
exogenic processes. Extreme erosion events with erosion
rates up to 4 000 t km™ year' have been reported (Llasat
& Rodriguez, 1992; Garcia-Ruiz et al., 2002; Dragicevi¢
et al., 2013; Petrovi¢ et al., 2015). Tectonic activity is also
important in increasing erosion rates within the Balkan
region.

2.2.5 Hotspots of natural erosion in North and Central

America

Figure 9. Natural erosion hotspots, North and Central America

The hotspots of high natural erosion rates in the North
America (Figure 9) are all located along the western margin
of the continent and coincide with areas of steep
topography, high tectonic activity (Figure 3) and, in most
instances, relatively high rainfall erosivity. Global warming
is responsible for intensifying erosion processes and
increasing erosion rates in the high mountains of the
northern half of the continent, because of active glacier
retreat (Iverson, 1997; Holm et al., 2004; Bovis & Jakob,
2000; Moore et al., 2009 etc.). Erosion rates can be as high
as 18 000 - 20 000 t km™year. In the southern part of the
continent wildfires are an important cause of high natural
erosion rate due to destruction of the vegetation cover.
After wildfires in the mountains, erosion rates equivalent to
up to 1 500 - 2 000 t km™ can be associated with single
events, with the frequency of debris flows being greatly
increased. (Cannon et al., 2001, 2010; Santi et al., 2008).

2.2.6 Hotspots of natural erosion in South America

-
II

Figure 10. Natural erosion hotspots, South America

As with North America, hotspots of natural erosion in
South America are located on the western margin of the
continent (Figure 10). The Andean mountains are an
area of very steep terrain coupled with intense tectonic
activity and relatively high rainfall erosivity. Climate
change has resulted in active recession of glaciers, which
have almost disappeared from central parts of the Andes.
Together, the above factors increase the intensity of
exogenic processes in high mountain areas leading to
erosion rates of up to 18 000 - 20 000 t km™? year in the
Bolivian Andes, with some reduction outside this area
(Pepin et al., 2013; Latrubesse & Restrepo, 2014).
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2.3 Anthropogenic erosion

Erosion rates can be considerably increased by human
activity, particularly that associated with agriculture,
deforestation and other land uses which result in removing
the natural vegetation cover and surface litter, disturbing
the soil and leaving it bare and exposed to heavy rainfall
and surface runofl’ for significant periods of time.
Disturbance of the soil, particularly by cultivation, and
production of crops can also degrade the soil structure
and reduce its organic content, thereby increasing its
erodibility. As indicated above, Montgomery (2007)
suggests that erosion rates associated with conventional
agricultural tillage are about one to two orders of
magnitude greater than natural or background erosion
rates. In a recent paper, Nearing et al. (2017) provided an
overview of erosion rates on cultivated land in the USA
and Northeast China. Erosion rates associated with non-
cropped land are typically < 200 t km™? year', whereas,
when averaged over large areas of cropped land, current
erosion rates in the USA are typically 600 t km™ year'or
more. In Northeast China, land brought into production
during the last century is now characterized by erosion
rates of 1 500 t km™ year' or more. In more recent
years, the introduction of soil conservation practices has
resulted in reduced erosion rates on cultivated land in
many areas of the world. The adoption of conservation
tillage and no-till have reduced the average rate of soil
loss from cropped land in the USA from 900 to 600 -700
t km™ year' and where cropped land was taken out of
production under the Conservation Reserve Program, the
rate of soil loss reduced to ca. 100 t km™? year' (Nearing
etal., 2017). In this study, attention is focused on hotspots
where erosion rates are high as a result of human impact.
However, the factors influencing natural erosion rates
outlined above will still be important in providing an
environment already conducive to erosion.

2.3.1 Hotspots of anthropogenic erosion in Africa

SLION g |

Figure 11. Anthropogenic erosion hotspots in Africa

Three hotspots of erosion where human impact
represents an important driver can be identified in Africa
(Figure 11). The areas involved also figure on the map of
natural hotspots in Africa, because of their natural
propensity for high erosion rates. Human activity further
increases these high rates. Two of these hotspots are
located in the eastern part of the continent, where the
existence of high relief and high rainfall erosivity are
coupled with a growing population which has caused an
expansion of the area of cultivated land. They are located
in the upper part of the Blue Nile basin (Ethiopia) and in
the area surrounding Lake Victoria. In the first case, it is
likely that land use change is the key factor driving the
high erosion rates, but natural erosion is also high
(Vanmaercke et al., 2010; Haregeweyn et al., 2015).
According to available runoff plot data, sheet and rill
erosion rates found in this area closely reflect the total
annual precipitation and fall within the range 200 -
11 000 t km?year' and average about 3 000 t km™ year
(Haregeweyn et al., 2015). Sheet, rill and gully erosion all
occur in the region (Nyssen et al., 2008, 2009; Gelagay &
Minale, 2016), but there are insufficient field-based
quantitative data to produce a reliable assessment of the
relative importance of natural and anthropogenic drivers.
The existence of a hotspot around Lake Victoria is based
on sketchy field-based data and some assessments of
erosion rates based on erosion model calculations.
Available field data indicate that erosion rates here can be
as high as 15 000 - 37 000 t km™ year' depending on the
type of anthropogenic activity (De Meyer et al.,2011).
The features of the local environment (i.e. relief, soil
erodibility and rainfall erosivity) promote high erosion
rates, but anthropogenic pressure on the area has caused
further intensification of the erosion (Angima et al., 2000,

2003; De Meyer et al., 2011.

The eastern part of the island of Madagascar is the third
African hotspot. Here, erosion rates on croplands can
reach 6 000 t km™ year! (Braun et al., 1997). The very
high rainfall erosivity is a key factor promoting the intense
sediment redistribution occurring in this region, but
major land use change has resulted in further increases
in erosion rates (Randrianarijaona, 1983; Zavada et al.,
2009). However, there is still some uncertainty regarding
the key causes of the catastrophic erosion that it found
in this region (Klein, 2002; Wells & Andriamihaja,
1993). Both erosion and deposition cause serious
problems for agriculture. Soil degradation is coupled
with sedimentation of paddy fields and natural lakes.
There is a need to direct more attention to quantification
of erosion/sedimentation rates and understanding the
relative contribution of the natural and anthropogenic
factors influencing soil loss (Bakoariniaina et al., 2006).

Although only three hotspots of anthropogenically
accelerated erosion have been explicitly identified
within Africa, it is likely that much of the continent is
experiencing increased erosion rates, due to high rates of
population growth and the lack of funds for the design
and implementation of soil and water conservation
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programmes. The lack of quantitative information
regarding contemporary erosion rates remains a problem
for most of the continent (Lal, 2001).

2.3.2 Hotspots of anthropogenic erosion in Asia

Asia is the largest continent, but large parts of the
continent can be excluded from any attempt to identify
areas with high erosion rates driven by anthropogenic
activity. The northern part of the continent is located in a
region with permafrost, which is unsuitable for agriculture
and most other human activities. Extraction of natural
gas and oil within this region causes major disturbance of
the land surface around the extraction sites and erosion
rates can be extremely high. Nevertheless, such areas are
small when viewed at the continental scale. Furthermore,
most of Central, Western and South-Western Asia is a
very dry area where wind erosion dominates and water
erosion is of limited importance. However, in parts of
Iran, Turkey and several other countries extreme rainfall
can still occur, producing flash-floods and intense erosion.

Figure 12. Anthropogenic erosion hotspots in Asia

Most of the hotspots of anthropogenic erosion in Asia
are located to the south and south-east of the Himalayas
and on islands affected by both high magnitude typhoons
and earthquakes (Figure 12). In the foothills of the
Himalayas, erosion rates are typically within the range
7 500 - 15 000 t km™ year'. The only region located
to the north-west of the Himalayas where high erosion
rates have been documented is in the foothills of the
Tien Shan Mountains. Natural erosion rates are high
in this region and overgrazing of rangelands associated
with high local population densities has resulted in severe
erosion. High erosion rates (3 000 - 5 000 t km™ year™) are
also associated with irrigated areas in this region where
furrow irrigation is widely practiced (Reddy et al.,2013)
and as a result reservoir sedimentation is a serious
problem. (Rakhmatullaev et al., 2009, 2010, 2011, 2013).
Quantitative information concerning erosion rates on
rangelands, and cultivated fields within this region in
recent years is, however, very limited (Golosov et al.,

2012).
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In  Southwest China, recent intensive economic
developmenthasinvolved deforestation, road construction
and mining, as well as expansion of agriculture. When
combined with the high natural erosion rates associated
with the high relief and frequent tectonic activity, very
high erosion rates (up to 6 000 t km™ year') have resulted
(Barton et al., 2004; Dai & Tan,1996; He et al., 2003;
Chen et al., 2005). As a result, this region can be seen as
an erosion hotspot.

The Shivalik foothills represent another hotspot of
anthropogenic erosion (Saha et al., 2012, Mandal et al.,
2006). Here erosion rates are relatively low under natural
conditions, because the dense vegetation cover protects
the slopes. However, ongoing deforestation and land use
change associated with rapid population growth, have
resulted in increased erosion rates up to 4 000 t km™
year' in many areas within the region. Measurements of
contemporary erosion rates within the region are limited,
but it is clear that erosion rates are likely to increase
further in the future due to population growth which in
turn leads to deforestation (Yousuf & Singh, 2016; Yousuf
et al., 2015; Hewawasam, 2010; Singh et al., 2011).
The Murree Hills (Pakistan) is another area adjacent to
the Himalayas with extremely high erosion rates up to
15 000 t km™ year' (Ellis et al, 1994). Erosion rates
reaching 5 000 - 7 000 t km™? year' have also been reported
for the croplands and tea plantations in the highlands
of Sri Lanka (Hewawasam, 2010; Diyabalanage et al.,
2017). These erosion rates are considerably higher
than the natural denudation rates, which according to
cosmogenic nuclide dating range from 5 - 20 t km™ year™
(Hewawasam et al., 2003).

Two other erosion hotspots in Asia are located in areas
characterized by frequent typhoons, steep relief and
high levels of tectonic activity, which together cause
high natural erosion rates. Erosion rates are increased
further by intense anthropogenic pressure due to the
high population density (Sidle et al., 2006; Valentin et al.,
2008; Kao etal., 2005, 2008). These two hotspots, namely,
Taiwan, China and the Philippines, are characterized
by intensive deforestation and active land use changes
resulting in an increase in the area of cultivated land
(Lin et al., 2002; Sidle et al., 2006). Erosion rates vary
according to the crops grown, reaching a maximum
of 39 000 - 46 000 t km™ year" for bare soil and coffee
plantations (Sidle et al., 2006).

