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Abstract: Severe water erosion is notorious for its harmful effects on land-water resources as well as local societies.
The scale effects of water erosion, however, greatly exacerbate the difficulties of accurate erosion evaluation and haz-
ard control in the real world. Analyzing the related scale issues is thus urgent for a better understanding of erosion
variations as well as reducing such erosion. In this review article, water erosion dynamics across three spatial scales
including plot, watershed, and regional scales were selected and discussed. For the study purposes and objectives, the
advantages and disadvantages of these scales all demonstrate clear spatial-scale dependence. Plot scale studies are
primarily focused on abundant data collection and mechanism discrimination of erosion generation, while watershed
scale studies provide valuable information for watershed management and hazard control as well as the development
of quantitatively distributed models. Regional studies concentrate more on large-scale erosion assessment, and serve
policymakers and stakeholders in achieving the basis for regulatory policy for comprehensive land uses. The results of
this study show that the driving forces and mechanisms of water erosion variations among the scales are quite different.
As a result, several major aspects contributing to variations in water erosion across the scales are stressed: differences
in the methodologies across various scales, different sink-source roles on water erosion processes, and diverse climatic
zones and morphological regions. This variability becomes more complex in the context of accelerated global change.
The changing climatic factors and earth surface features are considered the fourth key reason responsible for the in-
creased variability of water erosion across spatial scales.
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1 Introduction

As one of the major types of land degradation on the
earth surface, soil erosion caused by water has induced
large-scale environmental deterioration and widespread
declines in land productivity, which threatens the health
and sustainability of human-earth systems (Fu, 1989;
Kheir et al., 2006). For example, accelerated overland
flow and water erosion have led to considerable on- and
off-site damages, including the pollution of drinking
water resources and flooding of rural and urban areas
(Cerdan et al., 2004; 2010). New researches indicate
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that severe erosion caused by rainwater runoff might
contribute significantly to global climate change owing
to larger amounts of carbon releasing from the soil to
the atmosphere (Lal, 2004; Gaiser et al., 2008). These
factors have made water erosion a critical issue in many
countries due to its negative impacts on crop systems,
water bodies and other ecosystems, and related ecologi-

cal services (Bryan, 2000; Renschler and Harbor, 2002).
Accurate estimation of water erosion is thus extremely
important in a number of environmental contexts, such
as the assessment of potential soil loss, the evaluation of
water storage capacity losses in reservoirs due to sedi-
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ment deposition, and the effects of water erosion on en-
vironmental quality across different regions and scales
(Nearing et al., 2000; Amore et al., 2004; Xu and Yan,
2005).

However, the dynamics and consequences of water
erosion have proven to be quite complex (Yair and Raz-
Yassif, 2004). This complexity consequently increases
the variability and uncertainty of water erosion poten-
tials and risks over time and space in the real world,
which are referred to as the scale effect (Garcia-Ruiz et
al., 2010). This effect is one of the biggest obstacles for
correctly dealing with water erosion issues across a
range of scales (Xu and Yan, 2005). Generally, scale
issues are critical in soil erosion sciences and related
fields such as physical geography and hydrology be-
cause of their significance to data availability and qual-
ity, model development, and the output of important
information and valuable references for policymakers
(Vigiak et al., 2006).

Due to scale effects, conducting water erosion as-
sessments across a wide range of spatial scales is quite
difficult (Cerdan et al., 2010). For example, spatial het-
erogeneity often constrains the ability to translate in-
formation from one scale to another in certain land-
scapes (Peeters et al., 2008). Specific runoff and sedi-
ment yields generally decrease with the increase in the
area (Yair and Raz-Yassif, 2004), and Xu and Yan (2005)
found that sedimentation first increases with the increase-
ing area of the Huanghe (Yellow) River basin, reaches a
maximum, and then declines, and the reasons for this
trend are not independent of the scale. Therefore, moni-
toring data based on real-time measurements in situ
from relatively small scales can not simply be used for
larger-scale erosion quantification as well as prediction,
and vice versa (Chen et al., 2009). Other researchers
have drawn similar conclusions. For instance, Boix-
Fayos et al. (2006) pointed out that soil loss data ob-
tained from plot scales are very hard to extrapolate at
catchment levels, mainly because the heterogeneity of a
catchment is always much higher than that of a plot.

Exploring the complex driving forces and dynamic
rules of water erosion across different scales, therefore,
is urgent for soil-water loss disaster assessment, man-
agement, and policy readjustment (Wang et al., 2002;
Wei et al., 2007; Tefera and Sterk, 2010). In order to
achieve this purpose, water erosion processes at three
typical spatial scales (i.e., plot, watershed, and region)

are the focus of this paper. A better understanding of
water erosion variation across scales is expected, which
is helpful for sustainable land management strategies
targeting spatial hazard evaluation and minimization,
and consequently providing benefit to erosion control in
practice.

2 Water Erosion Dynamics Across Various
Spatial Scales

Water erosion is generally shown to be highly scale-
dependent and to vary significantly across different spa-
tial scales, such as plot, small and large watersheds, and
regions (Table 1). The major targets, advantages and
disadvantages, mechanisms and drivers, and specific
processes of runoff volumes and soil loss rates might all
change with alterations in the spatial scale (Fig. 1).
Herein, in order to get a better understanding of water
erosion issues, the scale effects of water erosion proc-
esses are discussed based on three major spatial levels.

