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Abstract Sediment source fingerprinting apportions the sources of sediment produced by water erosion by linking sampled
sediment mixtures and landscape source materials using diagnostic and conservative fingerprints. Using this approach, the nature
and location of active sediment sources across the catchment can be elucidated, generating information which is a key pre-
requisite for the design and implementation of catchment management strategies. The science of sediment source fingerprinting
continues to attract much research globally, but to date, there have been relatively few fingerprinting studies in China. Here, there
remain major challenges for the fingerprinting approach arising from the uniqueness of Chinese landscapes, including for
instance, the complex land use configuration with highly fragmented or mosaic patches and the highly dynamic land use
conversion rates, generating a need to test the physical basis for the discriminatory power and environmental behavior of both
traditional and novel tracers. Future research is needed to investigate the applicability of tracer properties in different physio-
graphic settings and to evaluate the potential strategic utility of the approach for supporting the improved management of soil and
water sustainability. Here, the strategic availability of independent observation data for different components of catchment
sediment budgets and well-maintained research infrastructure for plots, micro-catchments and drainage basins provides im-
mediate opportunity for testing the approach and refining procedures. Such detailed testing across scales would be invaluable for
promoting sediment source fingerprinting as both a scientific and management tool for informing soil and water conservation
practices in China.
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1. Introduction

Soil represents an important natural resource and a key
component of terrestrial ecosystems; providing habitats for
organisms and supplying many ecosystem services (Barrios,
2007; Wagg et al., 2014). There is an increasing global re-
cognition that soil erosion by water generates many on-site
and off-site negative environmental consequences. Soil
erosion, even though its magnitude is not always easily ob-
servable visually, contributes to continuous in-situ loss of
fertile topsoil, nutrients and organic matter. The resultant
land degradation raises a grand challenge for global sus-
tainable agricultural production (Pimentel et al., 1995). Soil
erosion alters the pristine physical, chemical and micro-
biological attributes of soils, thus perturbing hydrological
and biogeochemical processes and degrading soil’s capacity
in sustaining valuable ecosystem services (Lal, 2003). The
eroded sediment delivered to streams and rivers supports
essential intrinsic structural and functional components of
fluvial channels and aquatic ecosystems (Apitz, 2012).
However, excessive sediment loads may cause significant
channel adjustment, water quality deterioration and aquatic
ecosystem degradation (Walling and Fang, 2003). High le-
vels of fine-grained sediment increase water treatment costs,
reduce light penetration and aquatic primary productivity,
and act as a vector for the dispersal of nutrients and other
pollutants (e.g., inorganic toxic elements, organic com-
pounds) (Walling and Owens, 2003; Smith and Blake, 2014).
Fluvial channel sedimentation destroys water infrastructure
and reduces the operational capacity of dams.
Targeted uptake of management practices is critical for

successful erosion mitigation and sediment control. Here,
reliable sediment source information is a key prerequisite. A
variety of conventional monitoring and measurement tech-
niques has been deployed to quantify soil erosion and sedi-
ment redistribution rates at different spatial and temporal
scales (Collins and Walling, 2004). Rates of soil erosion on
hillslopes and the fluxes of suspended sediment at catchment
scales are measured independently, however, giving rise to
challenges in the linking of these datasets for estimation of
source-specific load contributions and sediment budgeting.
This is primarily because measuring, estimating or modelling
intervening sediment delivery ratios is difficult. Sediment
source fingerprinting avoids such practical problems by
linking sediment outputs directly to landscape sources using
a composite set of diagnostic fingerprint properties for
source discrimination and quantifying the proportional con-
tributions of each prescribed source category. Source-spe-
cific load contributions can be estimated by integrating
source fingerprinting and sediment load data. Sediment
source fingerprinting has been the focus of an increasing
volume of research and has been widely applied globally
over recent time. Despite this, its application in China is at an

early stage even though soil erosion and excessive sediment
yields are recognized as an overwhelming environmental
challenge threatening agricultural and water resource sus-
tainability. The fingerprinting approach offers potential for
answering scientific enquiries on soil erosion and sediment
dynamics and for informing the targeting of soil and water
conservation measures. Accordingly, in this paper, we syn-
thesize the progress of sediment source fingerprinting in-
vestigations both globally and more specifically in China.
China comprises unique landscape features and complica-
tions arising from a long history of human disturbance. The
site-specific nature of sediment source fingerprinting re-
quires detailed testing of the principal methodological steps
associated with the approach to ensure that reliable and ac-
curate source estimates are obtained. Prospects for promot-
ing the use of sediment source fingerprinting as a reliable
scientific and management tool in China are explored.

