
Vol.:(0123456789)1 3

Environmental Earth Sciences (2019) 78:261 
https://doi.org/10.1007/s12665-019-8240-1

ORIGINAL ARTICLE

Assessing sediment yield and sources using fingerprinting method 
in a representative catchment of the Loess Plateau, China

Peng Tian1 · Zhengfeng An2 · Guangju Zhao2,3 · Peng Gao2,3 · Pengfei Li2,3 · Wenyi Sun2,3 · Xingmin Mu2,3

Received: 27 February 2018 / Accepted: 11 March 2019 / Published online: 15 April 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Quantitative assessment of sediment yield and sources is of great importance for future soil and water conservation and water-
shed management in erosion-prone areas. This study investigated sediment yield and sources by using a simple fingerprinting 
method in a dam-controlled watershed on the northern Loess Plateau. The sampling sediment profile exhibited 24 flood 
couplets corresponding to rainfall storms from 2001 to 2014. A total of 2.05 × 105 t sediment was trapped during the period. 
The annual sediment yield varied from 0 to 430 t ha−1 year−1, with an average annual sediment yield of 146.1 t ha−1 year−1. 
Ten sediment properties (i.e., σ13C, σ15N, TOC, TN, C/N, Xlf, Xhf, Xfd, 137Cs, 210Pb) were potentially selected to identify the 
sediment sources. The multivariate discriminant function analysis (DFA) test suggested that three soil properties (Χhf, TN, 
and 137Cs) comprised the optimum composite fingerprinting. The results demonstrated that sandstone contributed nearly 90% 
of sediment in 2012 and 56.1% in 2003. The contribution from arable land varied from 5.2% in 2005 to 44.6% within the 
period of 2013–2014. On average, approximately 74.06% of sediment originated from the weathered sandstone, followed by 
15.67% from arable land, and the remaining 10.27% from uncultivated land. Our finding indicated that bare sandstone was 
the main sediment source, leading to relatively high sediment yield in the study area. This study provides a method with great 
potential for sediment yields assessment and sediment source identification in ungauged watersheds on the Loess Plateau.
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Introduction

Soil erosion has been widely recognized as one of the most 
important forms of land degradation across the world and 
is greatly influenced by land use/cover, soil types, climate, 
and lithology (Fleskens and Stringer 2014). The Chinese 
Loess Plateau has been ranked as one of the most severely 
eroded areas in the world (Hessel 2006; Jiao et al. 2014). 
Severe soil erosion leads to loss of surface soil resulting in 

the degradation of soil quality and reduction of agricultural 
production, threatening food and environmental security at a 
regional scale (de Vente et al. 2006; Mukundan et al. 2010). 
Besides, the siltation of reservoirs and riverbeds has become 
a critical off-site problem resulting from high soil erosion 
rates and sediment delivery ratios in the Yellow River basin 
(Wang and Jiao 1996). This is particularly important for 
those areas in the middle and lower reaches, where many 
reservoirs were rapidly silted. It is necessary to assess pre-
sent and historical soil erosion rates and sediment sources 
for the continued improvement of soil conservation practices 
(Foster and Walling 1994; Fox and Papanicolaou 2007).

Direct continuous field measurements with sufficient spa-
tial coverage are very useful to understand sediment yield 
and its variation across a watershed. However, long-term 
field monitoring is time consuming, costly, and sediment 
yields are difficult to obtain because of the trapping effect 
of check dams and conservation measures on hillslopes. 
In this context, many researchers derived sediment yields 
through sedimentation in deposit facilities such as reservoirs 
and check dams (Bussi et al. 2013; de Vente et al. 2006; 
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Grauso et al. 2008; Mekonnen et al. 2015; Palazón et al. 
2016; Romero-Díaz et al. 2007; Van Rompaey et al. 2007; 
Verstraeten and Prosser 2008; Zhang et al. 2004, 2017). On 
the Loess Plateau, check dams have become one of the key 
soil conservation and sediment control measures (Zhao et al. 
2017a). Thus far, more than 110,000 sizable check dams 
have been built (Xu et al. 2004; Zhang et al. 2009; Zhao 
et al. 2017b). Such check dams offered an opportunity to 
reconstruct the records of annual and event-based sediment 
yields for small catchments (Jin et al. 2012), which provides 
a useful reference for understanding historical changes of 
sediment yield in a specific region (Zhang et al. 2017; Zhao 
et al. 2017b, c).