2.1 Plotscale

2.1.1 Purpose and objectives of water erosion study
The purpose and objectives of water erosion studies at
the plot scale are specific and multiple, and are mainly
determined by the focus of the researchers. For example,
some researchers make great efforts to determine the
quantitative relationships between rain-runoff-erosion,
and some focus on developing conceptual or mathe-
matical models to depict and predict different water
erosion responses based on the measured data in situ,
while others are likely to focus on the real roles of mul-
tiple influencing factors, such as land use, tillage, rota-
tion, mulching, plot length, slope gradients, morphology
of plant species, and micro-topography, on runoff-ero-
sion rates (Bochet et al., 1998; Boix-Fayos et al., 2006;
Xu et al., 2008). In general, however, soil erosion in-
duced by rainwater at the plot scale have proven to be
extremely important since the very beginning of erosion
research (Nearing et al., 2000; Cerdan et al., 2004; Wei
et al., 2007; Jin et al., 2008). Discoveries found at the
plot scale have been used to reflect key changes in di-
rection or trends at higher scales, including regional or
even global levels. Meanwhile, consecutive field meas-
urements provide large quantities of basic data and im-
portant parameters for model calibration and validation
(e.g., universal soil loss equation (USLE), revised uni-



Major progress in spatial water erosion studies around the world

Spatial scale

Key study areas levels Methodology Major conclusions References
Sicilian basins, Watershed USLE/WEPP model Neither USLE nor WEPP was sensitive to the size or covered area of the hill-slope Amore et al., 2004
Italy
Western Sicily, Plot Field observation Soil loss did not vary significantly with slope length Bagarello and Ferro, 2010
Italy
Almeria, Spain Watershed Field observation Runoff and soil erosion were controlled by the soil surface type Canton et al., 2001
Madrid, Spain Plot Rainfall simulation ex- Plant cover was the main factor reducing surface runoff and the movement of sediment Casermeiro et al., 2004

periment
Western Sierra Watershed Field observation Runoff and soil loss within the extension of a considered area varied with the spatial distribu-  Descroix et al., 2008
Madre, Mexico tion of land use and the geological context
Spain Region WATEM-SEDEM/ Gully erosion, river channel erosion, and sediment transport processes were much more impor-  de Vente et al., 2008
PESERA/SPADS model tant than sheet and rill erosion for regional scale sediment yield
Iberian Peninsula,  Plot Field observation Land use/cover, farmland set aside, and land misuse greatly affected the runoff and soil erosion Dunjo et al., 2004
Spain
Almeria, Spain Region SPEROS model Land abandonment decreased water erosion and the conversion of abandoned land to inten-  Govers ef al., 2006
sively cultivated arable land increased water erosion
Embu, Kenya Watershed LISEM model The effect of soil and water conservation on a watershed scale was different from that on a  Hessel and Tenge, 2008
pixel scale
Luoyang, China Plot Rainfall simulation No till with mulch was the best alternative as compared with other soil management practices  Jin et al., 2008
experiment in terms of soil erosion control
Belgium Plot Laboratory experiment Effect of transmission losses on runoff and erosion on arable land was highly significant Leys et al., 2010
USA Plot Field observation Variances between replicates decreased as a power function of measured soil loss, and were  Nearing et al., 1999
independent of whether the measurements were event, annual, or multi-year values
Central Europe Plot Field observation/ Plot length was important in determining the effectiveness of mulch cover in reducing soil ~ Smets ez al., 2008b
laboratory experiment erosion
Jiangxi, China Watershed Field observation The spatial variation of surface crust and/or the vegetation cover controlled the source of sedi-  Uchida et al., 2000
ment
Indonesia Plot/ Field observation Landslides, river bank erosion, and the concentrated flow erosion of small footpaths were the  Verbist et al., 2010
Watershed main reasons for a difference between the plot and watershed scales
Kwalei, Tanzania ~ Watershed MMF/LISEM/Vigiak/ Spatial scale of erosion distribution coincided with the overland flow distribution at short  Vigiak et al., 2006
Okoth/FIT model re-infiltration length
Valencia Spain Watershed Field observation The bare road embankments contributed 30 times more soil erosion than the vegetated ones Cerda, 2007
Huanghe River Region Field observation With increasing basin area, the sediment yield increased, reached a maximum, and then de- Xu and Yan, 2005
basin, China clined
Maoxian, China Plot Field observation Relatively small leaf area but low height and dense canopy controlled runoff and soil loss Xu et al., 2008
Sede Boquer, Watershed Field observation Positive relationships between slope length and deposition rates, regardless of slope angles Yair and Raz-Yassif, 2004
Israel
West Africa Plot/ Field observation Temporal dynamics of the rainfall-runoff process determined the reduction of runoff coeffi- de Giesen et al., 2011
Watershed cients from longer slopes
Meuse basin, Region WATEM-SEDEM model Sensitivity of sediment yield changes in climate increased as the percentage of deforested land ~ Ward ez al., 2009

Europe

increased

Notes: USLE: universal soil loss equation; WEPP: water erosion prediction project; WATEM-SEDEM: a spatially distributed soil erosion and sediment delivery model; PESERA: pan- Euro-

pean soil erosion risk assessment model; SPADS: spatially distributed scoring model; LISEM: limburg soil erosion model
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Fig. 1

versal soil loss equation (RUSLE), and water erosion
prediction project (WEPP)) as well as larger-scale pre-
dictions.

In general, three major objectives of water erosion
researches at plot scale are valuable: 1) finding and un-
derstanding the mechanisms and phenomena regarding
water erosion dynamics and related influencing factors
in situ; 2) collecting abundant experimental data and
providing for the establishment, validation, and calibra-
tion of soil erosion models as well as trend forecasting
across higher scales; and 3) uncovering important evi-
dence about specific regional backgrounds, such as a
potential variable tendency of surface runoff volumes or
soil loss rates with changes in natural rainfall in the
context of possible human-induced global warming or
changing environmental conditions.