2.3.3 Hotspots of anthropogenic erosion in Australasia and

Oceania

Figure 13. Anthropogenic erosion hotspots in Australasia and
Oceania

By virtue of its relatively low relief, lack of tectonic activity
and limited rainfall erosivity, erosion rates in Australia are
relatively low and no hotspots are identified in this general
review (IFigure 13). However, as indicated above, New
Zealand represents a hotspot for natural erosion because of
the relatively high rainfall erosivity, steep unstable slopes in
many areas, erodible soils and tectonic activity Human
activity has doubtless increased erosion rates, but in the case
of the mountains of South Island, it is not seen as resulting in
a substantial increase in erosion rates and they are therefore
not included here. However, the high erosion rates (> 20 000
t km? year') found along the eastern coastal area of North
Island, and particularly in the Eastern Cape area, can be
seen as a classic example of the impact of human activity in
accelerating erosion rates within an area already susceptible
to high natural erosion rates (Hicks et al., 2000). Typhoons
can give rise to very heavy rainfall, with totals of 100 - 300
mm in 24 hours. The arrival of settlers in the late 1800s was
associated with clearance of the natural forest to provide
pasture for sheep grazing. As a result, mass movements and
severe gully erosion occurred on the steep slopes which are
underlain by soft sedimentary rocks. In more recent years,
targeted reforestation programmes have greatly reduced
erosion rates but this region is seen by some as providing
examples of the most severe pastoral erosion in the world.
High erosion rates within the range 4 000 - 8 000 t km™
year ' reflecting both the local natural conditions and the
impact of agricultural land use can also be found on some
Pacific Islands within Oceania (Glatthaar, 1988; Terry et al.,
2002). The Highlands of Papua New Guinea is another area
with high anthropogenic erosion rates associated with
agricultural activity and mining (Gillieson et al, 1987; Sillitoe,
1993).
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2.3.4 Hotspots of anthropogenic erosion in Europe

WAt <)

Figure 14. Anthropogenic erosion hotspots in Europe

Based on the available information (e.g. Cerdan et al., 2010;
Panagos et al., 2014), two main zones characterized by
erosion hotspots representative of different sets of drivers
were identified in Europe (Figure 14). The first includes areas
in central and southern Italy and Sicily where human activity
and particularly agriculture are superimposed on high
natural erosion rates promoted by the steep terrain, tectonic
activity and high rainfall erosivity (Ciccacci et al., 2003; Della
Seta et al., 2007, 2009; D1 Stefano & Ferro, 2011; Vergari et
al., 2013; Vergari, 2015). Here erosion rates can reach 10 000
t km™ year”. The second is Moldova, which is located in the
eastern part of Romania and the central part of the Republic
of Moldova (Ionita et al., 2006; Kuharuk & Crivova, 2014).
This represents an area with high rates of soil loss (up to 4 000
- 6 000 t km? year') from cultivated land under row crops,
which reflect extreme rainfall, poor agricultural practices
and the highly dissected relief (Krupenikov et al., 2011; Leah
& Kuharuk, 2017).

2.3.5 Hotspots of anthropogenic erosion in North and
Central America and Carribean

Figure 15. Anthropogenic erosion hotspots in North and Central
America and the Caribbean
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Because of the national soil conservation programmes in
both the USA and Ganada and the widespread adoption of
minimum till management, soil losses from agricultural areas
have reduced substantially. There is therefore now limited
scope to identify hotspots of anthropogenic erosion in these
two countries (Figure 15). According to the National Agro-
Ecological Report for Canada, only an area adjacent to the
Great Lakes (Ontario Province) is characterized by relatively
high values of erosion rates due to the high proportion of
row crops (e.g. potatoes). However, this area falls short of
being identified as an erosion hotspot. Only the area of the
Rocky Mountains identified as a hotspot for natural erosion
has been identified as an erosion hotspot for anthropogenic
erosion. Here, human activities such as forest harvesting and
clearcutting are likely to further increase the high natural
erosion rates associated with this area. However, the precise
contribution of anthropogenic factors remains to be
determined. Awailable information on erosion rates on
agricultural land in Central America and the Caribbean
indicate that they don’t exceed 1 000 t km™ year'
(Krishnaswamy et al., 2001; Gellis et al., 2006).

2.3.6 Hotspots of anthropogenic erosion in South America

Figure 16. Anthropogenic erosion hotspots in South America

Limited quantitative field data regarding erosion rates
are available for much of South America (Figure 16).
The most detailed information available is for Brazil,
where information derived using a range of methods
and techniques, including monitoring of erosion plots,
application of fallout radionuclides and estimation of
mean annual erosion rates based on the siltation of small
reservoirs, is available (Minella et al., 2009, 2014; Guerra et
al., 2014; Didoné et al., 2015, 2017; Tiecher et al., 2017).
Some quantitative field data are also available for Chile,
Colombia, Venezuela, Peru, Argentina and other countries,
but in most cases empirical erosion models (USLE, RUSLE,
SWAT etc.) are used to assess erosion rates at the field,
small catchment and river basin scales. The erosion model
calculations can be verified very approximately through
comparison with measured catchment sediment yields.
Three types of anthropogenic erosion hotspots can be

1dentified within South America viz.

1. Erosion prone areas where agricultural activities
that generate high rates of soil loss (>2 000 t km?year)
are found. These include the cultivation of tobacco
(up to 10 000 - 15 000 t km™? year') and soybeans,
as well as degraded pasture. The southeastern
part of Brazil has been identified as a hotspot of
anthropogenic erosion for this reason, although the
implementation of soil conservation measures in this
region in recent decades has significantly reduced
erosion rates. However, it has also been suggested
that there has been some deterioration in soil
conservation programmes in recent years and that
erosion rates are increasing again.

2.Areas with high natural rates of erosion
further intensified by human impacts, including
deforestation, land clearance for agriculture and
mining. This is the situation with the eastern
tributaries of the middle reach of the Magdalena
River basin (Colombia), and the Bermejo River
(Argentina and Bolivia), among several others.
Despite the lack of measurements of erosion rates
within the Magdalena River basin, satellite imagery
has documented a major reduction in the forested
area within the catchments of the ecastern tributaries
of the basin and an associated increase in the area
of agricultural land of up to >50% of the basin area
since 1970. This has been linked to an increase in
sediment yield (Restrepo & Syvitski, 2006; Restrepo
et al., 2006; Kettner et al., 2010).

3.A similar situation exists in the Andean
headwaters of the Rio Madeira in Bolivia. Here the
naturally high erosion rates (Latraubesse & Restrepo,
2014) have been further intensified by human activity

leading to reduced slope stability and erosion rates as
high as 20 000 t km™ year'.
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e Sediment transport hotspots

3.1 Background

When assessing variations in the magnitude of sediment
transport by rivers or fluvial sediment fluxes across the
globe, reference is generally made to either the magnitude
of the mean annual load of different rivers or the specific
sediment yield of their basins. The annual load represents
the total mass of sediment in tonnes transported during
a given year. Information on the load transported by
individual rivers is important for quantifying the land-
ocean sediment flux and the relative contribution made
by individual rivers, continents or regions. However,
such data are of limited value when assessing global
patterns of sediment transport, since they will be strongly
influenced by the size of the river basin. For this purpose,
information on specific sediment yields is used. The
specific sediment yield of a river basin is calculated by
dividing the load by the basin area to provide a value of
load per unitarea (i.e. tkm?year'). Usually a mean annual
value is calculated to provide a representative value for
a given river basin. The specific sediment yield provides
a measure of the intensity of sediment mobilization
within a catchment which is analogous to an erosion
rate. However, it differs from an erosion rate (as discussed
in section 2) in three important respects. Firstly, it is a
measure of the amount of sediment leaving a river basin
and thus reflects both sediment mobilization by erosion
and subsequent deposition of sediment as it is transported
through the upstream river basin. In this respect it can
be seen as a measure of net sediment mobilization.
Secondly, the sediment yield from a drainage basin will
include sediment from all sources within the basin and
not only the slopes to which estimates of erosion rates
or rates of soil loss commonly refer. The banks and bed
of a river channel can be an important sediment source.
Thirdly, and closely related to the first feature above,
the magnitude of the values of specific sediment yield

associated with individual river basins will commonly
show an inverse relationship with basin area. Values of
specific sediment yield will therefore reflect the size of
the basin to which they relate. Larger basins commonly
have a greater proportion of lowland characterized by
lower erosion rates. Equally, as the size of a river basin
increases, the opportunity for deposition of sediment
moving through the channel system, for example as a
result of overbank sedimentation on floodplains, will
increase due to both the increased transport distance
involved and the more extensive floodplains and reduced
channel gradients commonly found in the lowland areas
of larger basins. When using values of specific sediment
yield to compare different areas, it is therefore important
to take into account the important effect of basin size on
the magnitude of the values involved and to use values
representative of basins of a similar size.

The global pattern of sediment yield will closely reflect
that of erosion considered above, since a large proportion
of the sediment transported by rivers is mobilized by
erosion of the basin slopes It will therefore reflect similar
controls. However, it will be influenced by two additional
factors. The first is the efliciency of sediment delivery
from the land surface to and through the river network.
This is often referred to as the connectivity of the
landscape. The second is the contribution of the channel
system as a sediment source. This will often increase in
large river basins.

It 1s also important to recognize that, like erosion rates,
the sediment loads of rivers are highly sensitive to human
impact and global change and that annual sediment fluxes
and specific sediment yields must therefore be viewed as a
dynamic measure or parameter. Walling (2006) provides
an overview of the impact of human activity on the
sediment loads of the world’s larger rivers and has shown
how land clearance and disturbance for agriculture and
mining can result in major increases in sediment loads
and therefore specific sediment yields, whereas the
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construction of dams and other hydraulic structures on
rivers can result in major reductions. In some areas of the
world, implementation of soil conservation and sediment
control strategies have proved successful in reducing
sediment fluxes and specific sediment yields which had
increased previously as a result of land use activities. Two
examples can be usefully introduced to demonstrate this
feature of sediment loads and sediment yields. The first
is the River Nile. Prior to the construction of the Aswan
Dam the mean annual sediment load of this river in its
lower reaches was about 120 Mt year™. After the dam was
commissioned, most of this sediment was trapped by the
dam and the mean annual sediment load was reduced to
about 2 Mt year', a reduction of ca. 98%. This change
resulted in a reduction of the specific sediment yield
of the Nile basin from ca. 41 t km™ year' to ca. 0.7 t
km™ year'. The second is the Yellow River in China.
The central part of the Yellow River basin is occupied
by the Loess Plateau, which is well known for its very
high erosion rates prior to the introduction of extensive
soil and water conservation programmes. Walling
(2011) presents an attempt to reconstruct the long-term
variation of the sediment load of this river at its lowest
measuring station, close to its delta at Lijin (Figure 17).
It is estimated that prior to about 1400 BP the sediment
load of the Lower Yellow River was approximately 100
- 200 Mt year', representing a specific sediment yield
of ca. 130-265 t km™? year'. Subsequently, population
growth and associated forest clearance and expansion
of agriculture resulted in increased erosion rates and
sediment mobilization. These changes began to have a
marked effect about 150 years ago and by the middle
of the 20th century the mean annual sediment load was
about 1 100 Mt (1 466 t km™ year'). Subsequently and
beginning around the 1970s, the sediment load of the
river declined markedly as a result of the construction
of dams, increased water abstraction, implementation
of extensive soil and water conservation programmes
and reduced rainfall over its basin. As a result, its mean
annual sediment load reduced to about 150 Mt year’!
(200 t km™ year"). In this river basin the mean annual
specific sediment yield was therefore initially ca. 130 -
265 t km™ year”, it then increased to ca. 1 466 t km™
year' and it subsequently declined to ca. 200 t km™ year.
This represents variation across approximately an order
of magnitude.

In addition to taking account of the dynamic nature of
annual sediment loads or sediment yields, any attempt to
evaluate global patterns of sediment yield also needs to
recognize that sediment load measurements are available
for only a limited number of rivers, that the available data
cover different periods and are of variable quality, and
that most sediment load data relates only to the suspended
load and does not include the bedload component, which
is more difficult to measure. It is frequently assumed that
the bedload component of the total sediment load of a
river is small relative to the suspended load and can be
ignored without incurring major errors. A value of 10%
is often assumed and in estimating the total land-ocean

sediment flux for the land surface of the globe Milliman
and Meade (1983) assumed that inclusion of bedload
would increase the flux by 7 - 15%.

