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H I G H L I G H T S

• Sediment transfer at multiple spatio-
temporal scales was synthesized using
different data sources.

• High slope-channel sediment convey-
ance ratios were observed.

• Both natural and human forces have
driven decreases in sediment yield.
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Quantifying sediment production and transfer at different spatial and temporal scales in a changing environment is
critical in understanding the potential effects of climatic and anthropogenic drivers. Accordingly, estimates of soil
erosion and sediment production at hillslope field, first-order small catchment (b0.25 km2) and river basin scales
in the SichuanHilly Basin of Southwestern China, generated using a variety of techniques, including fallout radionu-
clide tracing, runoff plot observations, core chronologydating and conventional sedimentfluxmonitoring,were syn-
thesized and interpreted in the context of potential climatic and human controls. Mean annual soil erosion rates
ranged from 800 Mg·km−2·yr−1 to 4500 Mg·km−2·yr−1 on the basis of fallout radionuclide tracing and from
600 Mg·km−2·yr−1 to 3300 Mg·km−2·yr−1 using runoff plot monitoring on selected cultivated hillslopes. A
high slope-channel sediment delivery ratiowas observed,meaning that a substantial proportion of eroded sediment
was delivered into downstream drainage channels. An obvious temporal trend of decreasing sediment transfer to
the river channels in the first-order catchments was identified, which may be driven by change in regional precip-
itation regime and the implementation ofmultiple soil conservation and reforestation practices over recent decades.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Suspended sediment transport through river channels constitutes a
major pathway for the continent-ocean delivery of terrestrial materials
(Walling and Fang, 2003; Walling, 2006). It causes many off-site detri-
mental environmental consequences such as water quality deteriora-
tion, channel sedimentation, extreme flooding, and reservoir siltation
(Walling and Collins, 2008). Sediment yields at a catchment outlet rep-
resent an integrated product of the upstream hydrological processes
driving soil erosion and sediment transport,which, in turn, demonstrate
high spatial and temporal variability in accordance with regional geo-
graphical settings and human disturbances. Specifically, the sediment
delivery ratio (SDR) coefficient exhibits a wide range acrossmany land-
scapes, depending on slope-channel connectivity, the grain-size compo-
sition of eroded sediment, and the number and location of buffers and
sinks along the hydrological pathways from upland hillslopes to river
channels (Walling, 1983; Ferro and Minacapilli, 1995; Walling and
Collins, 2008). The SDR also exhibits temporal variations in response
to changes in climatic patterns and land use (Van Oost et al., 2000;
Wang et al., 2010; Chaplot and Poesen, 2012). It can, however, be diffi-
cult to evaluate the specific ways in which different controlling factors
contribute to the observed changes in integrated sediment signals in
river systems. This challenge is complicated especially in heavily culti-
vated agricultural regions where population density is high and
human disturbances are intensive and interactive (Owens, 2005). Sedi-
ment budgeting provides a valuable integration framework for under-
standing the individual processes of sediment supply, mobilization,
transport and storage (Walling, 1983; Walling and Collins, 2008) as
well as the ways in which sediment dynamics respond to environmen-
tal and anthropogenic controls (Evans et al., 2000). Knowledge of sedi-
ment dynamics in a changing environment is required for evaluating
the effectiveness of soil conservation practices and designing effective
sediment management strategies.

Different levels of resource can be directed towards quantifying the
sediment delivery ratio (Owens et al., 1999; Walling et al., 2002), sedi-
ment storage in depressions (Walling et al., 2006), and sediment deliv-
ery processes linking hillslopes and drainage channels (Oygarden,
2003). Fallout radionuclides have been widely applied as sediment
tracers for evaluating soil redistribution rates (Wallbrink and Murray,
1996; Owens et al., 1997; Walling and He, 1997, 1999; Belyaev et al.,
2009; Porto et al., 2011; Gaspar et al., 2013; Golosov et al., 2013; Porto
et al., 2014) as well as sedimentation rates (Ritchie et al., 2004; Hobo
et al., 2010; Hughes et al., 2010). It is essential to place such predictions
into the context of soil erosion and sediment transfer rates provided by
alternativemore traditional procedures and to evaluate the tracing esti-
mates in the context of the sediment budget and the corresponding im-
plications for the magnitude of unmeasured budget components
required for budget balance (Collins and Walling, 2004). As reported
by Trimble (2009) in the Coon Creek Basin, USA, the catchment sedi-
ment budget can be transformed substantially by climatic and anthro-
pogenic changes over relatively short time intervals.