2. A brief review of the science of sediment
source fingerprinting

2.1 Development history

A large body of literature has documented the technological
evolution and application of sediment source fingerprinting
globally (Collins and Walling, 2004; Walling, 2005; Davis
and Fox, 2009; Krishnappan et al., 2009; D’Haen et al.,
2012; Guzmán et al., 2013; Haddadchi et al., 2013; Smith et
al., 2013; Taylor et al., 2013; Walling, 2013; Mabit et al.,
2014; Owens et al., 2016; Reiffarth et al., 2016; Upadhayay
et al., 2017). The science of sediment source fingerprinting
emerged in the 1970s (Klages and Hsieh, 1975; Walling et
al., 1979), with the development of composite fingerprinting
since the 1990s representing a key milestone (Collins et al.,
1997a; Collins andWalling, 2002; Collins et al., 2012). Early
studies explored the application of the fingerprinting ap-
proach in different environmental settings around the world.
More recent work has re-visited many of the principal
methodological assumptions and explored the implications
for the robustness and accuracy of the source estimates
generated (Koiter et al., 2013; Reiffarth et al., 2016; Laceby
et al., 2017; Pulley et al., 2017b). Sediment fingerprinting
approach has attracted expanding interest driven by in-
creasing recognition of the environmental significance of
fine-grained sediment and the urgent need to target man-
agement measures, and this is reflected by a rapid growth in
the number of scientific publications (Koiter et al., 2013;
Walling, 2013). The growing body of literature focuses on
either methodological assessment and refinement by testing
critical assumptions (e.g., source classification, fingerprint
property behavior, uncertainty, mixing model optimization),
or reports case study applications in various environments
for scientific and management (e.g., identifying critical
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source for targeting control measures, re-evaluating mana-
ged sites and assessing conservation efficacy) purposes
(Tiecher et al., 2018).

2.2 Methodological basis

Sediment source fingerprinting links catchment sediment
outputs to landscape sources by assuming fingerprint prop-
erties with both conservative and diagnostic behavior reflect
soil erosion and sediment delivery and thereby provide a
basis for quantifying the relative source contributions by
simulating the physical mixing of source fingerprint sig-
natures using mass balance models. Two key stages are in-
volved: (1) Source discrimination using composite
signatures, and (2) source apportionment using mixing
models. The discrimination stage uses various tracer prop-
erties to develop an optimized set of diagnostic tracers (i.e., a
composite signature) for distinguishing individual sources
(Walling, 2005; Koiter et al., 2013; Collins et al., 2017).
These signatures are typically composite in nature since the
use of a single property cannot resolve contributions from
multiple sources. Inclusion of tracers preferably responding
to differing environmental controls improves the robustness
of source fingerprints. Here, whilst statistical solutions are
always used for the confirmation of composite signatures, it
is advisable to examine the physical basis for the source
discrimination afforded by different properties. The numer-

ical modelling assumes that the relative contributions from
the individual sources can be estimated using a mathematical
mixing model coupled with uncertainty analysis and that
variations in sediment properties directly reflect spatial and
temporal variations in the contributions of sediment eroded
from the distinguishable sources and delivered to the sam-
pled receptor. The approach treats various sediment transport
processes as a black-box concept and in doing so, uses
simple tests to confirm that tracer properties are broadly
conservative and stable, with no major alterations in their
concentrations or forms during the various phases of sedi-
ment mobilization and storage which are intermediate be-
tween erosion at various points in the landscape and
sediment export at the downstream catchment outlet (Koiter
et al., 2013).
Both the physical environment and human agents play a

dual role in imprinting distinguishable fingerprints on differ-
ent source materials and controlling sediment supply and re-
distribution at different spatial and temporal scales (Figure 1).
Natural environments imprint the intrinsic signatures of
soils. Consequently, the natural properties of eroded sedi-
ment can differ considerably on the basis of sediment origin
and various physical, geochemical and biochemical proper-
ties have been widely utilized successfully as tracers (Koiter
et al., 2013). Human practices have substantial impacts on
sediment dynamics by disturbing soil structure (e.g., tillage),
through seasonal variations in protective vegetation cover (e.