The fingerprinting method, known as the sediment source 
apportionment procedure, has been increasingly applied to 
identify relative contributions of the corresponding sedi-
ment sources (Collins et al. 2010; Navas et al. 2014; Pulley 
and Rowntree 2016; Walling et al. 2008; Wilkinson et al. 
2013; Zhang and Liu 2016; Zhang et al. 2016). Different soil 
properties have been used as fingerprints to identify the sedi-
ment sources, including soil physical, geochemical, isotopi-
cal, and biological properties (Collins et al. 1997; Walling 
2005; Zhang and Liu 2016). Tracer selection plays a critical 
role in sediment source fingerprinting, since different trac-
ers may yield different proportional contributions (Laceby 
et al. 2017). As Zhang and Liu (2016) addressed, the non-
parametric Kruskal–Wallis H test or Mann–Whitney U test 
can be used for tracer selection, and then a bracket test is 
used to remove non-conservative tracers (Collins et al. 2010; 
Mukundan et al. 2010), and the discriminant function analy-
sis or other multivariate variance analysis is finally applied 
to reduce the tracer number and to identify an optimum set 
of tracers (Collins et al. 1997, 2010; Davis and Fox 2009; 
Franz et al. 2014; Guzmán et al. 2013). Afterwards, the lin-
ear mixing model is used to quantify the relative contribu-
tions from different sediment sources (Collins et al. 2010; 
Zhang and Liu 2016; Zhao et al. 2017c).

More recently, much attention has been paid to uncer-
tainty assessment of the estimated source contributions. 
Numerical methods such as Monte Carlo simulation and 
Bayesian uncertainty framework have been used to simu-
late probability distribution of estimated source proportions 
(Koiter et al. 2013; Laceby and Olley 2014). Overall, sig-
nificant progress has been made to advance the fingerprint 
technique in the past decades. The tracer-based fingerprint-
ing methods can be used to enhance the knowledge of soil 
erosion processes and improve understanding of soil erosion 
patterns and sediment yields, particularly for the Loess Pla-
teau with significant changes in land surface. The finger-
printing approach can provide more useful information on 
sediment yield and sources in the watershed, in which the 
hydrological processes have been altered by dams, terraces, 
and other conservation measures. Thus, the objectives of 

this paper are (1) to explore the historical soil erosion rates 
through dam’s sedimentation and (2) to quantify the relative 
contribution of the potential sources using a sediment finger-
printing technique in the northern Loess Plateau.

Study area

The study was conducted in the Huangjiagou watershed, a 
small watershed with a drainage area of 1.04 km2 in the 
lower reaches of the Huangfuchuan watershed in the north-
ern Shaanxi Province (Fig. 1). The watershed belongs to the 
wind-water erosion crisis region, which is characterized by 
a semiarid continental climate with average annual rainfall 
of 350–450 mm and an average annual pan evaporation of 
2000 mm year−1. The rainfall is temporally uneven, with 
approximately 80% occurring between June and Septem-
ber mainly as intensive storms. Heavy storms generate 
severe soil erosion, with an average annual sediment yield 
estimated to be ca. 200 t ha−1 year−1. The elevation in the 
watershed ranges from 929 to 1075 m. A small check dam 
was built in 1974 downstream of the watershed (as shown 
in Fig. 1c), and remained well until now.

The main soil types are fine silt loess and Jurassic sand-
stone/mudstone (locally named Pisha sandstone). The hilly 
plateau surfaces are mostly covered by loose, fine loess, with 
relatively gentle slopes (< 15°), where sheet and rill ero-
sions are widespread. The main crop is spring-sown maize 
in the terraced arable land in the relatively gentle slope area 
(Fig. 2). The weathered sandstone is mainly distributed 
in the steep slopes with gradients greater than 25°. These 
regions are mostly covered by very spare grass land or bare 
land (Fig. 2b).