The Sichuan Hilly Basin (SHB) is an undeveloped agricultural region
with dense population, which produces a substantial proportion of the
suspended sediment loads delivered to the Yangtze River (Lu and
Higgitt, 1999; Lu et al., 2003). A variety of human activities over the
past fewdecades have resulted in profound impacts on regional soil ero-
sion and sediment redistribution. On the onehand, soil erosion has been
accelerated by intensive land disturbance such as land reclamation, for-
est destruction and tillage translocation while, on the other hand, no-
ticeable land use change has taken place in conjunction with farmland
abandonment and reforestation campaigns. Climate change has also
been detected (Zhang et al., 2008), which has triggered substantial
changes in sediment redistribution at catchment scale. Against this
background, this study aimed to assemble various data sources to eval-
uate sediment production and transfer at different spatial and temporal
scales and to postulate on predominant controls operating on slope-

channel sediment delivery in the SHB. Accordingly, data on upland soil
erosion, slope-channel connectivity in first-order catchments and
downstream suspended sediment yields generated by a range of
methods were assembled and integrated. These datasets were taken
to represent the fundamental components of the sediment delivery cas-
cade from eroding uplands to downstream monitoring stations.

2. Materials and methods

2.1. Site description

The SHB represents a major agricultural region in China with dense
human occupation and suffers from intensive human disturbance by
traditional manual farming cultivation. As a result, the magnitude of
soil erosion is high and the region serves as a principal source area for
sediment delivered to the Yangtze River (Fig. 1). The land use is closely
linked to local topography. The SHB is typically fragmented by numer-
ous small first-order catchments comprised of steep concave slopes
with gradients deceasing from 20°–25° in the upland areas to 5°–10°
in the lowland areas. Large-scale catchments are characterized by
wide flat valleys. Surface land is covered by the purple soils, which is
classified as an Entisol by the soil taxonomy of the USDA (He et al.,
2007). Farmland (upland terraces and orchards) typically accounts for
20–60% of land cover. Crop rotation including corn, sweet potato, rape
and wheat has been practiced since the 1980s. The remaining propor-
tions (N25°) of the study areas are woodlands or steep wastelands.
The valley bottoms are commonly used as paddy fields. Small reservoirs
and ponds are constructed on the lower reaches at the outlets for irriga-
tion purposes, while large dams have been constructed on themain and
tributary channels formultiple purposes including hydropower produc-
tion, flood control and water supply.

Spatially distributed sites were selected to quantify data at different
scales using multiple approaches. Four primary study sites (see back-
ground data in Table 1) were selected to evaluate mean annual net
soil loss from upland cultivated hillslopes (Fig. 1). These sites were se-
lected as being representative of typical agricultural areas in the SHB
with soil erosion problems due to farming and associated tillage trans-
location. Three small first-order catchments were selected to evaluate
the mean annual specific suspended sediment yields. The Wujia and
Jiliu catchments, in Yanting County, have respective drainage areas of
0.22 and 0.09 km2. They have similar physico-geographical and land
use characteristics, with elevations varying from 420 to 560 m. Catch-
ment surface soils are underlain by horizontally beddedmudstones, silt-
stones and sandstones from the Jurassic Penglaizhen Group. Local
landforms typically comprise steep sandstone cliffs with slopes of 25–
30° separated by gentlemudstone and siltstone terraces of b10°. Annual
rainfall is 826mm. The gentle terraces and steep slopes account for one
and two thirds of the catchment areas, respectively. The gentle terraces
have been cultivated, whereas the steep slopes were originally covered
by wild grasses, but have gradually been afforested with cypress trees
since the 1970s. The Tianmawan watershed, in Nanchong, has a drain-
age area of 0.19 km2 and elevations ranging from 310 to 420m. It is un-
derlain by horizontally bedded mudstones and siltstones from the
Jurassic Suining Group (Zhang et al., 2006a). Local topography typically
comprises dozens of small steep cliffs separated by short gentle terraces.
The steep cliffs have typical heights of a few meters and are covered by
wild grasses and scattered young cypress trees. The gentle terraces with
slopes of b10° and lengths of 10–30m aremostly rain-fed areas. Annual
precipitation is ~1010 mm, approximately 70% of which occurs during
the wet season from June to September.