Important characteristics of water erosion studies on three typical spatial scales

2.1.2 Major advantages and disadvantages
During the past several decades, many researches re-
garding water erosion processes at the plot scales have
been conducted. Some experimental techniques and
(semi-) quantitative methods have been involved. As a
result, all of these efforts have greatly accelerated ad-
vances in water erosion research and soil conservation
science. Several major aspects of these water erosion
advances and remaining problems at the plot scale are
addressed systematically in the following paragraphs.
The major advantages and progresses of water erosion
research at the plot level are fourfold. First, the driving
forces and specific processes of water erosion in plots
have been adequately studied. For instance, runoff gen-
eration and sediment production are confirmed to be
directly correlated with vegetation (Rey, 2004; Kakembo,
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2009). However, huge uncertainties remain because dif-
ferent plants show different results regarding soil ero-
sion control (Imeson and Prinsen, 2004; Seeger, 2007).
Interrelations between erosion rates and other specific
variables such as rain, land use, and slope gradients as
well as field management measures like tillage, mulch-
ing, and cultivation increase this uncertainty (Lundek-
vam, 2007; Smets et al., 2008b; Cerdan et al., 2010).
These processes, however, are of significance (at least at
field scales) for land structure readjustment, plant spe-
cies selection, and vegetation community protection as
well as soil erosion reduction. Second, the concept of a
so-called 'standard unified plot’ has been developed and
implemented in practical studies, which is significant
and necessary for erosion prediction, data utilization,
and related scale transformation (Zhang et al., 2000).
Due to diversity in the plot sizes used in different stud-
ies, researchers indicate that standard plot sizes should
be established according to the specific features of dif-
ferent locations. For example, the unified plot in China
was suggested as fallow lands of 20 m length and 5 m
width with a 15°C slope gradient (Zhang et al., 2000),
which is different from the U.S. standard (Amore et al.,
2004). Third, long-term consecutive measurements at
the plot level are quite significant for collecting sequen-
tial data and reflect event-based erosion dynamics,
secular rainfall change, and vegetation succession as
well as soil loss fluctuation at a series of temporal scales
(Boix-Fayos et al., 2006). Last, based on data collected
and measured at the plot level, many conceptual, semi-
quantitative, quantitative, and physical-based mathe-
matical models (USLE, RUSLE and WEPP) have been
developed and widely used in climatic and geographical
zones around the world (Nearing et al., 2000; Renschler
and Harbor, 2002; Yan and Xu, 2006).

The major drawback of soil erosion study at the plot
level, however, is the spatial restriction owing to the
relatively smaller experimental area. It is usually not
possible to reflect the spatial heterogeneity and variabil-
ity of a certain region only through the analysis of field
data (Bloschl and Sivapalan, 1995) (Fig. 1). Due to the
existence of the scale effect, the phenomena and rules
discovered at the plot scale do not always fit with those
found at larger spatial scales. Furthermore, there are sev-
eral water erosion types in real landscapes and eco-envi-
ronments. Studies based on plots, however, only con-
centrate on splash, rill, and inter-rill erosion in certain

gradients and slope lengths. Other erosion types such as
ephemeral/permanent gully, bunk, and channel erosion
do not occur and can not be taken into account. Thus,
greater efforts need to be made to better understand soil
erosion dynamics and to solve related problems across
various scales.

2.1.3 Driving forces and mechanisms

In micro-plots (plant scale) with covered areas less than
1 m% the water erosion process is mainly affected by
rainfall and the morphological conditions of isolated
plant species on the site (Renschler et al., 1999; Dunjo
et al., 2004). In addition to rainfall, isolated plants in
micro-plots, which consist of various types, covers,
growing stages, and morphological features, play im-
portant roles in decreasing the walloping energy of rain-
drops on surface soil in a variety of environments (Bo-
chet et al., 1998; Smets et al., 2008b; Xu et al., 2008)
and inducing high spatiotemporal variations of soil ero-
sion rates and sediment outputs (Sadnchez and Puigde-
fabregas, 1994; Xu et al., 2008; Vasquez-Méndez et al.,
2010). Meanwhile, in small plots (i.e., 0.1-0.4 mz; 0.1 m
< plot length < 0.61 m), only splash detachment (some-
times inter-rill erosion) was observed (Smets ef al.,
2008a). Rill erosion, concentrated flow, and gully ero-
sion generally have no developing chance mainly due to
the extreme shortness of the plot length, especially un-
der high plant coverage.

In meso-plots (area of 0.01-100 m*) and macro-plots
(area of 10—10 000 m?), the factors that affect water ero-
sion are more complex than those found in micro-scale
plots (Poesen et al., 1994; Descroix et al., 2008). Rain
erosivity is a basic factor governing the risks, extents,
magnitudes, rates, and frequencies of water erosion in
situ (Renschler et al., 1999; Wei et al., 2007), and four
other aspects regarding the surface features of the earth
may play key roles. First, the growing status, canopy
covers, types, morphological shapes, and landscape po-
sitions of vegetation in plots all contribute to uncertain-
ties and variations in soil loss rates (Sdnchez and Puig-
defabregas, 1994; Zhang et al., 2006). For example, Rey
(2004) found that 20% canopy coverage of grasses and
under-shrubs at the bottom of a plot prevents most soil
erosion and water loss. Based on rainfall simulations on
29 natural plots, Casermerio et al. (2004) found that
high canopy coverage effectively controlled runoff and
soil erosion rates. The result of another study indicates
that vegetation at the bottom of the plots plays a more
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powerful role in controlling soil loss than vegetation at
the upper and other parts of the plots (Rao and Cui,
2008).