3.2 The global pattern of sediment yield

To provide an overview of the global pattern of specific
sediment yield and its key controls, as a precursor to
identifying hotspots, use will be made of data representing
measurements of the sediment yields of world rivers
undertaken over the past ca. 60 years, without considering
the time period to which the data relate or possible trends
in the data which could indicate that sediment yields
are declining or increasing. Because of the problems of
standardizing the reference period, the lack of data for
many areas of the world and the variable quality of the
existing data, as well as problems of taking account of
the inverse relationship between sediment yield and basin
area there have been few attempts to generate global
maps of sediment yield. The scale problem noted above
means that a global map of specific sediment yield based
on catchments of the order of 10° km? in size could be
expected to be very different from one based on data
representative of river basins ca 10° km? in size. Equally,
lack of data for the headwaters of a river basin could
obscure the variation of sediment yield across its basin.
A useful example of this problem is provided by the
Amazon. At the lowest measuring station on this river,
which measures the sediment output from a basin of
6 300 000 km? the mean annual sediment load is
estimated to be ca. 1 200 Mt year. This is equivalent to a
specific sediment yield of ca. 190 t km™ year'. However,
for its headwaters in Bolivia, specific sediment yields of
>5 000 t km™ year" have been documented for sub-basins
with areas of ca. 10° - 10* km?. One attempt to generate a
map showing the global pattern of sediment yield is that
produced by Walling & Webb (1983), which is presented
in Iigure 18. This was based on information from about
2 000 measuring stations on the world’s rivers collated
in the 1970s. It aims to represent the sediment yields
associated with river basins of intermediate size (ca. 1 000
—10 000 km?). Lack of data from many areas of the world
and the need to extrapolate the available data to include
those areas, at a time prior to the general availability of
GIS techniques, global DEMs and other global data sets,
means that the map has many limitations. However, it is
seen as providing a meaningful basis for demonstrating
the key features of the global pattern of sediment yield
and thus where hotspots might be expected. The pattern
show by Figure 18 reflects the five key controls on erosion
rates reviewed in section 2.2, namely, relief, tectonic
activity, vegetation cover, the erodibility of the soil and
rocks and erosivity, which reflects the amount and intensity
of rainfall and runoff. To these can be added the impact
of human activity in increasing the susceptibility of the
landscape to erosion through disturbance. The influence
of relief is clearly evident, in that many of the areas with
high sediment yields are mountain areas, for example,
the Andes, the western Cordillera of North America, the
Atlas Mountains of North America, the Himalayas and
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Figure 18. The map of global mean annual specific sediment yields produced by Walling & Webb (1983)

the Southern Alps of New Zealand. Often the mountain
areas coincide with areas of tectonic activity and many, if
not most, of the areas with high sediment yields coincide
with areas of increased seismic activity shown in Figure
3. Vegetation cover and erosivity are in many respects a
function of climate, which is frequently cited as exerting an
important influence on erosion rates and sediment yields.
Here it is important to consider the interaction of the two
controls. Maximum erosivity will be associated with areas
of high rainfall, particularly areas subject to typhoons
and hurricanes, but high erosivity can be partially
countered by the denser vegetation canopy found in areas
with high rainfall, such as tropical rainforests. As a result,
high erosion rates and sediment yields can frequently be
found in semi-arid areas where the vegetation cover is
limited and this increases the effectiveness of the limited,
but often intense, rainfall. The erodibility of the soil and
rock is closely linked to relief and tectonic activity, since
mountain areas are often characterized by more recent
sedimentary rocks. The importance of erodibility is well
demonstrated by the high sediment yields associated with
the Loess Platecau of China. Here the deep loess deposits
are easily eroded and dissected by dense networks of
gullies, resulting in some of the highest sediment yields
found anywhere in the world.

3.3 Sediment yield hotspots

Figure 18 provides a useful starting point for identifying
sediment yield hotspots. The highest sediment yields
shown on this map are in excess of 1 000 t km™? year.
Sediment yields an order of magnitude or more greater
than 1 000 t km™ year' are, however, found in some areas
of the world, such as the Loess Plateau and Taiwan,
China, the Andean headwaters of the Amazon in Bolivia
and the Southern Alps of New Zealand. Perusal of the
available data on rivers with high mean annual specific
sediment yields indicates that values of the order of 50 000
t km™ year' should be seen as representing the maximum
values likely for rivers basins of an intermediate size (i.e.
ca. 1 000 km?) and that a value of 4 000 t km™ year '
could be seen as providing a meaningful threshold for
designating hotspots.
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Table 1 River basins with documented specific
sediment yields (SSY) in excess of 4 000 t km?year!

Country of SSY (t km™ | Record® Country of Area(km?) | SSY (tkm™? | Record*

Area(km?)

Measurement

Measurement

year™)

year™)

— 23 —

Argentina | Bermejo 25 000 4800 G Tamur 5 640 10 205 G
Truya 9120 3 349 G New Zealand | Cleddau 150 13 000 G
Pescado 1700 14117 G Haast 1000 13 000 G
Albania, Seman 5988 4150 G Hikuwai 307 13 890 G
Viiose 6700 4398 G Hokitika 350 17 000 G
Algeria Allalah 295 6 654 G Waiapu 1400 20 000 G
Ain Dalia 196 5981 R Wangaromia 175 17 340 G
Agrioun 660 7973 G Waipoa 1600 5800 G
Bouroumi 150 6 933 R Papua New | ;0 n 490 7857 G
Iohil Emda 652 4040 R Guinea
Bolivia Unduavi 270 7 850 G Aure 4360 11126 G
Tamampaya 1 900 4120 G
Luribay 810 7 900 G Jaba 460 56 521 G
E%a Paz ahitll L 250 & Philippines | Agno 229 7420 G
spiritu
Santo 160 66 600 © Agno 1225 4 350 G
Caine 9 200 11 560 G
Grande 93 700 5730 G g 686 > 008 R
Grande 31200 6520 G Agno 686 8 740 G
Cotacajes 5 600 7 240 G
Dacic 320 10 940 G Angat 568 8010 G
.]untas CO' 2 300 4 960 G O’Donnel 112 22 740 G
rani -
Colombia | Lengupa 774 6498 G Tgﬂ;’sz Chishui 3700 5 300 G
Lengupa 1 640 5739 G ]
China Ching 56 930 7 190 G Choshui 3150 20 000 G
Dali 96 25 600 G Erhian 350 36 000 G
Dali 187 21 700 G
Dali 3 893 16 300 G Erhjen 140 71 000 G
Gushan 1263 22 130 G .
H G
Huangfu 3199 18 060 G opng 520 29000
Jialu 1121 24 980 G Houtung 540 8 000 G
i 14 1 G
EE 133 5 456 g 828 o Hsiukoulinan | 1800 11 000 G
Jin 14 214 6 690 G Huallien 1500 13 500 G
Kuje 8 645 15 270 G )
Pu 3 599 8 104 R Kaoping 3250 11 000 G
Pu 7190 6 580 G Lanyang 980 8200 G
Tuwei 3253 9 880 G —
Unknown 3 893 16 300 G Linpian 340 5 400 G
e 161697 LoD - Pachang 470 6 750 G
Wei 23 385 6 460 G
Wuding 30217 5970 G Peinan 1 600 14 800 G
Ethiopia m Ulilta 113 6 265 G Taan 770 6 300 G
orkenna
465 8387 R
Dam Tanshui 2 700 4100 G
Indonesia Cikeruh 250 11 200 G
i 600 12 000 G Tungkang 470 11000 G
Cimanuk 3200 7 800 G Tsengwen 1 200 26 000 G
Iran Sorkhab 3 340 4736 G Yangchui 290 10 000 G
Kenya Tana 353 6 330 R
Perkerra 1310 19 520 G Tunisia KO;;:Sb 101 5070 GR
Nekor Reser-
Morocco voir 780 4620 R Siliana 1 040 4036 R
Nepal Baghmati 585 4552 R Data From:
Kali Milliman & Farnsworth (2011)
Gangaki 7130 4173 G FAO, World River Sediment Yields Database (2016)
> - Aalto et al. (2006)
Kankai Mai 1148 4 840 G Vanmaercke et al. (2014)
Kamali 42 890 5130 R I(jniyolto etal. (13213) repo (2014
. atrupesse an €S GCO
Narayani 31 100 5684 G + G= River Gauging Station, R= Reservoir Survey
Rapti 3512 4730 G
Seti 582 5 286 G
Tamur 5 900 8210 R
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Figure 19. The location of the river basins for which mean annual specific sediment yields > 4 000 t km? year’ are reported in

Table 1. (Locations are approximate)

A search of existing databases for rivers basins greater
than ~100 km? in area and with mean annual specific
sediment yields in excess of 4 000 t km™ year yielded a
list of more than 90 river basins which could reasonably
be viewed as sediment yield hotspots during the period to
which the data for the individual river basins relate. These
are listed in Table 1 and their approximate locations have
been indicated on a world map as Figure 19. Most plot
as groups which could in turn be seen as representing
hotspot zones. As such, they are only able to designate
hotspots in those areas of the world for which data are
available. Other hotspot zones may not be represented
by virtue of lack of information, but it is though that
most of the world’s sediment yield hotspots are probably
represented. Furthermore, it should again be emphasized
that the areas identified as hotspots represent areas where
high mean annual specific sediment yields (1.e. >4 000 t
km™ year ') have been recorded at some time in the past
ca. 60 years in catchments larger than 100 km?. Current
sediment yields could be significantly lower or possibly
higher and further points would be shown if the threshold
catchment area of 100 km? was reduced.

In general terms, the locations of the hotspot zones
shown on Figure 19 coincide with areas designated
as being characterized by high sediment yields
(i.e.> 1000 t km™ year') on Figure 18 and their existence
can be linked to the factors responsible for producing high
sediment yields outlined above. In particular, the location
of the hotspots indicated on Figure 19 is closely linked
to the global distribution of seismic or tectonic activity
shown on Figure 3. The hotspots located in the Maghreb
region of Morocco, Algeria and Tunisia can, be linked
to the steep terrain, the highly erodible rocks, the semi-
arid climate which results in a sparse vegetation cover,
but is also associated with intense rainstorms, and human

impact resulting in forest clearance in the historical past
and generally reduced vegetation cover. The hotspots
assoclated with mountain areas of Nepal, the Andean
headwaters of the Amazon in Bolivia, Andean rivers
in Colombia and Argentina and the Southern Alps of
South Island, New Zealand can be linked to steep slopes,
high annual rainfall, erodible rocks and tectonic activity.
It has been estimated that the annual rate of uplift along
the Alpine fault in South Island, New Zealand, which
crosses the basins of the rivers involved is of the same
order of magnitude as the annual rate of surface lowering
within these basins, meaning that the two achieve an
approximate balance. In these areas, physical controls
are far more important than human activity in giving
rise to high sediment yields. Tectonic instability, steep
slopes, heavy rainfall associated with tropical cyclones
and ecrodible rocks are similarly important factors
accounting for the sediment yield hotspots identified in
Taiwan, China, the Philippines, Indonesia and Papua
New Guinea. However, here, human impact resulting in
reduced vegetation cover and increased surface runoff
and slope instability are also important in promoting
high sediment yields. The sediment yield of ca. 56 000
t km® year! reported for the Jaba river on Bougainville
Island in Papua New Guinea can be linked to another
form of human activity, namely open cast mining activity
and the discharge of mine tailings to the river (Wright et
al., 1980).

The Loess Plateau of China has been widely cited as
an area of high specific sediment yields in the literature
and the region appears as an important hotspot on
Figure 19. The high sediment yields can be linked to the
limited vegetation cover, intensive agricultural activity,
the semi-arid climate with high intensity seasonal rainfall
and the highly erodible loess deposits which are deeply
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dissected by gully systems. In many parts of the region
suspended sediment concentrations will sometimes reach
levels referred to as hyperconcentrations. These high
concentrations and the dense gully networks result in very
high sediment delivery ratios which further promote high
sediment yields. Sediment delivery ratios of 100% have
been reported. In Table 1, values of specific sediment
yield in excess of 20 000 t km™ year' are reported for four
river basins in this region, of which two exceed 1 000 km?
in area. The values of sediment yield reported for the
Loess Plateau of China in Table 1 relate to periods of
record in the middle and latter part of 20th century and
erosion rates have been substantially reduced across this
region in recent years as a result of extensive soil and water
conservation programmes involving the construction
of terraces and check dams, as well as tree planting,
increase of grassland cover and improved agricultural
practices aimed at reducing surface runoff and local
erosion rates. Equally, annual rainfall has also declined,
causing reduced sediment yields. The value of 18 060 t
km year listed for the Huangfu River in China in Table
I relates to the period spanning the 1950s to 1970s when
sediment yields could be expected to have been high. The
equivalent value for 2000 - 2009 is much lower at around
3 000 t km™ year'. Because of these changes, the Loess
Plateau does not figure as a clear hotspot on the map of
contemporary hotspots of anthropogenic erosion in Asia
presented as Iigure 12.