Figure 1 Natural and anthropogenic agents play a dual role in imparting source signatures and governing catchment soil erosion and sediment dynamics,
which, in turn, affords a basis for using tracer properties to discriminate and apportion source contributions to target sediment samples collected in the river
channel or from long-term sedimentary units including floodplains, lakes or reservoirs.
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g., in conjunction with different crops and their associated
drilling and harvesting dates), and by changing slope to
channel connectivity (e.g. due to road construction and river
crossings, or artificial land drainage to support productive
farming).
The general work flow in applying sediment source fin-

gerprinting comprises several key sequential steps (Figure
2): Field walking, mapping and confirmation of potential
sediment source groupings for rationalizing the catchment
sampling strategy, field sampling of source materials and
target sediment, laboratory analyses for preselected tracers,
statistical tests for selection of diagnostic properties and
confirmation of discriminatory power, use of multivariate
mixing models potentially incorporating correction factors or
weightings (Collins et al., 2010) and uncertainty analysis to
estimate the relative contributions from the individual sour-
ces, goodness-of-fit (GOF) (Collins et al., 2012) and model
accuracy tests using either artificial (Brosinsky et al., 2014)
or virtual sediment mixtures (Palazón et al., 2015) and final
interpretation of the results on the basis of the need for them
to make environmental sense for the study area.

2.3 Source classification

Classification of potential source categories is frequently
undertaken a priori, on the basis of field walking and map-
ping of erosion areas with clear connectivity to the sampled
receptor (e.g., river channel network), but both previous and

recent work has underscored the need to explore source
classification schemes carefully to ensure a good fit with the
tracers used and source samples retrieved from the field
(Walling et al., 1993; Pulley and Collins, 2018). A priori
source classification has commonly been based on either
spatial sources (Nosrati et al., 2018a) subdivided by geolo-
gical units (van der Waal et al., 2015) or tributary sub-
catchments (Theuring et al., 2015; Zebracki et al., 2015), or
source types comprising surface and subsurface sources
(Collins and Walling, 2004). Here, sediment produced from
surface sources is of topsoil origin and is mobilized by
processes including splash, sheet wash, and rilling (Figure 1)
(Walling, 2013), while that mobilized from subsurface
sources originates due to processes including bank erosion,
gullying and mass failure (Collins and Walling, 2004). Since
the surface source category is widespread spatially, it can be
further discriminated by land use, vegetation type or land-
form. Anthropogenic sources include sewage effluent (e.g.
from point source treatment works) or road dust (Figure 1).
Most studies prescribe catchment sources based on source
types rather than spatial units, since estimating contributions
by source types provides more detailed information for tar-
geting remediation. Source apportionment using tributary
sub-catchment spatial sources can, however, be compared
with monitored sediment loads at sub-catchment river gau-
ges (Collins and Walling, 2004).
The classification of potential sources depends largely on

the geographical environment of the study area and the

Figure 2 Quantifying the proportional contributions of individual catchment sources to target sediment samples using environmentally-relevant tracers.
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purpose of the work. The use of inappropriate source groups
for the tracers selected may cause significant uncertainty for
source estimation and thereby fail to address the research or
management questions reliably. For example, overly broad
source classification typically results in high within-source
spatial heterogeneity, relative to between-source variability,
and thereby hampers accurate determination of sources for
targeting management (Owens et al., 2016). Recent studies
underscore that comparing and selecting appropriate source
group classification schemes is important for the accuracy of
source estimates (Pulley et al., 2017a).