Soil surface coverage also affects the dynamics of
water erosion. The spatial variations of rock fragment
cover influence water erosion rates and patterns, and
high rock fragment cover on steep slopes leads to a re-
duction in local rill and inter-rill erosion (Poesen et al.,
1994; 1998; Govers et al., 2006). The second aspect
regarding the surface features the earth is the micro-
topography on slopes. The undulation of micro-land-
forms and the specific convex-concave structures of hill-
slopes are the major drivers for the 'source-sink’ role of
water erosion dynamics (Kirkby, 2001; Zhang et al.,
2006). The third aspect is slope length. Due to the short
plot length, it is generally not an important factor for
overland flow at the micro-plot scale, unlike meso- and
macro-plots (Fig. 2). Uncertainties, however, still remain.
Although the majority of studies consider that runoff,
soil loss rates, and sediment transportation increase as
slope length increases (Kinnell, 2000; Bagarello and
Ferro, 2010), contrasting experimental results can be
found in the recorded literature. For example, the result
of a field observation in the Negev Highlands shows a
positive relationship between deposition and slope
length (Yair and Raz-Yassif, 2004). The longer the plot
length, the higher the uncertainty that deposition and
sediment yield will appear. The fourth aspect is local
soil conditions. Soil sealing and crusting, aggregate sta-
bility, antecedent soil moisture, and organic matter con-
tent may all play a role in the degree of infiltration ca-
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pacity, runoff generation, and soil loss. These parame-
ters are also confirmed to be highly variable across time
and space (Seeger, 2007; Smets et al., 2008a).

2.2 Watershed scale

2.2.1 Purpose and objectives of water erosion study
There are three major purposes of water erosion stud-
ies at the watershed scale. First, it enables a better un-
derstanding of the mechanisms and processes of water
erosion across different types and sizes of watersheds in
different regions. In other words, watershed diversity
and variability are very high, mainly because of the
adaptability and complexity of natural factors (e.g., to-
pography, climate) and human activities (e.g., deforesta-
tion/reforestation, cultivation, and infrastructure con-
struction) in different areas. These differences alter the
surface properties of the earth and eventually induce
higher soil erosion variation. Much attention has been
paid to the role of changes in vegetation cover and
landscape patterns on runoff, soil loss, and sediment
delivery ratios at the outlets of watersheds. Moreover,
much attention has also been paid to the spatiotemporal
effects of natural rainfall and its role, along with land-
scape conditions, in the water erosion dynamics of the
whole watershed. Studies on the response of water ero-
sion to rainfall variability over time and space, however,
are restricted by the actual covered areas and climatic
locations of watersheds in many cases. For example,
precipitation and related hydrological processes may not
experience high spatiotemporal variations in micro-
watersheds (less than 1 km?) as compared with large

b —
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Plot 1: 1.2 m x 1.2 m; Plot 2: 2 m x 4 m; Plot 3: 5 m x 10 m; Plot 4: 5 m x 20 m; location: semi-arid loess hilly area in China
Splash erosion is reduced by effective plant coverage in plots 1 and 2. Meanwhile, with the shortness of plot length, overland flow did not occur in these two
plots. On the contrary, rill and ephemeral gully erosion were well developed due to the erosive rainfall, bare soil, and long plot length in Plot 4.

Fig. 2 Different sizes and lengths of experimental plots



WEI Wei et al. Spatial Scale Effects of Water Erosion Dynamics: Complexities, Variabilities, and Uncertainties 133

watersheds (over several hundreds of km?) with frag-
mentized landforms. Moreover, the heterogeneity and
complexity of landscapes and topographies may vary
widely across different climatic zones and geographical
regions, subsequently causing various water erosion
consequences.

Secondly, water erosion research at the watershed
scale aims to provide valuable information and refer-
ences for comprehensive watershed management, haz-
ard minimization, landscape planning, and land optimi-
zation. This is because landscapes and ecosystems in
certain watersheds are relatively integrated and inde-
pendent as compared with plots or a whole slope.
Therefore, erosion hazard assessments are often carried
out for the planning of soil loss control on a watershed
scale (Stroosnijder, 2005).

Third, researches at the watershed level often involve
attempts to develop feasible indices (location-weighted
landscape-contrast index, multi-scale soil-loss evalua-
tion index) or spatially-distributed/process-based soil
erosion models (e.g., the European soil erosion model
(EUROSEM), a kinematic runoff and erosion model
(KINEROS), areal nonpoint source watershed environ-
mental response simulation (ANSWERS), limburg soil
erosion model (LISEM), soil and water assessment tool
(SWAT), agricultural non-point source (AGNPS), WEPP,
and so on) for quantitative water erosion assessments
and forecasts at the watershed level (Nearing et al.,
1999; Poesen et al., 2003; Chen et al., 2009). These in-
dices and models, however, are focused on evaluating
soil erosion hazards and thereby launching practical
comprehensive land management plans.

2.2.2 Major advantages and disadvantages

The major advantage/progress in soil erosion science at
the watershed level can be summarized in two aspects.
At micro-catchments (62-255 m?, 5775 m?, and 18 796
m’ according to Canton et al. (2001)) and other types of
small watersheds (less than several square kilometers in
size), it is much easier for researchers to launch a tho-
rough investigation by setting sampling plots or estab-
lishing ecological transects throughout the whole area,
considering different slope conditions, vegetation types,
and human disturbances on the site, plot, slope, and wa-
tershed scales. The related soil, vegetation, and water
samples can all be collected for further analysis. In lar-
ger, more complex watersheds (over hundreds or even
thousands of square kilometers), however, it becomes