Methods

In order to obtain the information about sedimentation 
behind the dam, three sedimentation profiles were extracted 
by digging pits (P1, P2, P3) upstream of the check dams in 
April 2015 (Fig. 1c). A representative sedimentation pro-
file was obtained at site P1, and the other two sites (P2 and 
P3) were selected to check the flood couplet layers and to 
estimate sedimentation volume. The sedimentation in the 
dam was estimated to be approximately 11 m deep from 
the bottom to the current surface according to the dams’ 
history and height of dam. However, the sediment pit at site 
P1 could only reach up to 3.0 m deep since water stored in 
the sediment leaked out from the bottom and sidewall of the 
profile. Afterwards, one side of the pit was carefully cleaned 
to expose the stratigraphy and the individual upward fining 
couplets. The profile was carefully documented to identify 
the individual flood couplets; a total of 24 couplets were 
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identified. According to the depth of the couplet, we divided 
each into three samples, and a few couplets were divided into 

two or four. A total of 39 sediment samples were collected 
from the profile.

Fig. 1  Location of the study area, sampling sites, and soil types: 
a inlet map showing the location of the Huangfuchuan watershed, 
b map of the Huangfuchuan catchment showing the location of the 

Huangjiagou watershed, c sampling points in the watershed, d soil 
types in the watershed, e land use in the watershed

Fig. 2  Landscape of the Huangjiagou watershed
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In this study, all topsoil samples were collected from the 
upper 2 cm of the soils. Five topsoil subsamples (individual 
sample ≥ 500 g) were collected near each sampling point at 
a radius of 10 m and mixed into one composite sample. In 
total, 38 surface composite samples with 12 from unculti-
vated land (sparse grass), 13 from arable land, and 13 from 
bare sandstone were taken (Fig. 1c).

The width, length, and thickness of the sediment lay-
ers were measured in situ. A topography map (1:10,000) 
obtained from the Shaanxi Geodata Center was used to 
generate a digital elevation model (DEM). The topographic 
map was analyzed using the ArcGIS 10.2 software package 
(ESRI) to calculate the sediment volume. We did a topo-
graphic survey in the sedimentation area and adjacent slopes 
using the whole station to obtain the geometry and morphol-
ogy of each flood couplet in the sedimentation. The volume 
of each flood couplet was then calculated by measuring the 
flood couplet depths and sedimentation area.

All soil source material and sediment samples were car-
ried back to the laboratory, air-dried, disaggregated, and 
sieved to less than 2 mm prior to analysis of 137Cs and 210Pb. 
137Cs was measured at 661.6 keV, and the total 210Pb activi-
ties of the samples was determined at 46.5 keV by gamma 
spectrometry using a hyperpure coaxial germanium detector 
coupled to a multi-channel digital analyzer system (ORTEC) 
with an analytical precision of approximately ± 6% at the 
95% level of confidence.

We used a particle size analyzer (Malvern Mastersizer 
2000) to measure the soil sample grain size. The low (Xlf) 
and high (Xlf) frequency magnetic susceptibility values 
were measured using a Bartington Instruments MS2B sen-
sor (Bartington Instruments Ltd. 2000) to determine the fre-
quency dependence of susceptibility (Xfd). The total organic 
carbon content was determined by wet oxidation with 
 K2Cr2O7 and  H2SO4, and the total nitrogen (TN) content 
in the soil samples was assayed using the Kjeldahl method 
(Kalembasa and Jenkinson 1973). The δ13C and δ15N were 
analyzed in the Stable Isotope Laboratory of Hehai Univer-
sity, by using a PDZ Europa ANCA-GSL elemental analyzer 
interfaced to an isotope ratio mass spectrometer (Sercon 
Ltd., Cheshire, UK).

There were three main steps to quantify the contribution 
of the different potential sediment sources (Collins et al. 
2010; Mukundan et al. 2010). Firstly, a mass conservation 
test was undertaken to remove the non-conservative tracers. 
Tracer selection should ensure that all sample concentrations 
of sinks fell within the observed range of source samples, 
and also that the sediment mix of each tracer was within the 
range of the mean concentration of the source soil (Wilkin-
son et al. 2013). Secondly, a two-stage statistical procedure 
was applied between sediment sources and sediment to iden-
tify the optimal set of fingerprinting properties. The ability 
of individual properties to discriminate sources was tested 

by the nonparametric Kruskal–Wallis H test (Franz et al. 
2014). A stepwise discriminant function analysis (DFA) was 
performed to further assess the discriminatory abilities of 
the tracer properties that passed the three constraints. DFA 
can identify a minimum optimal group of sediment tracers 
based on the minimization of Wilks’ lambda. The results of 
the DFA were used to determine the proportion of samples 
that were accurately classified into the correct source groups 
(Walling 2005; Wilkinson et al. 2013).