2.4 Fingerprint properties

The diversity of fingerprint properties has expanded con-
tinuously, representing an important methodological devel-
opment of the fingerprinting approach driven by the
expansion in the range of sources that need to be dis-
criminated and recent advances in analytical capabilities
(Walling, 2013), such as mid-, near-infrared and ultraviolet
visible spectroscopy (Reeves and Smith, 2009; Martínez-
Carreras et al., 2016). To date, common tracer properties
applied in fingerprinting studies include physical properties
(e.g., particle size, density and color) (Martínez-Carreras et
al., 2010; Erskine, 2013; Barthod et al., 2015), geochemical
constituents (e.g., major, minor, rare earth elements)
(Theuring et al., 2015), geogenic (e.g., 40K, 238U, 232Th)
radionuclides, fallout (e.g., 137Cs, excess 210Pb, 7Be) radio-
nuclides (Shala et al., 2017), mineral magnetism (Rowntree
et al., 2017), bulk stable isotopes (e.g., δ13C, δ15N ) (Parnell
et al., 2010; McCarney-Castle et al., 2017), and biomarkers
(e.g., fatty acids, n-alkanes) (Reiffarth et al., 2016; Upad-
hayay et al., 2017). Fallout radionuclides have been widely
adopted to trace sediment redistribution based on the prin-
ciples of comparing inventories rather than to apportion se-
diment source using tracer concentrations (Walling and
Quine, 1990). The recent application of biomarkers in fin-
gerprinting studies has potentially improved the capacity to
discriminate sources with specific vegetation (Bravo-Linares
et al., 2018) or crop types (Mabit et al., 2018), although there
remains scope for further testing the environmental behavior
and conservation of such tracers.
The methodological assumptions for sediment source fin-

gerprinting require that any tracer properties employed as
fingerprints should have two key features; namely, con-
servative and diagnostic behavior (Rose et al., 2018). The
assumption of conservative behavior requires that fingerprint
properties must remain broadly conserved during sediment
mobilization, transport and deposition processes, without
substantial chemical alteration or biological transformation,
or that where such change occurs, it is predictable and
measurable. This fundamental assumption ensures that fin-
gerprints can be directly compared between individual

sources and target sediment samples and used as input data
within the numerical models used to estimate proportional
contributions (Motha et al., 2002). The assumption for di-
agnostic characteristics focuses on the potential of finger-
print properties to provide greater between-source than
within-source variability and thus homogeneity for any given
source. Prevailing natural and anthropogenic processes
govern fingerprints for different sources (Figure 1).
Over time, sediment source fingerprinting has evolved

from using one single sediment property to discriminate two
sources to establishing composite fingerprints comprising
several properties preferably from a variety of property types
(Figure 1), to discriminate an increasing number of sources
and improve the accuracy of source estimations (Collins et
al., 1997a; Collins and Walling, 2002). Numerous statistical
tests have been applied to identify composite fingerprints
and to increase the rigor of composite fingerprint selection
by confirming the ability of the individual constituent
properties to discriminate between the potential sources in
question. Here, there is a need, nevertheless, to examine the
physical reasoning for discrimination between sources rather
than relying solely on statistical solutions. Property selection
in different composite signatures can greatly affect the esti-
mated source contributions and the corresponding accuracy
(Zhang and Liu, 2016). Here, the choice of properties for
generating different composite fingerprints depends largely
on the nature of the sources to be discriminated and appor-
tioned.

2.5 Mass balance models and uncertainty analysis

Use of un-mixing models to apportion target sediment
samples between sources represents a key methodological
development in source fingerprinting procedures over the
past 25–30 years (Walling, 2013). Explicit assessment of
uncertainty during the application of un-mixing models was
first introduced in the form of Monte Carlo analysis (Rowan
et al., 2000). Such analysis has shown that the ranges in
uncertainty for the source apportionment estimates is largely
a product of the within-source group variability in tracer
concentrations and the corresponding differences in tracer
concentrations between-source groups. Consequently,
variability ratios (of inter-/intra-source group variability)
have been recommended to capture the fundamental need to
select tracers that maximize between- rather than within-
group tracer variation (Pulley et al., 2015b). These ratios
should be applied as an initial screen in the tracer selection
procedure (Collins and Walling, 2002). Other work has also
proposed distribution-based modelling, to ensure that mul-
tiple model iterations for uncertainty analyses maintain re-
lationships between tracers to reduce the uncertainty ranges
for apportionment estimates (Laceby and Olley, 2015).
A growing body of recent research has compared varia-
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tions in source apportionment using different un-mixing
models (Haddadchi et al., 2014; Nosrati et al., 2018b) and
here researchers can select either maximum likelihood/fre-
quentist or Bayesian approaches. Beyond that initial choice,
researchers also need to assess, on the basis of the tracer data
for their study catchment, the appropriateness of different
model structures in terms of including or excluding a range
of corrections and weightings for factors including particle
size and organic matter selectivity which can influence the
comparability of source and target sediment tracer con-
centrations (Smith and Blake, 2014; Laceby and Olley, 2015;
Collins et al., 2017).