Other hotspot zones identified on Figure 19 and Table 1,
can be linked to a range of factors promoting high erosion
rates and efficient sediment delivery. They include the
Perkerra basin in Kenya, where the high sediment yield
was ascribed primarily to the very high erosion rates
associated with its heavy overgrazing, and two relatively
small river basins in Ethiopia where the high sediment
yields reflect steep terrain, human influence through
intensification of land use and the semi-arid climate
which is associated with intense seasonal rainfall and a
sparse vegetation cover. The high specific sediment yields
cited for the Sorkhab River in Iran and the Semani
and Vijosi Rivers in Albania can likewise be related to
the steep mountain topography, highly erodible terrain,
unstable slopes, tectonic activity, limited vegetation cover
and relatively high runoff.
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G Reservoir Sedimentation

4.1 The context

Reservoir sedimentation represents a key problem
associated with the transport of sediment by rivers.
Trapping of sediment behind a dam will progressively
reduce the storage capacity of the impounded reservoir
and, depending on the amount of sediment involved
in relation to the total original storage capacity, this is
likely to impact on the future functioning of the reservoir
and its useful life. A storage loss of 0.5 - 1% per year
is frequently cited as an average value for the world’s
larger reservoirs. The loss can be much lower where
sediment loads are relatively low and dams impound
large reservoirs, but, equally, much higher storage losses
can occur. The Sanmenxia Dam, a multipurpose dam
constructed on the Yellow River in China in the late
1950s provides a useful, although extreme, example of
this potential problem (Wang et al., 2005). The dam was
constructed prior to the more recent reduction in the
river’s load shown on Figure 17. At that time, the mean
annual sediment load of the river at the dam site was
ca. 1.6 Gt year'. The dam was closed in 1958 and the
reservoir with an initial design capacity of 9.7 billion m?
and a surface area of 2 350 km? reached its operating level
in 1960. However, within 18 months of the closing of the
dam, 1.8 Gt of sediment had been deposited behind the
dam causing the reservoir to lose 17% of its capacity. The
dam incorporated bottom sluices to permit sediment to
pass through the dam, but only 7% of the sediment load
entering the reservoir was discharged downstream during
this 18 month period. The high rate of sedimentation caused
many problems upstream, including sedimentation and
increased backwater flood levels in the River Wei, a tributary
of the Yellow River, that posed a threat to the city of Xian.
The operation of the dam was changed in an attempt to
pass a greater proportion of the floodwater containing high
sediment concentrations through the sluices beneath the
dam, but by 1964 nearly 63% of the storage capacity had
been lost and the useful life of the dam and its reservoir was
being quickly reduced. This situation prompted a decision
to reconstruct the dam to provide more bottom sluices, two
bypass tunnels and several flushing pipes. The reconstruction
took place between 1966 and 1971 and this succeeded in
increasing the proportion of sediment laden floodwater that
could be passed through the dam to limit further deposition.
Between 1970 and 1973 attention was directed to operating
the bottom sluices to scour some of the sediment stored in the
reservoir. This was successful and new operating rules were
introduced in 1974. These involved storing water during the
partof the year when sediment concentrations were relatively
low and passing water through the dam during the flood
season when concentrations were high, as well as controlled
releases aimed at scouring deposited sediment. Wang et al
(2005) indicate that the reconstruction of the dam and the
new operating rules succeeded in effectively stopping further
deposition in the reservoir. In 2001 the amount of sediment
stored in the reservoir was estimated to be 3.15 billion m®
and this is significantly less than the value of 3.72 billion m?

accumulated in the reservoir by 1964, only six years after the
dam was closed.

Considering large dams more generally, control of
sedimentation is now generally included in their design and
in many river basins integrated basin management strategies
aim to reduce the sediment load entering the reservoir.
However, progressive loss of storage due to sedimentation
continues to pose major problems for dam sustainability and
therefore the sustainability of the hydropower, water supply,
irrigation, flood control and other programmes and activities
reliant on such dams. Palmieri et al (2003) suggested that the
annual loss of storage due to sedimentation was around 45
km’® per year. This can be equated to a global need to replace
about 300 large dams each year, at an estimated annual
cost of ca. $13 billion. Finding suitable new dam sites can
prove difficult and the environmental and social costs of dam
construction are attracting increasing attention.

4.2 The global scene

Comprehensive information on sedimentation rates and
associated loss of storage capacity for the numerous large
dams existing around the world is difficult to obtain. This
reflects both the lack of reliable surveys for dams in some
countries and the sensitive nature of such information. The
International Gommission on Large Dams ICOLD) (http://
wwwicold-cigh.net), an international non-governmental
organisation founded in 1928 as a forum for the exchange
of knowledge and experience in dam engineering, comprises
nearly 100 National Committees and maintains a database
of the world’s current ca. 55 000 large dams, defined as
dams with a height of > 15 m and/or a storage capacity
of > 3 million m®. The Reservoir Sedimentation Committee
of ICOLD coordinated a global synthesis of reservoir
sedimentation data in the early years of the 21st century
(Basson, 2008) and this provides a useful basis for exploring
the issue further.

The Committee assembled reliable data on reservoir
sedimentation from 28 countries and these data are
summarized in Figure 20 which presents the mean
sedimentation rate, expressed as the annual loss of storage
(%) for each country. These data emphasize the appreciable
spatial variability in the annual loss of storage, with national
mean values ranging from 0.05% in Egypt to 3.27% in
Tanzania. This variability reflects the magnitude of the
sediment load entering the reservoirs, their storage capacities
and their trap efficiency (i.e. their efficiency in trapping
sediment). Averaged across all 28 countries, the annual loss
of storage was 0.96%. To provide a global perspective, the
study estimated the annual loss of storage in a total of about
33000 dams from the ICOLD World Register for 2006, using
both available records and estimates where no data were
available. This permitted the average annual loss of storage
capacity to be estimated for eight major regions of the world,
asindicated in Table 2. The average values provided for each
region represent the weighted average (weighted by total
storage capacity) of the values for each country included in
the region. The values are all of a similar magnitude and
range from 0.59% for Africa to 1.01% for the Middle East.
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Figure 20. Average observed rates of storage loss for large reservoirs in different countries. (Based on Basson, 2008)

Table 2 Average annual rates of annual storage loss
due to sedimentation for dams/reservoirs in different
regions of the world, as estimated by Basson (2008)

Average annual

storage loss due
to sedimentation (%)

Africa 0.85

Asia* 0.85
Australasia and Oceania 0.94
Central America 0.74
Europe (including Russia) 0.73
Middle East 1.02
North America 0.68
South America 0.75

*Asia here excludes Russia and the Middle East

The findings reported above provide little indication
of the amounts of sediment trapped behind dams in
different areas of the world and the associated global
variation. To assess this aspect of the problem, there is
a need for information on the total amount of sediment
deposited or total storage lost in different regions of the

world. Figures 21 and 22, provide information on the
growth of the gross storage capacity of reservoirs in the
individual regions since the 1940s and through to 2010
and equivalent information on the volume of sediment
trapped in those reservoirs and its growth over the past
70 years, with a prediction through to 2050, based on
the reservoirs existing in 2010. If the magnitude of the
sediment volumes predicted to be stored in the reservoirs
of the different regions in 2050 are considered, Figure 22
shows that Asia stands out as having the greatest volume
of sediment accumulated in its reservoirs by 2050. When
viewed in relative terms, Asia accounts for a greater
share of the total volume of sediment volume deposited
in reservoirs than of the total gross storage capacity. For
all other regions their share of the total sediment volume
is similar to, or less than, their share of the total gross
storage capacity. South America stands out as the region
with the lowest share of the total sediment volume relative
to its share of the gross storage volume. These findings
could be seen as suggesting that reservoir sedimentation
problems related to loss of storage are greatest in Asia
and least in South America.

The data presented in Figures 21 and 22 also provide
a basis for predicting when the loss of storage will
constitute a major problem in the different regions.
In this context, it is useful to distinguish dams used
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Figure 21. Growth of gross reservoir storage capacity in different
regions of the world. (Based on Basson, 2008)

for hydropower production and those used for other
purposes. Basson (2008) indicates that hydropower dams
accounted for ca. 82% of the gross storage capacity in
2010. By 2006 ca. 35% of the total storage capacity
associated with hydropower dams had been filled with
sediment and the proportion of the current total capacity
that was likely to be filled with sediment would rise to
70% by 2050 (assuming no further dam construction).
The equivalent values for other dams were 33% of the
gross capacity had been filled with sediment by 2006 and
62% by 2050. These estimates emphasize the serious
implications of sedimentation for the sustainability
of the operation of these dams, although they take no
account of the additional storage likely to be provided
by newly constructed dams after 2006, which would
reduce the proportion of total available storage lost to
sedimentation in 2050. Basson (2008) suggests that non-
hydropower dams become seriously impacted when
sediment fills 70% of the available storage. At this point,
water yields are likely to be reduced by 40 - 50% and
the functioning of intakes is likely to be compromised.
In general, hydropower dams can sustain higher losses
of storage due to sedimentation than non-hydropower
dams, since the primary requirement for the former is to
maintain the head required for power generation and a
storage capacity suflicient to meet the demand for power.
Basson (2008) suggests that hydropower dams will be
seriously impacted when 80% of the available storage is
lost to sedimentation, whereas the equivalent value for
non-hydropower dams is 70%. Table 3 provides estimates
of the dates when these critical situations will be reached
in the different regions.

Figure 22. A comparison of estimates of losses of reservoir
storage capacity due to sedimentation in different regions of
the world. (Based on Basson, 2008)

Table 3 Projected dates when loss of storage due to
sedimentation could reach critical levels in different
regions. (Based on Basson, 2008)

Date critical
limit reached

Date critical limit

Region reached for hydro- for non-
power dams hydropower
dams
Africa 2100 2090
Asia 2035 2025
Australasia 2070 2080
cental 2060 2040
America

Europe and Russia 2080 2060
Middle East 2060 2030
North America 2060 2070
South America 2080 2060

The dates indicated in Table 3 should be seen as
estimates only, since they are associated with considerable
uncertainty related to the reliability of the data used
and the critical thresholds employed as well as the
lumping of data for individual countries within the
individual regions. Furthermore, they are based on
the gross storage capacity existing in 2010 and its
ongoing reduction due to sedimentation and take no
account of provision of additional storage through
construction of new dams. However, they demonstrate
that for hydropower dams, those in Asia face the greatest
sustainability problems due to reservoir sedimentation
and that for non-hydropower dams those in Asia, the
Middle East and Central America face the greatest
problems. Hydropower dams in Africa, South America
and Europe and Russia have the best prognosis and
in the case of non-hydropower dams those in Africa
and Australasia are predicted to have the longest lives.
Consideration of the individual countries comprising
the regions listed in Table 3 permits what could be seen
as reservoir sedimentation hotspots to be identified. If
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Figure 23. The location of countries where the reservoir storage capacity existing in 2006 is predicted to reach critical levels by
2050 as a result of sedimentation. (Based on data presented by Basson, 2008)

countries predicted to reach the critical level of storage
loss as a result of sedimentation by 2050 are seen as
representing such hotspots, Basson (2008) identifies 31
countries that merit this designation. These countries are
identified on Figure 23. Their distribution reflects in part
the influence of engineering or structural controls related
to the storage capacity and age of the dams in a particular
country, but it also reflects the magnitude of the erosion
rates and the sediment loads of the impounded rivers
in the countries identified. In this context many of the
countries identified are located in areas of the world that
have been shown to be characterized by high erosion rates
and high specific sediment yields. These include Kenya,
Iran, Uzbekistan, China, Malaysia, New Zealand, Iij,
Puerto Rico, Bolivia, Colombia, Morocco, Algeria and
Tunisia, and there are clear similarities between Figure
23 and Figure 3 which shows the global distribution of
tectonically active areas and I'igure 19 which shows the
global distribution of sediment yield hotspots.