A linear mixing model can be formulated on the basis of 
the chemical mass conservation as follows:

where Ps is the proportional percentage contribution from 
each sediment source category s ; Ssi is the mean concentra-
tion of the fingerprint property i in the source layer s ; Ci is 
the concentration of the specific fingerprint property i in the 
sediment sample.

A multivariate mixing model was applied to these com-
posite fingerprints to provide quantitative estimates of the 
relative contributions of each source (Collins et al. 2010; 
Lamba et al. 2015; Walling 2013; Zhao et al. 2017c). The 
model operates through minimizing the sum of the squares 
of the relative errors in the following function by changing 
the relative source proportions:

where n is the number of fingerprint properties comprising 
the optimum composite fingerprint; m denotes the number 
of sediment source categories; Zs denotes the particle size 
correction factor for the source category; and Wi is the tracer 
discriminatory weighting. As proposed by Laceby et al. 
(2017), it is important to include the particle size correc-
tion factor in the model, particularly for the region where 
sediment sources have a wide range of particle sizes. The 
mixed model was subjected to two linear boundary condi-
tions to ensure that the sum of contributions equals 1 and 
that the relative contributions (Ps) from the individual sedi-
ment sources were not negative. According to the soil types 
and land use/cover patterns, we categorized the sediment 
sources into three classes (arable land, uncultivated land, 
and bare sandstone).

The goodness of fit (GOF) was used to confirm that the 
mixing model generated meaningful sediment mixtures 

(1)
n∑
i=1

Ps × Ssi =Ci

(2)
n∑
i=1

Ps=1 and 0 ≤ Ps ≤ 1

(3)f =

n∑
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(
m∑
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PsSsiZs
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(Collins et al. 2010). It represents the mean relative error 
between the actual fingerprint property concentrations in the 
sediment samples and the corresponding values predicted by 
the mixing model (Franz et al. 2014; Wilkinson et al. 2013).

Results

Sediment yield estimation from field samplings

The sediment volume of the check dam can be estimated on 
the basis of the storage capacity curve and sediment profile 
thickness. The total volume of sediment loss corresponding 
to the 3.0-m-deep profile was 1.51 × 105 m3 in the Huangjia-
gou watershed. Based on the soil bulk density and sediment 
volume, a total of 2.05 × 105 t retained sediment was esti-
mated during 2001–2014, which corresponded to an average 
annual sediment yield of 146.1 t ha−1 year−1.

In order to estimate the sediment yield at event and 
annual scales, the flood couplets along the sedimentation 

(4)GOF = 1 −
1

n
×

n�
i=1

⎧
⎪⎨⎪⎩

�
Ci −

�
m�
s=1

PsSsi

���
Ci

�2

profile have to be dated. Figure 3 shows the flood cou-
plets characterized by fine sediment on the top and coarse 
sediment at the bottom. Through field surveys and careful 
inspection of the sediment profile, 24 flood couplets were 
identified, with the thinnest couplet of 1.5 cm and the thick-
est of 34.5 cm. To date the occurrence of each individual 
flood couplet, we compared the rainfall time series with 
the depth and volume of each flood couplet. Zhang et al. 
(2009) and Zhao et al. (2015) showed that higher rainfall 
amounts resulted in thicker flood couplets that contained 
more sediment. According to this principle, we found that 
the bottom couplet occurred in 2001. The top layer of the 
sediment had been mixed by cultivation effects, and cor-
responded to rainfall events from 2013 to 2014. As shown 
in Fig. 3, the five flood couplets that contained the greatest 
amount of sediment (> 10,000 t) corresponded to five rain-
fall events with daily rainfall higher than 80 mm. Among 
these couplets, four of them were thicker than 20 cm. They 
contributed approximately 36% of the total sediment yield, 
and each had a sediment yield of greater than 120 t ha−1. 
Additionally, 2012 was an extremely wet year, and a total 
of 4.47 × 104 t sediment was retained by the check dam with 
annual sediment yield of 430 t ha−1 year−1; whereas, 2011 

Fig. 3  Distributions of 137Cs and soil particle size of the sedimentation profile in the Huangjiagou watershed
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was an extremely dry year in which no flood event occurred, 
leading to no sediment yield.