2.6 The growing diversity of target sediment samples

The temporal resolution and duration of sediment source
fingerprinting studies depends on how the target sediment
samples are collected (Figure 1). To date, a wide range of
target sediment samples has been used, including storm
event-based snapshot (Navratil et al., 2012) or time-in-
tegrated suspended sediment samples (Smith and Blake,
2014), fluvial floodplain deposits (Collins et al., 1997b; van
der Waal et al., 2015), and core samples of lake or reservoir
sedimentary archives (Palazón et al., 2014). Extension of the
temporal coverage of the sediment data from single events to
decades allows for evaluation of the long-term effect of
natural and anthropogenic controls on sediment dynamics.
Accordingly, different sampling strategies are used to collect
different types of target sediment samples, including snap-
shot sampling and filtration (Dutton et al., 2013), portable
centrifugation, time-integrating passive samplers (Phillips et
al., 2000) or basket traps (Collins et al., 2014) and the coring
of floodplain, lake or reservoir sedimentary archives (Owens
et al., 1999; Pulley et al., 2015a; Lintern et al., 2016).

3. Progress of sediment source fingerprinting
studies in China

Globally, an important distinction can be made between
studies tracing soil erosion and sediment redistribution along
hillslope hydrological continuums and the fingerprinting of
catchment sediment sources, even though both approaches
share the use of tracers to elucidate soil erosion and sediment
dynamics at different spatial and temporal scales (Parsons
and Foster, 2011; Koiter et al., 2013; Taylor et al., 2013;
Mabit et al., 2014; Owens et al., 2016). To date, and espe-
cially since the 1990s, many tracing investigations have been
carried out in China, where soil properties and, specifically
fallout radionuclides (e.g., 137Cs, 210Pbex and

7Be), have been
preselected to quantify soil redistribution rates on catchment
hillslopes (Zhang et al., 1990; Zhang et al., 1998; Zhang et
al., 2003; Yang et al., 2006; Shi et al., 2013; Li et al., 2015).

Additionally, abundant results have also been generated by
the dating of sedimentary archives and reconstruction of
long-term historical sediment and associated pollution dy-
namics for various sediment sinks (e.g., ponds, check-dams
and reservoirs) (Yan et al., 2002; Zhang et al., 2007; Bai et
al., 2013; Zhao et al., 2017b). In contrast, however, the use of
sediment source fingerprinting is at an early stage in China
and its progress is far behind that of the rest of the global
research community. The few existing studies have mainly
focused on using fingerprinting to quantify sediment source
contributions in several typical landscapes, but the metho-
dological robustness and accuracy of the estimates obtained
remain untested and warrant further attention. Here, we
summarize these scientific outputs based on the specific
geographical environments in question (Table 1).
The Loess Plateau is a hot-spot area for soil erosion and