Table 4 Estimates of the reduction in sediment load
of some major rivers of the world as a result of dam
construction. (Based on data compiled by Milliman
and Farnsworth, 2011)

Reduction Load

Country sediment reduction

load (%) | (Mtyear’)
Rio Grande USA 97 19
Indus Pakistan 96 240
Sebou Morocco 95 35
Sao Francisco Brazil 95 14
Moulaya Morocco 93 11
Ebro Spain 93 16
Volta Ghana 92 17
Mahi India 91 20
Chao Phraya Thailand 90 27
Drini Albania 87 14
Limpopo Mozambique 82 27
Zambezi Mozambique 81 39
Orange South Africa 81 72
Namada India 79 55
Mahanadi India 74 45
Godavari India 72 123
Red River Vietnam 60 60
Mississippi USA 48 190

Reduction Load

Country sediment | Teduction

load (%) | (Mtyear”)
Colorado Mexico 100 120
Nile Egypt 100 120
Cauvery India 99 32
Krishna India 98 63
Asi Turkey 98 19
Kizil Irmak Turkey 97 17

As indicated above, sediment trapping by dams clearly
has serious implications for the sustainability of their
associated reservoirs in many areas of the world. It also
has implications for the sediment loads of the rivers
on which the dams have been built. Table 4 provides
examples of the magnitude of the downstream reduction
in sediment load documented for a number of major rivers
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of the world, where major changes in sediment load have
occurred primarily due to dam construction. Reduced
sediment loads downstream of dams can result in channel
incision and changes in channel morphology as the river
adjusts to the reduced sediment loads. Reduced sediment
input to the sea at the river mouth can also have important
implications for the stability of associated deltas and
the coastline more generally. The impact on deltas and
their sustainability has attracted increasing attention as a
global issue in recent years (Syvitski et al. 2009; Foufoula-
Georgiou, 2013), due to their importance as areas of high
population density, frequently unique biodiversity and
culture, and economic activity, as well as their contribution
to food security through agricultural production and
fisheries. The close links between delta sustainability and
changes in the sediment loads of the rivers at the mouths
of which they are located are considered further below.
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5.1 Background

Syvitski et al. (2009) indicate that the formation and longer-
term stability of a delta depends on the interaction of four
main factors. The first is the sediment supply and more
particularly the aggradation rate, which is controlled by the
volume of sediment delivered to, and retained by, the delta;
the second is the rate of sea level change, the third is ongoing
compaction which reduces the volume of the deposited
sediment, and the fourth subsidence associated with isostatic
adjustment of the earth’s crust to sediment loading and other
forces. Three of these factors or controls, namely sediment
input, sea level change and compaction are sensitive to
human impact. The sediment input can change as a result of
human impact and could increase or decrease. A decreased
sediment input, such as that caused by sediment trapping
by upstream dams (Table 4), could clearly threaten the
continuing existence of a delta, if the aggradation rate fails to
keep pace with a rising sea level and ongoing compaction and
subsidence. Where levees are constructed along the margins
of distributary channels, this could further reduce the
aggradation rate by preventing the sediment input reaching
parts of the delta and thereby reducing sediment retention.
Contemporary rising sea levels clearly pose a threat to delta
sustainability if’ sediment inputs are declining and they can
also be seen as reflecting human impact through climate
change and shrinking of the polar ice sheets. Compaction
1s in part a natural process, since an increase in the depth of
deposited sediment, will cause progressive consolidation of
the lower layers and this process will reflect the cumulative
deposition over many thousands of years. However; human

activities, including abstraction of groundwater, oil and
gas extraction and soil drainage and associated oxidation
will accelerate compaction and can further increase the
problems faced by modern deltas. Syvitski et al. (2009)
report that anthropogenically-enhanced compaction rates
within the Chao Phraya Delta in Thailand have reached
50 - 150 mm year' and that more generally human impact
can increase compaction rates by an order of magnitude.
Figure 24 presentsinformation on the changesin the sediment
load of the Indus River in Pakistan during the 20th century
as a result of dam construction and diversion of water from
the river for irrigation. The reduction of the sediment load
of the river commenced in the 1940s with the building of
numerous barrages and irrigation channels along the lower
river and two major dams, the Mangla Dam and the Tarbela
Dam on its upstream tributaries. The annual runoff of the
river is now less than about 20% of the original natural flow
and the annual sediment load has similarly declined to about
5% of its former value. Information presented by Syvitski et
al. (2009) indicates that reduced sediment input to the delta,
coupled with a reduction in the extent of the distributary
channels by about 80% has resulted in average sedimentation
rates within the Indus Delta reducing from about 8 mm
year' in the early 20th century to about 1 mm year' in the
ecarly 21st century. Compaction of the delta deposits has not
been substantially affected by water or oil and gas abstraction,
but, as a result of the reduced sedimentation, Syvitski et al.
(2009) estimate that, the Indus delta is currently experiencing
a relative sea level rise of > 1.1 mm year'. With an area of
ca. 4 750 km?, currently < 2 m above sea level and an area
of 3 390 km? susceptible to storm surges, the longer-term
stability and sustainability of the Indus delta is clearly at risk.

River Indus at Kotri, Pakistan, 1931 - 2003
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Figure 24. Recent changes in the suspended sediment load of the River Indus at Kotri, Pakistan, as demonstrated by the time
series of (i) annual water discharge and (i1) annual suspended sediment load, and (i1i) the associated double mass plot. Based on
data compiled by Professor John Milliman, Virginia Institute of Marine Science, USA
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5.2 The global scene

The current status of individual deltas varies according to
the magnitude of human impact and the balance between
accretion rates, compaction rates and sea level rise, with
the accretion rate and therefore reduction in the sediment
load delivered to the delta commonly exercising the
overriding control. Deltas where aggradation rates have
remained essentially unchanged and human-induced
compaction has been minimal, can be seen as facing
minimal risk. This is, for example, the situation with the
Amazon, Congo, Fly and Orinoco deltas. Deltas which
are seen as being at risk and where a reduced sediment
load is an important contributor to the problem could

be seen as representing sediment hotspots, although in
this context the designation ‘hotspot’ reflects a sediment
deficit, rather than an increase in erosion or sediment
flux. Syvitski et al. (2009) distinguished four categories of
risk of increasing severity. The first category, reflecting
the lowest risk, included deltas where aggradation rates
had reduced due to reduced sediment input, but still
exceeded the relative sea level rise. The second category,
representing a greater risk, comprised deltas where the
aggradation rates had reduced due to reduced sediment
input and no longer kept pace with the relative sea
level rise. The third category, designated deltas in peril,
comprised deltas where reduced aggradation exacerbated
by accelerated compaction due to anthropogenic impact

Table 5 Major world river deltas at risk due to reduced fluvial sediment input. (Based on Syvitski et al., 2009)

Area of Delta
< 2m above sea
level (km?)

Sediment Load
Reduction (%)

River/Country

21st century
sediment
accretion rate

Relative sea
level rise
(mm year)

Early 20th century
sediment accretion
rate (mm year')

Deltas at risk, but accretion rate still exceeds relative sea level rise

Danube, Romania 3670 63 3 1 1.2
Han, Korea 70 27 3 2 0.6
Limpopo, Mozambique 150 30 7 5 0.3

Deltas at greater risk, accretion rate less than relative rate of sea level rise

Brahmani, India 640 50 2 1 1.3
Godavari, India 170 40 7 2 ~3
Indus, Pakistan 4750 80 8 1 >1.1
Mahanadi, India 150 74 2 0.3 1.3
Parana, Argentina 3600 60 2 0.5 2-3
Vistula, Poland 1490 20 1.1 0 1.8

Deltas in peril, reduction in accretion rate exacerbated by accelerated compaction

Ganges, Bangladesh 6170 30 3 2 8-18
Irrawaddy, Myanmar 1100 30 2 1.4 3.4-6
Mekong, Vietnam 20900 12 0.5 0.4 6
Mississippi, USA 7140 48 2 0.3 5-25
Niger, Nigeria 350 50 0.6 0.3 7-32

Tigris, Iraq 9700 50 4 2 4-5

Deltas in greater peril

, very low accretion and/or greatly accelerated compaction

Chao Phraya, Thailand 1780 85 0.2 0 13-150
Colorado, Mexico 700 100 34 0 2-5
Krishna, India 250 94 7 0.4 ~3
Nile, Egypt 9 440 98 1.3 0 4.8
Pearl, China, 3720 67 3 0.5 7.5
Po, Italy 630 50 3 0 4-60
Rhone, France 1 140 30 7 1 2-6
Sao Francisco, Brazil 80 70 2 0.2 3-10
Tone, Japan 410 30 4 0 >10
Yangtze, China 7080 70 1.1 0 3-28
Yellow, China 3420 90 49 0 8-23
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Figure 25. The global distribution of deltas at risk. (Based on Syvitski et al., 2009)

meant that increasing sea level posed a major threat
to the sustainability of the delta. The fourth category
was designated deltas in greater peril, due to very low
accretion rates and/or greatly accelerated compaction
resulting in high rates of relative sea level rise. Table 5,
based on the work of Syvitski et al. (2009), provides further
details of representative examples of the major deltas of
the world characterized by a reduced sediment input that

are currently at risk or in peril and their categories of
risk. Their global distribution is shown on Figure 25. This
reflects in part the global distribution of large river basins
with substantial annual sediment loads prior to reduction
by anthropogenic impacts. However, it is also influenced
by the degree of reduction of the sediment load reaching
the delta, as well as other factors linked to subsidence and
compaction.
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e Perspective

By virtue of the strong links between erosion/soil loss
and the sustainability of the global soil resource, soil
productivity and therefore food security, an understanding
of the global pattern of erosion must be seen as
important for ensuring the future sustainability of the
Earth system and its social and economic development.
Land erosion is the source of much of the sediment
transported by rivers and the associated sediment fluxes
are an important component of the Earth system. Where
the system is disrupted, as with the reduction of sediment
supply to deltas and coastal seas, there can be both
physical and social and economic implications which
need to be recognized and understood. Furthermore,
the transport of sediment by rivers necessarily interacts
with the development of the water resources of their
basins, through siltation of reservoirs and other related
hydraulic structures. Again, therefore, a knowledge of
the global pattern of sediment yield is an important
requirement for sustainable development. This report
has attempted to contribute to current understanding
of global patterns of erosion and sediment yield and
their impacts on the Earth system and its sustainable
development, by attempting to identify key hotspots of
erosion and sediment yield. In addition an attempt has
been made to identify what could be seen as hotspots
for contemporary reservoir sedimentation and for the
impact of reduced sediment loads of major rivers on
their deltas, which frequently represent important centres
of population and food production. Identifying these
hotspots has served to emphasize the need to recognize
the dynamic nature of any assessment of the magnitude
of erosion rates and sediment transfer from the land
to the oceans. A comparison of contemporary erosion
rates influenced by anthropogenic activity with ‘natural®
erosion rates has demonstrated how such activity can
both increase erosion rates and thereby intensify erosion
hotspots and generate new hotspots. Equally, widespread
introduction of soil and water conservation measures can
cause reductions in erosion rates and the downgrading of
former hotspots. Changes in erosion rates, as well as the
trapping of sediment by dams as it moves downstream,
can similarly give rise to changes in sediment yields and
sediment fluxes, with reduced sediment fluxes being the
most common occurrence.

In view of the wide-ranging social and economic
implications of erosion and sediment transport, and
particularly their hotspots, for sustainable development
of the soil and water resources of river basins, the need
for effective sediment management as a key component
of sustainable river basin management is now widely
accepted. There are an increasing number of river
basins where both erosion and sediment loads have
been successfully managed and thereby reduced by
implementing effective soil and water conservation and
sediment management strategies (Liu et al., 2017). Scope
undoubtedly exists to reduce the magnitude of the rates of
erosion and sediment yields associated with at least some

of the hotspots identified in this report, although there is a
need to accept that where high erosion rates and sediment
yields are essentially a product of natural controls, rather
than anthopogenic activity, reduction may prove more
difficult. The problems facing the world’s deltas have only
been recognized relatively recently, since they largely
reflect recent changes in the flow and sediment loads of
rivers caused by widespread dam construction, sea-level
change associated with global warming, and increased
subsidence due to recent increases in groundwater
abstraction and the extraction oil and gas. Sustainable
management of the world’s deltas that are seen as being
at risk or at peril (Figure 25) is likely to prove a major
challenge. For those deltas where decreasing sediment
inputs are a key issue, increasing sediment fluxes is likely
to require a new generation of sediment management
strategies where emphasis is on increasing, rather than
reducing sediment loads, which has been the focus of
most previous strategies. Increased use of dams for
hydropower, water supply and flood control could prove
to be in direct conflict with maintaining sediment inputs
to deltas, unless effective strategies for reducing reservoir
sedimentation can be developed. Reducing sediment
trapping by dams would have considerable benefits in
terms of increasing the life of reservoirs and increasing
downstream sediment loads and sediment inputs to delta
areas.