Sediment source ascription

The Kruskal–Wallis H test was firstly applied to analyze the 
general characteristics of the soil properties. Table 1 displays 
the results of the test. Among all the physiochemical prop-
erties, Xfd was the weakest property that failed in the test, 
yielding a p value of 0.269. A number of fingerprints showed 
great potential for sediment source identification, given that 
the tests had p values lower than 0.005 (Table 1). However, 
following the recommendations of Koiter et al. (2013), TOC 
and grain size fractions were excluded from the analyses as 
they were considered as non-conservative properties. The 
multivariate DFA test suggested that three soil properties 
(Χhf, TN, and 137Cs) comprised the optimum composite fin-
gerprinting. Overall, the GOF for the sediment samples was 
estimated to be 86.8% in the watershed, which suggested that 
the mixed model gave an acceptable discrimination of the 
individual fingerprints in the sediment samples.

Figure 4 shows sediment sources from different land use/
cover types at annual scale in the Huangjiagou watershed. 
We found that the sediment retained behind the check dams 
was mainly produced on steep gullies covered by weathered 
sandstone and the relatively gentle slopes by fine loess soil 
(Fig. 4). On average, approximately 74.06% of sediment 
originated from the weathered stone, followed by 15.67% 
from arable land, and the remaining 10.27% from unculti-
vated land. This suggested that sediment in the check dam 
mainly came from the weathered sandstone. Additionally, 
Fig. 4 shows that sediment sources from different land use/
cover types varied greatly in each year. The sandstone con-
tributed approximately 90% of sediment in 2012 and 56.1% 
in 2003. The contribution from arable land varied from 5.2% 
in 2005 to 44.6% within the period of 2013–2014.

Discussion

Temporal variation of sediment yield

Numerous studies reported that sediment load illustrated 
significant reduction in the Loess Plateau catchments dur-
ing the past six decades, particularly after 2000 (Jiao et al. 
2014; Yue et al. 2014). Similarly, the sediment load at 
Huangfu station in the watershed presented significant 
reductions. However, the annual sediment yield derived 
from sedimentation behind the check dam exhibited incon-
sistent changes with sediment load at Huangfu station 
(Fig. 5a). This may refer to the widespread check dams 
and reservoirs in the Huangfuchuan watershed. Tian et al. 
(2013) suggested that a total of 567 check dams and 16 
reservoirs have been built until 2010 in the watershed, 
resulting in a large proportion of sediment trapped behind 
them. Annual sediment yield derived from the dam’s 
deposits presented a general reference of sediment trans-
ported from hillslopes to river channels, whereas gauge 
observed sediment load was a fraction of sediment deliv-
ered by water flow that might be trapped by numerous soil 
and water conservation measures.

Table 1  Kruskal–Wallis H test 
of the fingerprint properties in 
the Huangjiagou watershed

*p ≤ 0.05

Soil properties Uncultivated land Arable land Sandstone H P

Mean CV Mean CV Mean CV

σ13C (‰) − 25.56 0.07 − 25.52 0.05 − 26.10 0.13 8.68 0.013*
σ15N (‰) 4.07 0.44 4.89 0.22 1.38 1.41 18.77 0.000*
TOC (g kg−1) 5.54 0.34 5.11 0.39 1.98 0.34 19.80 0.000*
TN (g kg−1) 0.51 0.19 0.63 0.11 0.26 0.24 27.77 0.000*
C/N 10.86 0.34 8.19 0.40 7.77 0.32 4.86 0.088
Χlf  (10−8 m3 kg−1) 36.57 0.19 38.55 0.09 13.36 0.41 25.42 0.000*
Χhf  (10−8 m3 kg−1) 34.33 0.18 36.38 0.09 12.70 0.42 25.38 0.000*
Xfd (%) 5.66 0.17 5.61 0.20 5.12 0.21 2.62 0.269
137Cs (mBq g−1) 2.28 0.82 1.74 0.25 0.14 0.85 21.49 0.000*
210Pb (mBq g−1) 44.52 0.34 40.63 0.24 21.44 0.60 16.20 0.000*