thereby a management priority for targeting conservation
measures. Accordingly, most studies using the source fin-
gerprinting approach have been undertaken here. Local
landforms generally comprise gullies and inter-gully slopes,
representing two contrasting geomorphological components
of a fragile landscape with different degrees of vegetation
cover and contrasting erosion features. The gullied areas are
characterized by deep-cut valleys and steep walls with sparse
vegetation, with mass failure prevailing in the forms of head
cuts and gully wall collapse. In contrast, the inter-gully areas
comprise consecutive slopes with diverse land use and ve-
getation cover, including woodland, shrubs, grassland, dry
farmland and orchards. Soil erosion on these hillslopes is
dominated by splash, sheet wash, and rilling. By classifying
gullied and inter-gully hillslopes as subsurface and surface
sources, respectively, particle size (Wang, 2001) and 137Cs
(Wen et al., 1998) have been successfully applied to quantify
their relative contributions as distinct sediment sources to
sediment yield, with gully erosion identified as the major
contributor. Other studies further divided the inter-gully
slopes by land use and obtained consistent source estimates
indicating that farmland and gullying are the two major
sources. Here, geochemical fingerprinting was used to ap-
portion land use-based sources for storm-event sediment
samples (Zhang et al., 2017b), and for check-dam deposits
(Chen et al., 2016b). Two studies established composite
fingerprints comprising properties from different tracer
groups to discriminate sources for check-dam deposits (Zhao
et al., 2017a) and for sediment samples collected during a
single storm event (Yang and Xu, 2010). More recent studies
have used biomarker tracers (e.g., n-alkanes, stable isotopes)
to apportion the sources of sediment-associated organic
matter in check dams (Chen et al., 2016a; Chen et al., 2017;
Liu et al., 2018). The presence of pollen in soil is a direct
consequence of inputs from the overlying vegetation, and
this can also provide an effective basis for distinguishing
different sediment sources. This type of sediment finger-
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printing has been employed to infer, qualitatively, the sour-
ces of sedimentary archives retrieved from an ancient land-
slide dam on the Loess Plateau (Zhang et al., 2009).
The upper Yangtze River basin represents another critical

area for soil erosion assessment and its improved manage-
ment. Here, the combined use of 137Cs and 210Pbex as fin-
gerprints in a small watershed in the Sichuan Hilly basin
suggested that farmland and bare land are the two principal
sediment sources for sediment samples collected from a
downstream reservoir (Zhang et al., 2004). A combination of
137Cs and 210Pbex was also applied to quantify sediment
source contributions for reservoir sediment cores in a study
area in northeast China with a cold climate (Fang, 2015).
Geochemical fingerprinting carried out in a small catchment
in the Three Gorges Reservoir Area suggested that dry
farmland was a principal sediment source (Guo et al., 2014).
There are two existing case studies from southeastern

China using composite geochemical fingerprinting. One was
undertaken to quantify the contributions of different horizons
of gully walls to slumping and alluvial deposits with dif-
ferent gully conditions (i.e., active, potentially stable and
stale) in Fujian (Lin et al., 2015), whilst the other study was
carried out in a small catchment with mixed land use in
Jiangsu (Zhou et al., 2016).

4. Major generic challenges for, and methodo-
logical gaps in, using sediment fingerprinting in
Chinese landscapes

Given the highly site-specific nature of sediment source
fingerprinting, the global research community has found it
challenging to formulate an all-encompassing protocol
guiding the application of the approach in any physio-geo-
graphic setting. Some recent reviews have, however, pro-
posed general decision-trees to help guide end-users through
critical steps in applying the approach robustly (Collins et al.,
2017; Laceby et al., 2017). Here, it is important to note that
individual steps remain under scrutiny or further develop-
ment (Pulley et al., 2017b) and decision-trees are therefore
likely to evolve further as scientific consensus is reached.
There remain important challenges derived from the un-
iqueness of landscapes in China and the complicated history
of human interference. These challenges have the potential to
undermine the robustness of the fingerprinting technique,
thus leading to enhanced uncertainties and inaccuracies. In
this section, we therefore briefly summarize generic chal-
lenges related to applying sediment source fingerprinting in
Chinese landscapes. We also summarize gaps in the existing
application or testing of methodological steps for state-of-
the-art application of source tracing in China, by bench-
marking the recent case studies against the latest decision-
trees for the global research and end-user community.