very difficult and even impossible to launch detailed
surveys through artificial investigations due to the large
covered areas and high spatial heterogeneity. Technolo-
gies such as remote sensing (RS) and Geographical In-
formation Systems (GIS) then become the most power-
ful tools (Renschler and Harbor, 2002; Vireling, 2006).
Generally, the disadvantages (or drawbacks) of water
erosion research at the watershed scale are related to
three main things. First, it is quite difficult to monitor
the spatial changes from relatively long-term consecu-
tive temporal scales, mainly because of the large size of
the covered area and landform complexity in addition to
the diverse land use consequences induced by human
disturbances. To date, the most common method is to
collect runoff and sediment yield at the outlet of a wa-
tershed, while the spatial variability within the water-
shed can not be detected without spatially distributed
data collection. Second, monitoring and collecting spa-
tial hydrological erosion data for a whole watershed is
difficult. Data at the outlet is not enough to analyze the
dynamics of specific erosion processes within the wa-
tershed. In this case, a watershed can only be considered
as a black-box and no other information is available.
Fortunately, many researchers have tried to analyze the
spatial variability of water erosion consequences within
certain watersheds by considering spatiotemporal dif-
ferences in rainfall, landscape, and topography. How-
ever, this is a huge task due to the complexity of hydro-
logical dynamics, especially in fragmented semiarid
ecosystems. Third, in order to assess and predict water
erosion dynamics in large watersheds, different models
must be developed and used. However, model uncer-
tainty becomes one of the key error sources for predic-
tion and evaluation, possibly providing misleading
messages for stakeholders, researchers, and policymak-
ers.
2.2.3 Driving forces and mechanisms
In general, soil erosion dynamics at the plot scale are
more propitious for studying the mechanisms of specific
water erosion processes (Boix-Fayos et al., 2006). At a
watershed scale, however, soil erosion becomes more
complicated due to the interactive multi-factors and di-
verse erosion types (splash, rill, sheet, gully, and bunk
erosion) (Cammeraat, 2004; Govers et al., 2006; Leys et
al., 2010). Large-scale land use/land cover change may
become a key driving force inducing erosion variations
at the watershed scale as compared with what is found
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with experimental plots of various sizes (Poesen et al.,
2003). In practice, reforestation and other forestry man-
agement techniques as well as soil and water conserva-
tion management can impact horizontal/vertical vegeta-
tion distribution and consequently hydrological erosion
processes (Zhang et al., 2006; Hessel and Tenge, 2008;
Tefera and Sterk, 2010).

In most cases, a decreasing trend of water erosion
rates was found with increasing watershed area (Xu and
Yan, 2005; Chen et al., 2009), although de Vente et al.
(2007) have drawn different conclusions. It indicates
that a complete catchment can not be simply considered
as the sum of each individual field (Cerdan et al., 2004).
As compared with erosion rates measured in experi-
mental plots in situ, the likelihood of sediment deposi-
tion increases when the drainage area becomes larger,
which may eventually result in a lower sediment deliv-
ery ratio and yield (SDY) at the outlet of a watershed
(Boix-Fayos et al., 2006). Therefore, simple extrapola-
tions based on data from plot scales will, in most condi-
tions, lead to an overestimation of water erosion at wa-
tershed or larger levels. Moreover, gully, channel, and
gravity erosion as well as sediment transportation proc-
esses may become more dominant than sheet and rill
erosion for watershed scales, especially in watersheds
characterized by high landscape heterogeneity and frag-
ile ecosystems (e.g., the loess hilly and gully area in
China). In general, however, common factors such as
rainfall variability, land use patterns, mean slope gradi-
ent, slope length, gully density, soil features, and vege-
tation cover can interact with each other and play com-
plex roles in determining the variations and heterogenei-
ties of water erosion, regardless of the specific water-
shed area.

2.3 Regional scale

2.3.1 Purpose and objectives of water erosion study
Unlike soil erosion studies at the plot or watershed level,
the key purposes and objectives of water erosion as-
sessment at regional or larger scales are different. In
general, research and evaluation on soil erosion at a re-
gional scale are mainly helpful for assessing and pre-
dicting current and future erosion status and hazard po-
tentials in certain regions as a whole (Kheir et al., 2006),
providing valuable information for policymakers,
stakeholders, and related experts. Research and assess-

ment on soil erosion at this scale directly influence the

public in terms of providing advice on natural hazards
and human impacts, and also serve as the basis for
regulatory policy for comprehensive land use manage-
ment (Renschler and Harbor, 2002).

2.3.2 Major advantages and disadvantages

The major advantage for assessing regional soil erosion
is that it can provide an important reference point for
policymakers and community stakeholders in order to
detect macro-scale water erosion potentials and degra-
dation trends (Gobin et al., 2004; Vrieling, 2006). It also
can provide valuable information on historical/current
land management problems and the effects of related
policies (Gobin et al., 2004; Chen et al., 2009). Then, as
positive feedback in practice, corresponding compre-
hensive treatments regarding erosion control can be
planned and implemented based on these assessment
reports.

As compared with soil erosion studies at the plot or
watershed level, the major disadvantages of regional
studies are related to the difficulties in quantifying spe-
cific relationships between soil erosion processes and
influencing factors. Due to the relatively larger areas of
plots and watersheds, regional erosion assessment is
always limited by data availability and quality (Board-
man, 2006). Thus, satellite remote sensing techniques
are frequently used for the evaluation and analysis on
potential erosion. The results and conclusions, however,
are always too general, qualitative, and imprecise, and
sometimes even full of errors. Moreover, water erosion
assessment at the regional level is not sufficient enough
to explain the detailed mechanisms of water erosion
dynamics and its evolvement.

2.3.3 Driving forces and mechanisms

Monitoring and assessing water erosion at the regional
level have received more attention since the 1990s,
mainly because it can directly provide valuable informa-
tion for policymakers (de Vente et al., 2008). However,
water erosion analyses on regional scales generally have
essential differences from those on watershed scales.
The concept of a region is always defined and classified
by the related administrative departments and thus con-
tains political meanings. From the physical geography
point of view, the regional scale has no entirely clear
integrated, independent boundaries, whereas a water-
shed does. Therefore, different watersheds and climatic
zones may be involved in a single region, and are
mainly determined by the actual area of this region (Yan
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and Xu, 2006). The diversity and complexity of the in-
fluencing factors and driving forces are much higher
than those at plots and watersheds. As a result, different
hydrological and soil erosion processes and conse-
quences are found.