The need to recognize the dynamic nature of any
assessment of changes in the global patterns of erosion
and sediment yield emphasized in this report has
primarily focused on anthropogenic activity, through,
for example, accelerated erosion, soil and water
conservation programmes, and sediment trapping by
dams. Little attention has been directed to the potential
role of climate change in causing further changes in
erosion and sediment transport. This reflects in part
the difficulty of separating the effects of climate change
from the broader impacts of anthropogenic activity and
also acceptance that the impacts of climate change will
become increasingly important in the future. The need to
increasingly take account of the impact of climate change
on the global pattern of erosion and sediment yield could
be seen as a challenge for the 21st century. Erosion rates
and sediment yields are particularly sensitive to extreme
events and the potential significance of current increases
in the frequency of typhoons, such as that documented
for Taiwan, China by Kao et al. (2011) has already been
demonstrated.

__ 34 __



Erosion and sediment problems: global issues and hotspots

REFERENCES

Aalto, R., Dunne, T., Guyot, J.L.. 2006. Controls on Andean
denudation rates. Journal of Geology, 114, 85-89.

Angima, S.D., O’Neill, M.K., Omwega, A.K., Stott, D.E. 2000.
Use of tree/grass hedges for soil erosion control in the Central
Kenyan Highlands. Journal of Soil and Water Conservation,
55, 478-482.

Angima, S.D., Stott, D.E., O’Neill, M.K., Ong, C.K., Weesies,
G.A. 2003. Soil erosion prediction using RUSLE for central
Kenyan highland conditions. Agriculture, Ecosystems and
Environment, 97 (1-3), 295-308.

Avouac, J.-P. 2003. Mountain building, erosion, and the seismic
cycle in the Nepal Himalaya: Advances in Geophysics, 46, 1-80.

Bakoariniaina, L. N., Kusky, T., Raharimahefa, T. 2006.
Disappearing Lake Alaotra: monitoring catastrophic erosion,
waterway silting, and land degradation hazards in Madagascar
using Landsat imagery. Journal of African Earth Sciences, 44,

241-252.

Barton, A.P, Fullen, M.A., Mitchell, D.J., Hocking, 'T'J., Liu, L.,
Bo,Z.W., Zhen, H. Y., Xia, Z.Y. 2004. Effects of soil conservation
measures on erosion rates and crop productivity on subtropical

Ultisols in Yunnan Province, China. Agriculture, Ecosystems
and Environment, 104, 345-357.

Basson, G. 2008. Reservoir sedimentation — An overview of
global sedimentation rates and predicted sediment deposition. In:
Abstracts of Oral and Poster contributions to the International
CHR Workshop on Erosion, Transport and Deposition of
Sediments, Berne, Switzerland, April 28-30, 2008, 74-79.

Boardman, J., Favis-Mortlock, D., Toster, I. 2015. A 13-year
record of erosion on badland sites in the Karoo, South Africa.
Earth Surface Processes and Landforms, 40, 1964—1981.

Bovis, MJ., & Jakob, M. 2000. The July 29, 1998, debris flow
and landslide dam at Capricorn Creek, Mount Meager Volcanic
Complex, southern Coast Mountains, British Columbia.
Canadian Journal of Earth Sciences 37, 1321-1334.

Braun, A.R., Smaling, E.M.A., Muchugu, E.I., Shepherd, K.D.,
Corbett, J.D. 1997. Maintenance and improvement of soil
productivity in the highlands of Ethiopia, Kenya, Madagascar
and Uganda. AHI (African Highlands Initiative) Technical
Report Series No. 6, ICRAF, Nairobi, Kenya.

Burbank, D.W.,; Blythe, A.E., Putkonen, J., Pratt-Sitaula, B.,
Gabet, E., Oskin, M., Barros, A., Ojha, T.P. 2003. Decoupling
of erosion and precipitation in the Himalayas: Nature, 426,
652-655.

Cannon, S.H., Gartner, J.E., Rupert, M.G., Michael, J.A., Rea,
AH., Parrett, C. 2010. Predicting the probability and volume of

post-wildfire debris flows in the intermountain western United
States. Geological Society of America Bulletin, 122 (1-2), 127—
144.

Cannon, S.H., Kirkham, R.M., Parise, M. 2001. Wildfire-
related debris-flow initiation processes, storm King mountain,
Colorado. Geomorphology, 39 (3-4), 171-188.

Cerdan, O., Govers, G., Le Bissonnais, Y., Van Oost, K.,
Poesen,]., Saby, N., Gobin, A., Vacca, A., Quinton, J., Auerswald,
K., Klik, A., Kwaad, I J. P. M., Raclot, D., Ionita, I., Rejman,].,
Rousseva, S., Muxart, T., Roxo, M. J., Dostal, T. 2010. Rates
and spatial variations of soil erosion in Europe: A study based on
erosion plot data. Geomorphology, 122, 167-177.

Chakela, Q.K. 1981. Soil erosion and reservoir sedimentation
in Lesotho. UNGI Rapport 54, Dept of Physical Geography,
Uppsala University, Uppsala, Sweden .

Chen, C.W,; Oguchi, T., Hayakawa, Y.S., Saito, H., Chen, H.
2017. Relationship between landslide size and rainfall conditions
in Taiwan. Landslides, 14(3), 1235-1240.

Chen, J, He, Y.P, Wei, FQ. 2005. Debris flow erosion and
deposition in Jiangjia Gully, Yunnan, China. Environmental
Geology, 48, 771-777.

Christiansson, C. 1981. Soil Erosion and Sedimentation in
Semi-Aarid Tanzania. Studies on Environmental Change and
Ecological Imbalance. Scandinavian Institute of African Studies,
Uppsala, Sweden.

Ciccacci, S., Del Monte, M., Marini, R. 2003. Denudational
processes and recent morphological changes in a sample area
of the Orcia River Upper Basin (Southern Tuscany). Geografia
Fisica ¢ Dinamica Quaternaria, 26, 97-109.

Dai, D., Tan, Y. 1996. Soil erosion and sediment yield in the
Upper Yangtze River basin. In: D. E. Walling & B. W. Webb (eds.)
Erosion and Sediment Yield: Global and Regional Perspectives
(Proceedings of the Exeter Symposium, July 1996). IAHS Publ.
236, 191-203.

De Meyer, A., Poesen, J., Isabirye, M., Deckers, J., Raes, D. 2011.
Soil erosion rates in tropical villages: A case study from Lake
Victoria basin, Uganda. Catena, 84, 89-98.

Della Seta, M., Del Monte, M., Iredi, P, Lupia Palmieri, E.
2007. Direct and in direct evaluation of denudation rates in
Central Italy. Catena 71, 21-30.

Della Seta, M., Del Monte, M., Iredi, P, Lupia Palmieri,
E. 2009. Space-time variability of denudation rates at the
catchment and hillslope scales on the Tyrrhenian side of Central
Italy. Geomorphology 107, 161-177.

D1 Stefano, C., & Ferro, V. 2011. Measurements of rill and gully
erosion in Sicily. Hydrological Processes, 25, 2221-2227.

__ 35



Erosion and sediment problems: global issues and hotspots

Didoné¢, E.J., Minella, J.P.G., Merten, G.H. 2015. Quantifying
soil erosion and sediment yield in a catchment in Southern
Brazil and implications for land conservation. Journal of Soils
and Sediments, 15, 2334-2346.

Didoné, E/J., Minella, J-PG., Evrard, O. 2017. Measuring and
modelling soil erosion and sediment yields in a large cultivated
catchment under no-till of Southern Brazil. Soil and Tillage
Research, 174, 24-33.

Diyabalanage, S., Samarakoon, K.K., Adikari, S.B.,
Hewawasam, T. 2017. Impact of soil and water conservation
measures on soil erosion rate and sediment yields in a tropical
watershed in the Central Highlands of Sri Lanka. Applied
Geography 79, 103-114.

Dragicevic, S., Ristic, R., Zivkovic, N., Kostadinov, S., Togic,
R., Novkovic, 1., Borisavljevic, A., Radic, Z. 2013. Floods in
Serbia in 2010—case study: The Kolubara and Pcinja River
Basins. In: Loczy D. (ed) Geomorphological impacts of extreme
weather: case studies from Central and Eastern Europe. Springer
Geography, New York, 155-170.

Dymond, J.R. 2010. Soil erosion in New Zealand is a net sink of
CO?. Earth Surf. Process. Landforms 35 (15), 1763-1772.

Ellis, S., Talor, D.M., Massod, K.R. 1994. Soil formation and
erosion in Murree Hills, northeast Pakistan. Catena, 22, 69-78.

FAQO. 2016. Global river sediment yields database. AQUASTAT],
FAO, Rome.

Finlayson, D.P, Montgomery, D.R., Hallet, B. 2002, Spatial
coincidence of rapid inferred erosion with young metamorphic
massifs in the Himalayas. Geology, 30, 219-222.

Foufoula-Georgiou, E. 2013. A wvision for a coordinated
international effort on delta sustainability. In: Deltas Landforms,
Ecosystems and Human Activities. IAHS Publication 358,
Wallingford, IAHS Press, .3-11.

Fox, H.R., Moore, H.M., Newell Price, ].P, El Kaisri, M. 1997.
Soil erosion and reservoir sedimentation in the High Atlas
Mountains, southern Morocco. In: Walling, D.E., Probst, J.L.
(Eds.), Rabat Symposium. IAHS Publication, 245, 233 — 240.

Garcia-Ruiz, J. M., Marti-Bono, C., Lorente, A., Begueria,
S. 2002. Geomorphological consequences of
mnfrequent rainfall and hydrological events

frequent and
in Pyrences
mountains, Spain. Mitigation and Adaptation Strategies for

Global Change 7, 303-320.

Gelagay, H. S., & Minale, A. S. 2016. Soil loss estimation
using GIS and Remote Sensing techniques: A case of Koga
Watershed, Northwestern Ethiopia. International Soil and
Water Conservation Research, 4, 126-136.

Gellis, A.C., Webb, R.M.T., Wolfe, WJ., McIntyre, S.C.I. 2006.

Changes in land use and reservoir sedimentation—a case study
in the Lago Loiza basin, Puerto Rico. Physical Geography 27,
39-69.

Gillieson, D., Gorecki, P, Head, J., Hope, G. 1987. Soil erosion
and agricultural history in the Central Highlands of Papua New
Guinea. In: Gardiner; V. (ed.), International Geomorphology,

1986: Proceedings of the Ist International Conference on
Geomorphology, Part II, John Wiley, New York, 507-522.

Glatthaar, D. 1988. The sediment load of the Waimanu River,
Southeastern Viti Levu, Fiji. In: H. Liedtke & D. Glatthaar, eds.
Report about two research projects in the Republic of Fiji, 52-
75. Sponsored by the German Research Foundation (Deutsche
Forschungsgemeinschaft, Bonn, Federal Republic of Germany).
Bochum, Ruhr-University Bochum, Geographical Institute.

Golosov,V,, Yermolaev, O., Litvin, L., Chizhikova, N.,
Kiryukhina, Z., Safina, G. 2018. Influence of climate and
land use changes on recent trends of soil erosion rates within
the Russian Plain. Land Degradation and Development. 29(8)
2658-2667.