4.1 Fragmented landscape configuration and frequent
land use change

Agriculture in China is mainly run by households and
smallholders meaning that land use patterns are highly
fragmented and subject to frequent transformation. Both
these characteristics pose important challenges for using
some tracer properties since the signal-to-noise ratios can be
distorted. For this reason, it is vitally important to consider
carefully the physical basis for source discrimination using
specific tracers and the likelihood of complications result-
ing from prevailing natural and anthropogenic controls. The
fragmented nature of sediment sources in Chinese land-
scapes also has implications for the numbers of source
samples required and this, in turn, has important implica-
tions for logistics, costs and accuracy (Clarke and Minella,
2016; Collins et al., 2017). Successful allocation of sedi-
ment sources in the large river basins characteristic of China
depends largely on the prescribed sources being classified
in a meaningful manner for the tracers applied and on those
sources being adequately represented by the collection of
sufficient sample numbers. Here, within-source spatial
homogeneity requires careful consideration. Spatially-re-
presentative sampling may be achieved by using a stratified
approach and weighting on the basis of soil erosion rates in
catchments with a large gradient of such rates (Wilkinson et
al., 2015). Frequent land use change is likely to pose a
challenge for applying biomarkers deterministic of specific
vegetation families as distinctive signatures will become
obscured. Given these complexities, a confluence-based
sampling strategy designed to apportion the relative con-
tributions from spatial sources (i.e. individual tributary sub-
catchments) may provide the most pragmatic means of
applying sediment fingerprinting in the largest drainage
basins.

4.2 Under-explored potential sediment sources

Human-derived sediment sources represent an important
component of landscapes in China due to large-scale infra-
structure expansion in the context of population growth and
economic development. Such infrastructure projects and
urban areas can generate sediment fluxes several orders of
magnitude higher than those from natural landscapes, yet the
role of active construction sites as sediment sources has been
rarely studied (Voli et al., 2013). Identification of the most
suitable tracers for helping to distinguish construction sites
in Chinese landscapes warrants further research.

4.3 Problems for unlocking sedimentary archives

China has many lakes and artificial reservoirs of varying
sizes. The undisturbed sedimentary archives in these land-
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scape features potentially provides a basis for retrospective
studies of historical sediment dynamics and sources using
sediment profile dating and stratigraphic fingerprinting. A
major challenge here, however, involves the conservative
behaviour of fingerprint properties in the sedimentary ar-
chive post deposition and the potential for non-conservatism
to distort the match between the fingerprint properties of
contemporary source samples and historical sediment.
Where the reservoir has a large catchment area, additional
challenges will include rationalizing source groups, and the
time, labour and financial resources required to collect suf-
ficiently robust sample numbers. Nevertheless, unlocking the
long-term sediment source information in more sedimentary
archives offers the potential to establish strategic baseline
data for assessing the impacts of different soil conservation
strategies across China. This application of source tracing
therefore warrants further attention since the use of sedi-
mentary archives overcomes the absence of long-term con-
ventional river monitoring for observing changes in response
to large-scale sustainability programmes.

4.4 Tracer pre-selection and corresponding analytical
capability

Currently, there remains a lack of standardized procedures
and advice for fingerprint property pre-selection. This results
in the need to collect large sample masses to permit the
measurement of more types of tracers and significant ana-
lytical time and costs. The availability of analytical instru-
ments may be a limitation for the use of specific sediment
tracers for applying sediment fingerprinting in many re-
search institutions in China. A strategic programme of re-
search is therefore needed to address the knowledge gap
associated with tracer pre-selection for different environ-
ments. Such research should use the widespread bounded
erosion plot and instrumented micro-catchment facilities
across China (e.g., Golosov et al., 2017) to explore the
conservatism of different tracers at nested scales in con-
trasting environmental settings.

4.5 Benchmarking recent case studies against state-of-
the-art decision trees

Table 2 benchmarks recent case study applications of source
tracing in China against critical steps in recent methodolo-
gical decision trees (e.g., Collins et al., 2017). The metho-
dological steps most frequently addressed or openly reported
in the recent case studies in China concern clarifying the
physical basis for tracer selection, the application of tracer
conservatism tests, confirmation of the logic for mixing
model structure and the use of GOF tests. Those methodo-
logical steps never or the least applied or openly reported in
the recent case studies in China concern selection of an ap-

propriate particle size fraction for the target sediment and
tracers used, using tracer variability ratios, assessment of the
potential benefits of source group re-classification, use of
independent statistical tests to identify >1 final composite
signature and testing the accuracy of model predictions with
either artificial or virtual sediment mixtures (Table 2).