Purple soils dominate in all three catchments, but important differ-
ences in erosion resistancedepend on soil parentmaterial. Due to differ-
ent proportions of sandstone, the purple soils of the Penglaizhen and
Suining Group have relatively high and low erosion resistances, respec-
tively. The cropland ratio in the Tianmawan catchment is 0.45, while
that for the other two catchments is 0.25. Each of the study catchments
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was impounded by an earthen dam (~4.5 m high) during the period
from 1949 to 1956, with storage capacity ranging between 1.5 and
5.1 × 104 m3. The dams were made of soil dug from the valley bottoms
within the ponds. The ponds have simple water delivery facilities com-
prising weirs or bottom culverts with intakes. The storage water in the
ponds is used for irrigation in spring and summer. The pond in the
Jiliu study catchment has no flood spill ditches, whereas the pond in
the Wujia catchment has an overflow ditch that is seldom used. The
pond in the Tianmawan catchment has a flood spill ditch that was sel-
dom used until 1981, but after reorganization of the land management
system that year, it has since been used to divert floods with high sedi-
ment concentrations away from the pond basin. Sediments may pass
through the dams via the spillways and may be returned to the land
via irrigation. Extensive survey of 79 ponds and reservoirs (see in
Fig. 1) were presented to evaluate changes of sediment yields with spa-
tial scales. The Tuo River has a channel length of 712 km, of which a
major portion flows through the SHB. Runoff and sediment yield from
the Tuo River reflect both local natural and anthropogenic controls on
hydrological processes.

2.2. Methods

2.2.1. Approaches
We used data from multiple monitoring approaches to assemble

information on sediment production and redistribution at hillslope,
first-order small catchment and river basin scales. The monitoring
techniques encompassed fallout radionuclide tracing, runoff plot obser-
vation, core chronology dating, and conventional sediment flux
monitoring. The combination of datasets permitted quantification of
sediment yields at multiple spatial (from hillslope field to first-order
catchment and drainage basin) and temporal scales (from the recent
time to past decades).

2.2.2. Use of fallout radionuclides to estimate soil erosion rates on cultivated
land

Radionuclide datasets were used for evaluation of sediment redistri-
bution rates at the field scale. Core samples for local 137Cs reference in-
ventories were collected depending on local landscape conditions and
included flat grassland or non-irrigated flat cultivated fields as well as

Fig. 1.Map of the Sichuan Hilly Basin in Southwestern China, with the selected study sites and the Tuo River basin shown.

Table 1
Major characteristics of the four primary study sites selected and principal monitoring approach generating the data used in this study.

Variables Yanting Nanchong Jianyang Ziyang

Landform Hilly Hilly Hilly Hilly
Precipitation 826 mm 1010 mm 874 mm 958 mm
Soil Jurassic Penglaizhen Group Jurassic Suining Group Jurassic Suining Group Jurassic Suining Group
Monitoring approach CCD FRT, CCD, SB RPO RPO
Study scale First-order catchment Hillslope and first-order catchment Hillslope Hillslope