Golosov, V,, Zhang, X., He, H., Tang, Q., Zhou, P. 2015.
Principal denudation processes and their contribution to the
fluvial suspended sediment yields in the Upper Yangtze basin
and Volga river basin. Journal of Mountain Science, 12(1), 101-

122

Golosov, VN, Della Seta, M., Azhigirov, A.A., Kuznetsova, Y.S.,
Del Monte, M., Fredi, P, Lupia Palmieri, E., Grigor’eva, T.M.
2012. Anthropogenic impact on exogenous processes in low
mountains of subtropics. Geomorphology RAS. 2, 7-17.

Golosov, V., Ivanova N., Kurbanova S. 2017a. Influence of
agricultural development and climate changes on the drainage
valley density of the southern half of the Russian plain.
International Journal of Sediment Research. 32(1), 60-72.

Grujic, D., Coutand, I., Bookhagen, B., Bonnet, S., Blythe, A,
Duncan, C. 2006. Climatic forcing of erosion, landscape, and
tectonics in the Bhutan Himalayas: Geology, 34, 801-804.

Guerra, AJ.'T., Fullen, M.A., Jorge, M.C.O., Alexandre, S.T.
2014. Soil erosion and conservation in Brazil. Anuario do Inst.
Geociéncias UFR] 37(1), 81-91.

Guyot, J.L., Filizola, N., Quintanilla, J., Cortez, J. 1996.
Dissolved solids and suspended sediment yields in the Rio
Madeira basin, from the Bolivian Andes to the Amazon. In: D.
E. Walling & B. W. Webb (eEds.) Erosion and Sediment Yield:
Global and Regional Perspectives (Proceedings of the Exeter
Symposium, July 1996). IAHS Publication no. 236, pp. 55-63.

Haeberli, W., Wegmann, M., Vonder Miuhll, D. 1997. Slope
stability problems related to glacier shrinkage and permafrost
degradation in the Alps. Eclogae Geologicae Helvetiae, 90,
407-414.

__ 36 —



Erosion and sediment problems: global issues and hotspots

Haregeweyn, N., Tsunekawa, A., Nyssen, J., Poesen, J., Tsubo,
M., Meshesha, D. T., Schutt, B., Adgo, E., Amogne, F'T.2015.
Soil erosion and conservation in Ethiopia: A review. Progress in
Physical Geography, 39(6),750-774.

Harris, C., Arenson, L.U., Christiansen, H.H., Etzelmiiller, B.,
Frauenfelder, R., Gruber, S., Haeberli, W., Hauck, C., Hélzle,
M., Humlum, O, Isaksen, K., Kaib, A., Lehning, M., Liitschg,
M.A., Matsuoka, N., Murton, ].B., N6tzli, J., Phillips, M., Ross,
N., Seppalda, M., Springman, S.M., Vonder Miihll, D. 2009.
Permafrost and climate in Europe: geomorphological impacts,

hazard assessment and geotechnical response. Earth Science
Reviews, 92, 117-171.

He, Y.P, Xie, H., Cui, P, Wei, D., Zhong, L., Gardner,
J:5.2003. GIS-based hazard mapping and zonation of debris
flows in Xiaojiang Basin, southwestern China. Environmental
Geology, 45, 286—293.

Hewawasam, T. 2010. Effect of land use in the upper
Mahaweli catchment area on erosion, landslides and siltation
in hydropower reservoirs of Sri Lanka. Journal of the National
Science Foundation of Sri Lanka, 38, 3—14.

Hewawasam, T., Von Blanckenburg, I\, Schaller, M., Kubik, W.
2003. Increase of human over natural erosion rates in tropical
highlands constrained by cosmogenic nuclides, Geology, 31,
597 — 600.

Hicks, D.M., Gomez, B., Trustrum, N.A. 2000. Erosion
thresholds and suspended sediment yields, Waipaoa River
Basin, New Zealand. Water Resources Research 36, 1129 —
1142,

Hilker, N., Badoux, A., Hegg, C. 2009. The Swiss flood and
landslide damage database 1972-2007. Natural Hazards and
Earth System Sciences 9: 913-925.

Holm, K., Bovis, M., Jakob, M. 2004. The landslide response
of alpine basins to post- Little Ice Age glacial thinning and
retreat in southwestern British Columbia. Geomorphology, 57,

201-216.

Hovius, N., Stark C.P, Allen, PA. 1997. Sediment flux from
a mountain belt derived by landslide mapping, Geology 25 (3):
231-234.

Huggel, C., Zgraggen-Oswald, S., Haeberli, W., Kaab, A.,
Polkvoj, A., Galushkin, I., Evans, S.G. 2005. The 2002 rock/ice
avalanche at Kolka/Karmadon, Russian Caucasus: assessment
of extraordinary avalanche formation and mobility, and
application of QuickBird satellite imagery. Natural Hazards
and Earth System Sciences, 5, 173-187.

Tonita, 1., Radoane, M., Mircea, S. 2006. Romania. In:
Boardman, J., Poesen, J. (Eds.), Soil Erosion in Europe. Wiley,
Chichester. 155-166.

Iverson R.M. 1997. Debris flow mobilization from landslides.

Annual Review of Earth and Planetary Sciences, 25, 85-138.

Kiéib, A., Huggel, C., Fischer, L., Guex, S., Paul, E, Roer,
I., Salzmann, N., Schlaefli, S., Schmutz, K., Schneider, D.,
Strozzi, T., Weidmann, Y. 2005. Remote sensing of glacier-and

permafrost related hazards in high mountains: an overview.
Natural Hazards and Earth System Science, 5 (4), 527-554.

Kao, SJ., & Milliman, J.D. 2008. Characterize sediment and water
discharges from high standing island rivers in Taiwan: Episodicity
and human activities, Journal of Geology, 116, 431-448.

Kao, S]J., Lee, Y., Milliman, J.D. 2005. Calculating highly
fluctuated suspended sediment fluxes from mountainous rivers
in Taiwan. Terrestrial Atmospheric and Oceanic Sciences, 16,
653-675.

Kao, S.J., Huang, J.C., Lee, TY., Liu, C.C., Walling, D. E. 2011.
The changing rainfall-runoff dynamics and sediment response
of small mountainous rivers in Taiwan under a warming
climate. In: Sediment Problems and Sediment Management
in Asian River Basins, IAHS Publication no 349, IAHS Press,
Wallingford, UK pp. 114-129.

Kettner, AJ., Restrepo, J.D., Syvitski, J.PM. 2010. A spatial
simulation experiment to replicate fluvial sediment fluxes
within the Magdalena River basin, Colombia. Journal of
Geology, 118, 363-379.

Kirwan, M.L., & Megonigal, ]J.P. 2013. Tidal wetland stability
in the face of human impacts and sea level rise. Nature 504,
53-60.

Klein, J. 2002. Deforestation in the Madagascar highlands —
established ‘truth’ and scientific uncertainty. GeoJournal, 56,
191-199.

Korup, O., & Clague, J.J. 2009. Natural hazards, extreme
events, and mountain topography. Quaternary Science

Reviews, 28: 977-990.

Krishnaswamy, J., Ricter, D.D., Halpin, P, Hofmockel, M.
2001. Spatial patterns of suspended sediment yields in a humid
tropical watershed in Costa Rica’. Hydrological Processes, 15,

2237-2257.

Krupenikov, I. A., Boincean, B. P, Dent, D. 2011. The black
carth - ecological principles for sustainable agriculture on
chernozem soils, Springer, Dordrecht.

Kuharuk, E., & Crivova, O. 2014. The state of soil erosion in
the Republic of Moldova and the need for monitoring.In: Soil
as world heritage, edited by: Dent, D., Springer, Dordrecht,
17-20.

Kuksina L.V, & Alekseevski N.I. 2017. The transformation
of the runoff of the suspended load in Kamchatka rivers due
to volcanism. Journal of Volcanology and Seismology,11(1),
59-70.

__ 37



Lal, R. 2001. Soil degradation by erosion. Land Degradation
& Development 12(6), 519 — 539.

Latrubesse, E. M., & Restrepo J. D. 2014. Sediment yield
along the Andes: Continental budget, regional variations, and
comparisons with other basins from orogenic mountain belts,
Geomorphology, 216, 225-233.

Leah, T., & Kuharuk, E. 2017. Investigation of factors affecting
the development of erosion processes in the soils of Moldova.
HaykoBo-rexuiuamnn  xypaan  ‘““T'exHOreHHO-exoIOrnuHa
6esmexa”,1, 50-55.(in Russian with English abstract).

Lerman, A., & Meybeck, M. (Eds.) 1988. Physical and Chemical
Weathering in Geochemical Cycles. Springer, Netherlands,
376 p.

Lin, C., Lin, W., Chou, W. 2002. Soil erosion prediction and
sediment yield estimation: the Taiwan experience. Soil and
Tillage Research 68, 143 — 152.

Liu, C., Walling, D.E.., Spreafico, M., Ramasamy, J., Thulstrup,
H.D., Mishra, A. 2017. Sediment Problems and Strategies for
their Management. UNESCO, Paris.

Llasat, M.C., & Rodriguez, R. 1992. Extreme rainfall events in
Catalonia: the case of 12 November 1988, Natural Hazards,
5, 183-151.

Ludwig, W,, Probst, J-L., Kempe, S. 1996. Predicting the
oceanic input of organic carbon by continental erosion. Global
Biogeochemical Cycles, 10, 23-41.

Mandal, D., Dadhwal, K. S., Khola, O. P. S.,; Dhyani B. L.
2006. Adjusted T values for conservation planning in Northwest
Himalayas of India,. Journal of Soil and Water Conservation,

61(6), 391397, 2006.

Marutani, T., Kasai, M., Reid, L.M., Trustrum, N.A. 1999.
Influence of storm-related sediment storage on the sediment
delivery from tributary catchments in the upper Waipaoa

River, New Zealand. Earth Surface Processes and Landforms,
24, 881 — 896.

Milliman, ]J.D., & Meade, R.H. 1983 World-wide delivery of
sediment to the oceans. Journal of Geology 91, 1-21.

Milliman, J.D., & Farnsworth, K.L. 2011. River Discharge to
the Coastal Ocean: A Global Synthesis. Cambridge University
Press. 384 pp.

Minella, J.P.G., Merten, G.H., Walling, D.E., Reichert, J.M.
2009. Changing sediment yield as an indicator of improved
soll management practices in Southern Brazil. Catena, 79,

228-236.

Minella, J.PG., Walling, D.E., Merten, G.H. 2014. Establishing
a sediment budget for a small agricultural catchment in

southern Brazil, to support the development of effective
sediment management strategies. Journal of Hydrology, 519,

2189-2201.

Montgomery, D.R. 2007. Soil erosion and agricultural
sustainability. Proceedings of the National Academy of Sciences
of the United States of America, 104(33), 13268-13272.

Montgomery, D.R., & Brandon, M.T. 2002. Topographic
controls on erosion rates in tectonically active mountain ranges:
Earth and Planetary Science Letters, 201, 481-489.

Moore, R.D., Fleming, S., Menounos, B., Wheate, R., Fountain,
A., Stahl, K., Holm, K., Jakob, M. 2009. Glacier change in
Western North America: Influences on hydrology, geomorphic
hazards, and water quality. Hydrological Processes, 23, 42—61.

Morris,G,J., & TFan, J. 1998. Reservoir Sedimentation
Handbook. McGraw Hill, NY.

Nearing, M., Xie, Y., Liu, B., Ye, Y. 2017. Natural and
anthropogenic rates of soil erosion. International Soil and
Water Conservation Research, 5, 77-84.

Nyssen, J., Poesen, J., Deckers, J. 2009. Land degradation and
soil and water conservation in tropical highlands. Soil and
Tillage Research, 103(2), 197-202.

Nyssen, J., Poesen, J., Moeyersons, J., Haile, M., Deckers, ]J.
2008. Dynamics of soil erosion rates and controlling factors
in the Northern Ethiopian Highlands — towards a sediment
budget. Earth Surface Processes and Landforms, 33, 695-711.

Palmieri, A., Shah, E, Annandale, G.W., Dinar, A. 2003.
Reservoir Conservation vol. 1, The RESCON Approach,
World Bank, Washington DC.