Fig. 4  Sediment sources apportionment at annual scales
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Figure 5b shows a relatively good linear relationship 
between the cumulative annual sediment yield and annual 
rainfall. However, it is different from Zhao et al. (2017c). 
They found that sediment yield was strongly related to land 
use changes and soil and water conservation measures. In 
contrast, the good linear relationship between cumulative 
sediment yield and cumulative annual rainfall indicated that 
sediment yield in our study area was largely related to the 
rainfall variation, rather than the changes in land use and 
land cover. This may be because the dominant sediment 
sources are mainly from bare sandstone, where no conser-
vation measures were applied.

In the study area, an average annual sediment yield of 
146.1  t  ha−1 year−1 was estimated within the period of 
2001–2014. In contrast, the specific sediment yield was 
higher than that of most regions on the Loess Plateau, which 
was attributed to relatively poor vegetation cover and bare 
weathered sandstone in the study area (Jiao et al. 2014). Fur-
thermore, Wang and Jiao (1996) reported that heavy storms 

occurred frequently in the Huangfuchuan watershed, and 
could bring large amounts of soil from steep poor land to 
the river, leading to extremely high sediment yield. Thus, 
further conservation measures are needed to reduce soil ero-
sion in the steep sandstone region.

Results from comparable studies indicated that the spe-
cific sediment yield has shown decreasing trends since the 
1950s in this region (Wei et al. 2017; Zhang et al. 2011; 
Zhao et al. 2015) (Table 2). However, the trend was not as 
significant as the observed sediment load at the Huangfu 
station. The specific sediment yields were above or close 
to 200 t ha−1 year−1 in the 1960s and 1980s, which were 
relatively higher than those during the later period in the 
Manhonggou and Mahaogou (Wei et al. 2017). This may 
largely result from the ecological restoration on the whole 
Loess Plateau. Vegetation cover has improved greatly 
since the implementation of the “Grain for Green” project. 
Our estimation showed much higher sediment yield than 
the values from Zhang et al. (2011). The inconsistencies 

Fig. 5  Double mass curves 
between annual sediment yield 
and sediment load at Huangfu 
station (a), and annual rainfall 
(b)

Table 2  Comparison of 
sediment yield through 
sedimentation behind the check 
dam close to the study area

Watersheds Period Area  (km2) Sediment yield 
(t ha−1 year−1)

References

Xiaoshilata 1958–1972 0.64 171.9
Yangjiagou 2007–2011 0.68 106.1 Zhao et al. (2017b)
Manhonggou 1985–1989 6.1 146.6

1990–1998 157.5
2000–2007 95.86

Mahaogou 1985–1989 0.32 218.2
1990–1998 201.1
2000–2009 165.3

Yuanzigou 2012–2014 1.52 101.2
Dayanggou 2013–2014 0.69 94.19 Wei et al. (2017)
Xiheidaigou 1988–1992 3.2 242.2
Wujiapo 1994–2003 1.1 83.33
Baijiamen 2005–2009 0.48 27.11 Zhang et al. (2011)
Huangjiagou 2001–2014 1.04 146.1 This work
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among these results may arise from the different land use 
and land cover in the watersheds. In addition, the spatial 
and temporal pattern of precipitation can strongly impact 
the sediment yields, leading to evident discrepancies 
among different watersheds.

Sediment source identification

The fingerprinting procedure provides information on 
the relative source contributions to the sediments depos-
ited behind the check dam. The results indicated that the 
weathered sandstone contributed much more sediment 
than the uncultivated land and arable land (Fig. 6). This is 
consistent with the results obtained in the previous stud-
ies (Zhao et al. 2017b), which suggested that the specific 
sediment yield of the weathered sandstone was extremely 
high, and more than 60% of the net soil loss came from 
gully erosion. Consistently, Li et al. (1995) applied the 
226Ra values to identify the sediment sources and found 
that weathered sandstone contributed 55–76.5% of the 
total sediment in a small watershed.