5. Prospects for sediment source fingerprinting
as a scientific and management tool in China

5.1 Evolution of the soil erosion and sediment problem
and reactive management in China

Accelerated soil erosion and resulting elevated suspended
sediment fluxes have been widely documented for river
catchments in China since the 1950s (Yang et al., 2004;
Zhang et al., 2006; Zhao et al., 2014). Human activities are
highly influential factors for soil erosion, and the extent and
intensity of human impacts have been closely related to so-
cial activities. During the first Five-Year Plan and Great Leap
Forward campaign in the 1950s, large areas of natural forest
were harvested, and land was reclaimed for addressing in-
creased demand for food, fuel and fiber. From the late 1970s,
launch of the Household Land Responsibility Scheme em-
powered local farmers to make free decisions on farming
activities on their land, which greatly motivated farmers to
make full use of their land area. A direct consequence was
that land use intensity increased with an expansion of me-
chanized ploughing and power harrowing. This expansion of
intensive agriculture and reduction in forested area magni-
fied regional soil erosion rates and fluvial suspended sedi-
ment fluxes, threatening agricultural and water resource
sustainability (Wei et al., 2011).
Since the late 1980s, multiple national conservation cam-

paigns have been successively carried out to promote erosion
mitigation and ecosystem restoration. A comprehensive soil
conversation scheme emerged in 1988 to install numerous
conservation measures (e.g., conservation tillage, terracing
and construction of sedimentary ponds and reservoirs) at
selected demonstration catchments. The implementation of
this programme has been expanded greatly with continued
government investments. A national forest preservation
scheme was initiated in 1998 to launch a ban on logging and
to protect natural forest from continuing destruction. In
1999, a national reforestation scheme—the “grain-for-green”
programme, was also introduced to restore forest cover
through the provision of financial subsidies to local famers
for returning farmland on steep hillslopes to native forest.
Since 2000, China has accelerated its pace in dam con-

struction to claim the multiple benefits of hydropower de-
velopment, flood control and water supply. Cascade dam
complexes have been proposed on China’s 13 major rivers
(Zhang et al., 2017a). Meanwhile, China’s rural economy has
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experienced substantial changes with large areas of farmland
being abandoned following the migration of the rural po-
pulation to rapidly expanding cities. At the same time,
agriculture is shifting from small-sized household-based
farming units to large-scale commercial farming enterprises.
All these changes will undoubtedly exert impacts in terms of
farming methods and land use intensity, and ultimately on
catchment soil erosion and sediment dynamics. Targeted
applications of the fingerprinting approach can be used to
document the impacts of such change in China.

5.2 Growing scientific and practical interests in the
collection of reliable data to target management of the
soil erosion and sediment problems in China

In the context of the above, many studies have been con-
ducted in China to evaluate the effectiveness of conservation
campaigns, using, for example, remote sensing of vegetation
cover improvements at national or regional scales, inter-
vention modelling, or by measuring long-term trends in
fluvial hydro-sedimentological data (Wang et al., 2016; Yang
et al., 2018). But it remains challenging to determine the
specific impacts of conservation strategies using such ap-
proaches. Sediment source fingerprinting is capable of ex-
plicitly formulating the rationale for, and of assessing the
effectiveness of, conservation practices targeted at specific

spatial locations for erosion control and sediment mitigation.
Wider application of sediment fingerprinting in China could
therefore provide the knowledge for assisting adjustment and
optimization of current, or the design of new, management
strategies (i.e., precision conservation) (Figure 3). However,
before widespread uptake becomes a reality, the many
methodological assumptions of sediment source finger-
printing need to be tested more rigorously in the context of
the contrasting geographical environments across China.
Here, wider uptake would also be assisted by consensus on
various methodological steps in source fingerprinting pro-
cedures. Consensus would help standardize applications,
improve the comparability of source tracing studies, clarify
methodological requirements to new users and ensure the
accuracy and reliability of the datasets generated for in-
forming targeted management actions and assessment of
their outcomes.
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Figure 3 A schematic illustrating how sediment source fingerprinting and additional tools could be used iteratively for evaluating the underpinning
rationale and effectiveness of targeted soil and water conservation measures.
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