The driving forces and mechanisms of water erosion
processes at the regional level are closely connected
with three major factors: climate condition, macro-topo-
raphy, and anthropogenic behaviors induced by land use
changes (Descroix and Gautier, 2002; Poesen et al.,
2003; Aksoy and Kavvas, 2005). For instance, regional
rainfall erosivity is the main factor in inducing potential
water erosion risk in certain geographical areas (Ren-
schler et al., 1999; Wang et al., 2002; Ward et al., 2009).
Widespread land use changes coupled with huge losses
of protective vegetation coverage (i.e., deforestation,
overgrazing, man-made fires, and cultivation of steep
slopes) is often considered as the major human behavior
causing erosion (Barthés et al., 2000). On the other hand,

Climate change

wise land use policy and its successful implementation
in practice can contribute to the improvement of vegeta-
tion communities and land covers as well as landscape
conditions, which may reduce the degree and frequency
of erosion destruction (Renschler and Harbor, 2002;
Gobin et al., 2004; Tefera and Sterk, 2010).

3 Discussion

As discussed above, the drivers, influencing factors,
types, and specific processes of water erosion are quite
variable with the changes in spatio-temporal scales. In
addition to these facets (e.g., high variation in rainfall
patterns, soil parameters, and human activities), three
other major contents are stressed as follows (Fig. 3).
These factors contribute to the complexities, variabili-
ties, and uncertainties of water erosion over time and
space in most cases.
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Fig. 3 Framework for understanding spatial scale effect of water erosion
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3.1 Differences in methodologies across different
scales

Generally, in order to study hydrological and erosional
processes across different spaces, multiple approaches
and methodologies are used in various spaces and loca-
tions, including experimental measurements and
long-term observations in situ (Wei et al., 2007; Cerdan
et al., 2010), rainfall and hydrological simulations in
controlled conditions (Bryan and Luk, 1981; Seeger,
2007), artificial neural networks for quantitatively pre-
dicting soil loss rates from natural runoff plots (Licznar
and Nearing, 2003), multiple-scale soil erosion evalu-
ated indices (Chen et al., 2001; Chen et al., 2009), con-
ceptual/mathematical modeling (Bloschl and Sivapalan,
1995; Baffaut et al., 1996; Kirby, 2001; Aksoy and
Kavvas, 2005; Vigiak et al., 2006; Dymond et al., 2010),
aerial photographs, images, and satellite remote sensing
(Vrieling, 2006), and spatial analysis based on GIS and
Global Positioning Systems (GPS) (de Vente and Poesen,
2005; Kheir et al., 20006).

The differences among these methods bring great un-
certainties and complexities to specific water erosion
responses across different scales (Renschler and Harbor,
2002; Bagarello and Ferro, 2004; Boix-Fayos et al.,
2006). Moreover, current approaches regarding soil ero-
sion measurements and analysis have experienced many
drawbacks, limitations, and uncertainties (Boardman,
2006). For example, although rainfall simulation tech-
niques have been widely used to characterize the mag-
nitude of soil loss at the plot scale, there is enough evi-
dence to show that such simulations always induce extra
uncertainty and distortion in contrast to what occurs in
the real world (Bryan and Luk, 1981; Seeger, 2007).
According to this discovery, water erosion has been
greatly underestimated in rainfall simulation experi-
ments as compared with natural rainfall conditions
(Nearing et al., 1999; Boix-Fayos et al., 2006). The ki-
netic energy of raindrops produced by the nozzles of
simulated rainfall is always said to be lower and more
constant as compared with that of natural raindrops,
which is believed to be the key reason of inducing
greater anamorphic and unauthentic erosion conse-
quences than those in reality (Boix-Fayos et al., 2006).
Moreover, the accepted method of rainfall simulation is
more suitable for plot-scale water erosion studies, but
not very convenient for soil erosion research at the wa-
tershed or regional scale due to the large covered areas.

Methods for scaling up or down are still less devel-
oped to date (Bloschl and Sivapalan, 1995; Boardman,
2006). For example, almost all current soil erosion
models are developed based on a certain spatial scale
(Vigiak et al., 2006). The structures, parameters, and
operation types of these models all change significantly
with the varied scales, and are only suitable for water
erosion assessment and evaluation at the corresponding
scale but not for other scales (Aksoy and Kavvas, 2005).
For example, experiential and empirical soil erosion
models based on large quantities of runoff measure-
ments (such as USLE and RUSLE) mainly consider the
influencing factors of sloping plots and hill slopes
(Wang et al., 2002; Lundekvam, 2007). Different mod-
els including physical, empirical, or distributed models
have been applied across a range of spatial scales
(Bloschl and Sivapalan, 1995; Van de Giesen et al.,
2000; Amore et al., 2004), so it is difficult to distinguish
the relevant driving factors of water erosion processes
and launch scale transformation studies across these
spatial scales. For instance, the scaling up of runoff and
soil loss from models at the plot scale to larger scales
always causes inaccurate outcomes, mainly because dif-
ferent erosion processes occur and even become domi-
nant when the spatial scale changes (Cerdan et al.,
2004). These involved surface processes may be rill,
gully, or bunk erosion, or mass movement, and it is dif-
ficult to monitor them accurately only through plot
measurement methods (Verbist et al., 2010).