It has to be noted that the use of the sedimentation-
based approach for estimating the storage capacity of res-
ervoirs or dams was sometimes questionable (Bussi et al. 
2013; Foster and Walling 1994). Although it has been 
confirmed that this method was very useful to estimate 
the watershed sediment yield, de Vente et al. (2006) and 
Zhao et al. (2015) emphasized that some errors can occur 
in reservoir surveys, such as volume calculations and con-
version from the sediment volume to mass. The sediment 
yields deduced from the deposits behind check dams are 
biased as a result of storage estimation and field survey.

Sediment tracers with different sources

Different sediment properties were examined to obtain an 
optimum combination of fingerprints for sediment source 
apportionment. However, the results of the stepwise dis-
criminant function analysis suggested that source sample 
properties were found to overlap (Table 3), which led to 
the discrimination analysis being unable to achieve 100% 
correct classification of source groups. This was particu-
larly remarkable between arable land and uncultivated land. 
As shown in Fig. 7, the similar source sample properties 
between arable lands and uncultivated land can largely 
explain the difficulties in source apportionment. However, 
the analysis is not consistent with the results of Lasanta and 
Vicente-Serrano (2012) and Palazón et al. (2016), which 
demonstrated the influences of transition from arable land 
to natural forest.

Figure 7 exhibited six types of sample properties among 
the three sediment sources. It demonstrated the importance 
of the fallout radionuclide 137Cs as a discriminator with larg-
est differences between sediment sources. Large differences 
in total nitrogen in different land uses were related to the 
impacts of agricultural activities on the surface soils. Simi-
larly, large differences in Xhf were detected between loess 
soil and weathered sandstone. The magnetic parameters of 
sediment may differ in important ways from those of the 
source material which were influenced by climate factors, 
soil types, and the components of magnetic minerals (Song 
et al. 2012). Although the particle size distribution of sand-
stone and loess soil showed evident differences, smaller dif-
ferences were found in the particle size of arable land and 
uncultivated land (Fig. 7d).

In this study, we further tried to explore the potential of 
isotopes δ15N and δ13C for sediment source apportionment. 
For surface soils, which are related to the soil erosion pro-
cesses, carbon and nitrogen are dominated by soil organic 
matter derived from decaying plants and vegetation. Fox and 
Papanicolaou (2008) reported that the success of these natu-
ral tracers was reflective of temporal and spatial soil erosion 

Fig. 6  Sediment yield from different sources in the Huangjiagou 
watershed

Table 3  Stepwise discriminant function analysis of tracers

Steps Tolerance F to remove Wilks’ lambda

1
 Χhf 1.000 87.509

2
 Χhf 0.854 11.580 0.183
 TN 0.854 9.063 0.167

3
 Χhf 0.840 11.619 0.147
 TN 0.694 11.034 0.144
 137Cs 0.810 4.343 0.109
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processes. The isotopes δ15N and δ13C of surface soil have 
been considered as indicators of different plant cover, land 
use, and land management (e.g., crop rotation, fertilization) 
at the sediment sources. As addressed by Davis and Fox 
(2009), tillage practice may break aggregates, expose labile 
organic matter, and generate a net shift in δ15N and δ13C 
due to the fractionation during mineralizations. The existing 
differences in isotopes were able to discriminate sediment 
sources from various land use types (i.e., uncultivated and 
arable land). Unfortunately, the DFA analysis test failure of 
these fingerprints for detection in the present study, suggest-
ing specific soil features in the watershed. Soil tillage may 
have a relatively weak impact on the fine infertile loess soil 
in this region.

Conclusions

In this study, we estimated the sediment yield and 
sediment sources through a multivariate-based finger-
printing method in a dam-controlled watershed on the 
northern Loess Plateau. The main conclusions can be 
summarized as follows: The sampling profile exhibited 
evidence of 24 flood couplets corresponding to rainfall 

events from 2001 to 2014. A total of 2.05 × 105 t sedi-
ment was trapped behind the check dam during the same 
period, with an average annual specific sediment yield of 
146.1 t ha−1 year−1. The sediment fingerprinting method 
suggested that the weathered sandstone was the most 
important sediment source, contributing approximately 
74.06% of the total sediment, followed by 15.67% from 
arable land, and the remaining 10.27% from the unculti-
vated land in the Huangjiagou watershed. Results obtained 
from the fingerprinting method provided valuable informa-
tion to investigate sediment sources in a dam-controlled 
watershed. It can improve our understanding of soil ero-
sion processes to support sediment management at a 
watershed scale.
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