Panagos, P, Borrelli, P, Meusburger, K., Yu, B., Klik, A,
Jae Lim, K., Yang, J.E., Ni, J., Miao, C., Chattopadhyay,
N., Sadeghi, S.H., Hazbavi, Z., Zabihi, M., Larionov, G.A.,
Krasnov, S.I\, Gorobets, A.V,, Levi, Y., Erpul, G., Birkel, C.,
Hoyos, N., Naipal, V., Oliveira, PT.S., Bonilla, C.A., Meddi,
M., Nel, W., Al Dashti, H., Boni, M., Diodato, N., Van Oost,
K., Nearing, M., Ballabio, C. 2017. Global rainfall erosivity
assessment based on high-temporal resolution rainfall records.
Scientific Reports, Jun 23;7(1):4175. doi: 10.1038/541598-
017-04282-8.

Panagos, P, Meusburger, K., Van Liedekerke, M., Alewell, C.,
Hiederer, R., Montanarella, L. 2014. Assessing soil erosion in
Europe based on data collected through a European Network,
Soil Science and Plant Nutrition, 60, 15-29.

Pepin, E., Guyot, J.L., Armijos, E., Bazan, H., Traizy, P,
Moquet, J.S., Noriega, L., Lavado, W., Pombosa, R., Vauchel,
P 2013. Climatic control on eastern Andean denudation rates

(central Cordillera from Ecuador to Bolivia). Journal of South
American Farth Sciences, 44, 85-93.

__ 38



Petrovi¢, A., Dragicevié, S., Radi¢, B., Milanovi¢, A. 2015.
Historical Torrential Flood Events in the Kolubara River
Basin. Natural Hazards. 79 (1), 537-547. do1 10.1007/s11069-
015-1860-1.

Petts, G.E., & Gurnell, E.M. 2005. Dams and geomorphology.
Geomorphology 71, 27-47.

Pierce, FJ., Larson, W.E., Dowdy, R.H. 1984. Soil loss tolerance
- Maintenance of long-term soil productivity. Journal of Soil
and Water Conservation. 39(2), 136-138.

Pinter, N., & Brandon, M,J. 2005. Erosion builds mountains.
Scientific American, 15, 74-81.

Rakhmatullaev, S., Bakiev, M., Le Cousumer, P., Huneau,
F, Motelica-Heino, M. 2009. Reservoir sedimentation in
Uzbekistan: Case study of the Akdarya reservoir. In: A Vital
Resource Under Stress — How Science Can Help (Joint
International Convention of 8th IAHS Scientific Assembly
and 37th TAH Congress Water, September 6-12, 2009,
Hyderabad, India).

Rakhmatullaev, S., Huneau, F., Bakiev, M., Motelica-Heino,
M., Le Coustumer, P. 2011. Sedimentation of Reservoirs in
Uzbekistan: a Case Study of the Akdarya Reservoir, Zerafshan
River Basin, Proceedings of the ICCE Workshop, Hyderabad,
India, ITAHS Publ.349, 1-11.

Rakhmatullaev, S., Huneau, F, Celle-Jeanton, H., Le
Coustumer, P, Motelica-Heino, M., Bakiev, M. 2013. Water
reservoirs, irrigation and sedimentation in Central Asia: a first-
cut assessment for Uzbekistan. Environmental Earth Sciences,

68(4), 985-998.

Rakhmatullaev, S., Huneau, F., Le Coustumer, P., Motelica-
Heino, M, Bakiev, M. 2010. Facts and perspectives of water
reservoirs in Central Asia: a special focus on Uzbekistan.

Water, 2, 307-320.

Randrianarijaona, P. 1983. The erosion of Madagascar. Ambio
12 (6), 308-311.

Reddy, J.M., Jumaboev, K., Matyakubov, B., Eshmuratov, D.
2013. Evaluation of furrow irrigation practices in Fergana
Valley of Uzbekistan. Agricultural Water Management, 117,
133-144.

Renard, K.G., Foster, G.R., Weesies, G.A., McCool, D.K.,
Yoder, D.C. 1997. Predicting soil erosion by water: a guide
to conservation planning with the revised universal soil
loss equation (RUSLE). Agricultural Handbook 703. US
Department of Agriculture.

Restrepo, J.D., Kjerfve, B., Hermelin, M., Restrepo, J.C. 2006.
Factors controlling sediment yield in a major South American
drainage basin: the Magdalena River, Colombia. Journal of
Hydrology, 316, 213-232.

Restrepo, J.D. & Syvitski, J.PM. 2006. Assessing the effect of
natural controls and land use change on sediment yield in a
major andean river: The Magdalena drainage basin, Colombia.
Ambio: a Journal of the Human Environment, 35, 44-53.

Saha, R., Chaudhary, S., Somasundaram, J. 2012. Soil
health management under hill agro ecosystem of North
east india. Applied and Environmental Soil Science,
doi:10.1155/2012/696174.

Santi, PM., De Wolfe, V.G., Higgins, J.D., Cannon, S.H.,
Gartner, J.E. 2008. Sources of debris flow material in burned
areas. Geomorphology, 96 (3—4), 310-321.

Sidle, R.C., & Chigira, M. 2004. Landslides and debris flows
strike Kyushu, Japan. Eos, Transactions, American Geophysical
Union, 85(15): 145—-151.

Sidle, R.C., Ziegler, A.D., Negishi, J.N., Rahim Nik, A., Siew,
R., Turkelboom, F. 2006. Erosion processes in steep terrain—
truths, myths, and uncertainties related to forest management in
Southeast Asia. Forest Ecology and Management, 224, 199-225.

Sillitoe, P. 1993. Losing ground? Soil loss and erosion in the
highlands of Papua New Guinea. Land degradation and
rehabilitation 5:179-190.

Singh, R.K., Panda, R.K., Satapathy, K.K., Ngachan, S.V.
2011. Simulation of runoff and sediment yield from a hilly
watershed in the eastern Himalaya, India using the WEPP
model. Journal of Hydrology, 405, 261-76.

Syvitski, J.PM., Kettner, A J., Overeen, 1., Hutton, E-W.H.,
Hannon, M. T., Brakenridge, G.R., Day, J., Vorésmarty, C.,
Saito, Y., Giosan, L., Nicholls, R,J. 2009. Sinking deltas due to
human activities. Nature Geoscience, 2, 681-686.

Terry, J.P, Garimella, S., Kostachuck, R.A. 2002. Rates of
floodplain accretion in a tropical island river system impacted
by cyclones and large floods. Geomorphology, 42, 171-182.

Tiecher, T., Minella, J-P.G., Caner, L., Evrard, O., Zafar, M.,
Capoane V, Le Gall, M., Dos Santos, D.R. 2017. Quantifying
land use contributions to suspended sediment in a large
cultivated catchment of Southern Brazil (Guaporé River, Rio
Grande do Sul). Agriculture, Ecosystems and Environment,

237, 95-108.

Trustrum, N.A.; Gomez, B., Page, M.J., Reid, L.M., Hicks, M.
1999. Sediment production, storage and output: the relative
role of large magnitude events in steepland catchments.
Zeitschrift fu'r Geomorphologie. Supplementband, 115, 71 —
86.

Tucker, G.E., Hancock, G.R., 2010. Modelling landscape
evolution. Earth Surface Processes and Landforms, 35, 28-50.

__ 39 __



Valentin, C., Agus, I', Alamban, R., Boosaner, A., Bricquet,
J.P, Chaplot, V., De Guzman, T., De Rouw, A., Janeau, J.L.,
Orange, D., Phachomphonh, K., Phai, D., Podwojewski, P,
Ribolzi, O., Silvera, N., Subagyono, K., Thi¢baux, J.P,, Tran
Duc, T., Vadari, T. 2008. Runoff and sediment losses from 27
upland catchments in southeast Asia: impact of rapid land use
changes and conservation practices. Agriculture, Ecosystems
and Environment, 128, 225-238.

Vanmaercke, M., Poesen, ]., Broeckx, J., Nyssen, ]. 2014.
Sediment yield in Africa. Earth-Science Reviews 136, 350-368.

Vanmaercke, M., Zenebe, A., Poesen, J., Nyssen, J., Verstraeten,
G., Deckers, J. 2010. Sediment dynamics and the role of flash
floods in sediment export from medium-sized catchments: A
case study from the semi-arid tropical highlands in northern
Ethiopia. Journal of Soils and Sediments, 10(4), 611-627.

Vergari, F. 2015. Assessing soil erosion hazard in a key badland
area of Central Italy. Natural Hazards, 79, 71-95.

Vergari, I, Della Seta, M., Del Monte, M., Fredi, P, Palmieri,
E.L. 2013. Long-and short-term evolution of several
Mediterranean denudation hot spots: the role of rainfall
variations and human impact. Geomorphology, 183, 14-27.

Verheijjen, FG.A., Jones, R JA., Rickson, R.J., Smith, CJ.
2009. Tolerable versus actual soil erosion rates in Europe.
Earth-Science Reviews 94, 23-38.

Vorosmarty, C., Meybeck, M., Fekete, B., Sharma, K., Green,
P, Syvitski, JJPM. 2003 Anthropogenic sediment retention:
major global-scale impact from the population of registered
impoundments. Global and Planetary Change 39, 169-190.
(doi:10.1016/50921-8181(03) 00023-7).

Walling, D.E. 2006 .Human impact on land-ocean sediment
transfer by the world’s rivers. Geomorphology 79, 192-216.

Walling, D.E. 2011. Human impact on the sediment loads of
Asian rivers. IJAHS Publication no. 350. 37-51.

Walling, D.E. 2012 The role of dams in the global sediment
budget. In: Erosion and Sediment Yields in the Changing
Environment. IAHS Publication no. 356. pp. 3-11.

Walling, D.E., & Webb, B.W. 1983. Patterns of sediment yield.
In: Background to Palacohydrology (ed. by K. J. Gregory), 69-
100. Wiley, Chichester, UK.

Wang, G.Q., Wu, B.S., Wang, Z.Y. 2005. Sedimentation
problems and management strategies of Sanmenxia Reservoir,
Yellow River, China. Water Resources Research 41, w09417.
doi:10.1029/2004WR003919.

Wells, N. A., & Andriamihaja, B. 1993. The initiation and
growth of gullies in Madagascar: are humans to blame?
Geomorphology, 8(1), 1-46.

Wright, L.D.,, Thom, B.G., Hiiginsm, R.. 1980. Wave
influences on river-mouth deposition process: Examples from
Australia and Papua New Guinea. Estuarine and Coastal
Marine Science, 11, 263-277.

Yousuf, A., & Singh M.J. 2016. Runoff and soil loss estimation
using hydrological models, remote sensing and GIS in Shivalik
foothills: a review. Journal of Soil and Water Conservation,

15(3), 205-210.

Yousuf, A., Bhardwaj, A., Tiwari, A.K., Bhatt, VK. 2015.
Modelling runoff and sediment yield from a small forest
watershed in Shivalik foothills using WEPP model. International
Journal of Agricultural Science and Research, 5, 67-78.

Zavada, M.S., Wang, Y., Rambolamanana, G., Raveloson, A.,
Razanatsoa, H. 2009. The significance of human induced and
natural erosion features (lavakas) on the central highlands of
Madagascar. Madagascar Conservatiion and Development, 4,

120-127.

Zhuang, J., Peng, J.,Wang, G., Javed, I., Wang, Y., Li, W. 2017.
Distribution and characteristics of landslide in Loess Plateau:

A case study in Shaanxi province. Engineering Geology, 236,
89-96.

Ziegler, A.D., Benner, S.G., Tantasirin, G., Wood, S.H.,
Sutherland, R.A., Sidle, R.C., Jachowski, N.R.A., Lu, X,
Snidvongs, A., Giambelluca, T.W., Fox, ].M. 2014. Turbidity-
based sediment monitoring in northern Thailand: hysteresis,
variability, and uncertainty. Journal of Hydrology, 519, 2020~
2039.

40 —



y ‘. % United lations

entificand -