3.2 Role of 'source-sink’ in water erosion variations
at various scales

The so-called 'source—sink’ in hydrological processes at
the surface of the earth also causes high variability and
complexity of water erosion across different spatial
scales (Fig. 3). For example, in semiarid and arid eco-
system zones, landscapes at convex-concave hill slopes
are shaped by patchy vegetation clusters (Sanchez and
Puigdefabregas, 1994; Kakembo, 2009). These vegeta-
tion-bare soil mosaics are key bio-geo-indicators for
identifying the magnitude and connectivity of runoff and
sediment source-sink areas (Imeson and Prinsen, 2004).
On the one hand, soil crusting and sealing always occur
at bare-soil sites with no vegetation cover, leading to a
reduction of infiltration capacity and thus an increase in
surface runoff generation (Uchida et al., 2000). In vege-
tated patches, on the other hand, soil infiltration capaci-
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ties are markedly improved and precipitation is ab-
sorbed, resulting in low soil erosion rates (Cammeraat,
2004; Lesschen et al., 2008). These two conditions are
therefore defined as the source and sink landscapes and
play distinct roles in water erosion processes (Zhang et
al., 2006). Moreover, previous studies indicate that the
dynamics and inter-translations of erosion ’source’ or
'sink’ greatly increase the uncertainties and complexities
related to hydrological erosion (Kirkby, 2001; Chen et
al., 2009).

All of these previous studies have mainly focused on
the roles of vegetation patterns and specific micro-
opographical conditions on soil and water loss in addi-
tion to sediment yields. For instance, in patchy arid and
semiarid lands, the 'source-sink’ areas driven by vegeta-
tion patterns play a key role in surface water flow and
soil erosion dynamics (Cammeraat, 2004). Plants and
their distribution in real landscape conditions serve as a
function of water absorbing patches and can be regarded
as an important buffer for controlling soil and water loss,
which is thus considered a 'sink’ area in runoff and soil
erosion processes (Imeson and Prinsen, 2004). The mi-
cro-topography, however, is more complicated due to its
scraggly and undulant surface features (Kirkby, 2001).
In general, the convex part of the surface of the earth
can sometimes accelerate an overland flow and play the
'source’ role, while at other times it may play a sink (as
erosion ‘controlling buffers’ in a sense) role to reduce
runoff velocity and collect water sediment yields due to
the relatively high number of micro-landforms (Zhang
et al., 2006; Xu et al., 2008). Similar conditions occur at
the concave soil surface (i.e., sometimes a source while
other times a sink). Ludwig et al. (2005) found that
three patchy lands, including different vegetations,
bared soil vegetation mosaics, and banded vegetation
patterns, play various roles in the patterns and processes
of soil erosion and water loss. Moreover, the areas for
source and sink erosion always transform from each
other (Chen et al., 2008). Under certain conditions, a
source area may change into a sink area while in other
cases an erosion sink will be a source for soil erosion
(Imeson and Prinsen, 2004). These inter-transformations
consequently increase the variability, complexity, and
uncertainty of hydrological and soil erosion processes.

3.3 Differences in various scales by geographical
region
Changes in geographical units and climatic zones are

another major reason for an increase in the variability
and complexity of water erosion dynamics across dif-
ferent spatial scales (Cerdan et al., 2010). It is not diffi-
cult to understand that climates, landscape units and
elements, landforms, land management behaviors (slop-
ing cultivation, over-gazing, reforestation, afforestation,
deforestation, types and stages of land abandonments),
and socioeconomic status (population densities, eco-
nomic levels, industrial distributions, efc.) may vary
markedly with the changes in natural geographical re-
gions (Descroix and Gautier, 2002; D'odorico and Por-
porato, 2005; Lesschen et al., 2008) (Fig. 4). In these
typical regions, different climatic zones, topography,
vegetation dynamics and cover, land use, and human
factors are involved, which highly increase the variabil-
ity and complexity of water erosion responses. Such
variations are confirmed to be scale-dependent (Bloschl
and Sivapalan, 1995), leading to higher complexities
and uncertainties of water erosion responses across time
and space.

At the plot scale, there are two typical situations.
First, when the rainfall-runoff-erosion plots are estab-
lished in very similar eco-environments (e.g., on the
same hill slopes or locations), variations in the geo-
graphical and climatic zones are not involved. However,
even under these conditions, the specific soil properties
(e.g., previous soil moisture, aggregate stability, organic
matter, crusting and sealing), plants (e.g., morphology,
type, stage, and structure), micro-landforms (e.g., con-
vexity and concaves), and site management techniques
(e.g., mulching, tillage, weeding, efc.) may differ, thus
inducing variations in specific water erosion processes
(Smets et al., 2008b; Cerdan et al., 2010). Second, when
these experimental plots are established in different re-
gions, the variations in soil types (different classes) and
climatic factors such as rainfall erosivity play a domi-
nant role (Boix-Fayos et al., 2006). As a result, the
uncertainty and variability of water erosion calculated
from these plots increases. These variations, however,
should be considered as water erosion changes within
the same spatial scale, and not among different scales.

At the watershed scale, the local landforms, soil con-
ditions, landscape diversity, and vegetation communities
become more complicated when compared with those at
the plot scale (Ward et al., 2009). Two different condi-
tions also appear. On the one hand, at micro and very
small watersheds (less than several square kilometer),
different geographical regions may not be involved due
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a: a typical watershed in the Loess Plateau of Northwest China; b: a landscape in Tucson, the semiarid region in America; c: a typical tillage area in Northeast China,

where tillage erosion and ephemeral erosion occur frequently; d: a small watershed in Germany with a landscape covered by grasses and patchy shrubs

Fig. 4 Several typical landscapes in different regions of the world

to the small size of the covered areas. The spatio-em-
poral variations of topography and soil systems as well
as climatic variables in such types of watersheds are low.
As a result, a relatively uniform response of runoff and
erosion is possibly induced between similar watersheds
if the intensity of landscape heterogeneity and human
disturbance are low. On the other hand, for very large
watersheds (hundreds or even thousands of square
kilometers), things may be more complicated, especially
when the watershed is located in a typical climatic
transaction zone (Gao and Mu, 2004). In this situation,
without taking into account the diversity and intensity of
human activities, different climate statuses, changeable
landforms, and variable soil features may become major
contributors to higher variability and complexity in wa-
ter erosion responses.

At the regional scale, the diversity and variation of
climates and topographies as well as land use/cover

changes induced by anthropogenic activities notably
increase with the expansion of geographical areas
(Cammeraat, 2004; Kheir et al., 2006; Piao et al., 2007,
Dymond et al., 2010). As with those in large watersheds,
different sub-geographical regions may be involved in
certain regions, such as the typical Mediterranean area
or the Loess Plateau region in China (Fu, 1989; Yan and
Xu, 2006; de Vente et al., 2008). Meanwhile, the cou-
pled effects of human and nature on the eco-environents
play more marked and interacted roles in the features
and surface processes of the earth (Descroix and Gautier,
2002; Govers et al., 2006). Therefore, different specific
responses of surface runoff volumes and soil erosion
rates possibly appear within these regions (Yan and Xu,
2006). These facets mentioned are thus considered as
the major drivers for the variabilities and complexities
of water erosion processes across changing scales and
spaces.
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3.4 Accelerated rainfall variations and earth sur-
face changes across scales

Climate change and human intervention are expected to
strongly reshape regional and even global surface water
flows and hydrological cycles in the coming decades
(Piao et al., 2007), greatly influencing rainfall patterns
and soil erosion processes. To date, the changes in rain-
fall have taken place and have been monitored across
different spatiotemporal scales worldwide (Weltzin et al,
2003; Richard, 2007). The changes in precipitation
variables, frequencies, and distribution are not uniform
throughout the world with short or long time spans, or
on small or large scales. Responses of water erosion
outputs to each changing scale, therefore, differ from
each other (Wei et al., 2009).

Water erosion dynamics, on the other hand, are the
coupled consequence of climate changes (especially
rainfall) and earth surface evolvements (vegetation suc-
cession, topographic variation, etc.) (Govers et al., 2006)
(Fig. 4). Changes in climatic factors have been found in
many key arid and semiarid regions, causing different
spatiotemporal changes in rainfall features and vegeta-
tion distributions across various spatial scales. For ex-
ample, using the Mann-Kendall method, it was found
that the temperature in the Loess Plateau increased,
whereas natural rainfall amounts decreased. This trend
is especially obvious since the 1990s (Tian, 2010). The
results showed that rainfall varied highly across diffe-
rent spatial scales, especially in arid and semiarid re-
gions (Weltzin et al., 2003; Wei et al., 2009). Further-
more, due to accelerated human activities, great changes
in land use, surface vegetation covers, and topographical
characteristics have taken place. As a result, water ero-
sion responses at different spatial scales have become
more complex, uncertain, and nonlinear.

4 Concluding Remarks

In summary, the so-called 'spatial scale effects’ of water
erosion share some similarities and differences across a
range of scales. Three major facets in these relationships
are elaborated below.

(1) From an objective point of view, the purposes of
water erosion research across different scales differ. The
studies of water erosion at the plot scale are generally
focused on uncovering the specific mechanisms and
drivers at sloping conditions, while those at the water-

shed scale are mainly beneficial for comprehensive land
hazard management.
however, is more helpful for assessing the risks of ero-
sion hazard and testing the effects of related policy im-

Regional erosion assessment,

plementations.

(2) From the mechanism standpoint, rainfall charac-
teristics are the common drivers responsible for water
erosion generation and dynamics, regardless of the spe-
cific scale. However, due to the high stochastic character
and variability of rain erosive events, puzzles regarding
water erosion measurements and assessments remain.
Topography, soil, vegetation, and anthropogenic ma-
nagement all play roles in these surface erosion proc-
esses. Different contributions by these factors, however,
exist across different scales. Moreover, specific erosion
types may vary across these spatial scales owing to dif-
ferent biophysical controlling factors and processes.

(3) From the methodological point of view, distinct
methods regarding water erosion research at multiple
scales are used. The studies at the plot scale are mainly
dependent on traditional data collection by monitoring
in situ. The studies at the watershed scale are generally
done by sampling belt investigation or aerial photograph
analysis, while those at the regional scale are usually
done through remote sensing images for quick assess-
ments at one point in time.

More attention has been paid to the scale-effect issue
by researchers in the previous references. Mean-
while, great efforts have been made toward the devel-
opment of scale transformation methodology, and mul-
tiple-scale investigations (i.e. site, plot, hillslope, wa-
tershed, region, nation, efc.) and predictions based on
different measures are ongoing in many areas of the
world. However, due to the complexities and remaining
uncertainties of the scale effect, the key obstacle in tar-
geting accurate erosion assessments and predictions
over time and space is still a big drawback in the real
world. As a result, several key aspects regarding the
scale effects of water erosion responses need to be en-
hanced. First, much attention should continue to be paid
to the specific drivers and influencing factors of water
erosion across different scales. It is important to develop
new methodology for distinguishing and quantifying the
roles of climatic factors (e.g., rainfall variability) and
the surface features of the earth (e.g., vegetation dy-
namics and topography) as well as their interactive ef-
fects on soil erosion. Second, the absence of systematic
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models and other quantitative methods induce uncer-
tainties and even errors caused by the limitations of
current methodologies. Herein, the well-documented
source-sink landscape theory and related approaches are
possibly helpful in dealing with the scale effect issue.
Third, water erosion across different scales will inevita-
bly become more complicated and changeable under a
background of accelerated human disturbances and
changing climatic conditions.
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