CCD – core chronology dating; FRT – fallout radionuclide tracing; RPO – runoff plot observation; SB – sediment budgeting.
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old terraces (Zhang et al., 2003, 2006b). Bulk soil core sampleswere col-
lected at each of the reference sites from 4 to 12 sampling points, using
steel tubes with an inner diameter of 70–80 mm up to a constant depth
of 30 cm. An additional sample was collected from 2 to 3 sampling
points to a depth of 30–60 cm, to assess the possibility of deeper pene-
tration of 137Cs and 210Pbex into the local soil profiles. The vertical distri-
bution of 137Cs in the soil profile at each reference location was
examined by collecting depth-incremental samples at increments of
3–5 cmdown to a total depth of 30–40 cm at one of the sampling points
at each site. The traditional transect approachwas used to assess the re-
distribution of 137Cs along the sampled cultivated slopes. Between three
to six sampling points were selected along each of the slope transects,
according to the slope profile complexity. Three to four bulk samples
(0–30 cm depth) were collected at each sampling point using the
same steel tubes and these were thoroughly mixed into a single sample
to account for the micro-spatial variability of the 137Cs and 210Pbex in-
ventories associated with cultivated surfacemicro-topography, variable
plough layer thickness and initial fallout variability. In addition, some
sampling points were located within potential depositional areas
along the lower terrace boundaries (both cultivated and grass slopes).
Sectioned cores were collected at these locations to evaluate the total
137Cs inventories in the sampled soil profiles.

All samples were weighed, air-dried, re-weighed after drying, disag-
gregated by grinding, sieved using a 2-mm mesh and homogenized.
Representative sub-samples of sufficient mass (~250 g) were then
placed into plastic containers of specific geometry (101 mm inner
diameter and 25mmhigh) and sealed for 28 days to ensure equilibrium
between 226Ra and 222Rn. Radioactivity was measured by γ spec-
trometry with a high-resolution, low-background, low-energy, hyper-
pure N-type germanium coaxial detector coupled to an amplifier
and multichannel analyzer. The 137Cs activity was measured at the
662 keV peak. The counting time was sufficient to determine the 137Cs
isotope activity with a maximum relative error of ±6% at the 95%
level of confidence. The conversion models used to convert 137Cs con-
centrations in the soil cores to sediment redistribution rates along the
slopes are described elsewhere (Zhang et al., 2003, 2006b).

Despite the fact that the 137Cs technique has been applied globally to
provide quantitative soil redistribution estimates (Zapata, 2010;
Matisoff andWhiting, 2011), older andmore recentwork has highlight-
ed potential problems and uncertainties for the underpinning assump-
tions (Sutherland, 1994, 1996; Parsons and Foster, 2011, 2013;
Kirchner, 2013; Zhang, 2014), to which the fallout radionuclide user
community provided a response (Mabit et al., 2013). Zhang et al.
(2015) noted the lack of systematic sensitivity or uncertainty analyses
for evaluating the soil erosion conversion models. In response, Zhang
et al. (2015) undertook such analyses for three widely-used conversion
models. The results suggested that soil redistribution estimates are ex-
tremely sensitive to 137Cs reference and target sample inventories, but
less sensitive to factors such as bulk density, tillage depth and the incor-
poration of a particle size correction factor in the models. Similarly, un-
certainty analysis showed that spatial variabilities of 137Cs inventories in
both reference and target location sites are themajor components of the
total uncertainty associated with soil erosion estimates, followed by the
particle size correction factor used in the conversion models. Factors
such as bulk density and tillage depthwere shown tomakeminor contri-
butions to total uncertainty. Although thework by Zhang et al. (2015) re-
ported that random spatial variations in 137Cs distribution, hamper the
use of the technique for estimating point soil redistribution rates, these
random variations can be overcome statistically by increasing indepen-
dent sample numbers and interpreting soil redistribution rates in terms
of mean values for uniform landform units or contour transects since
the random errors tend to cancel out if averaged over a uniform area.

2.2.3. Use of erosion plots to estimate soil erosion rates on cultivated land
In view of the limitations and uncertainties identified for soil erosion

estimation based on 137Cs measurements (see above), the results

generated using the fallout radionuclide conversion models were com-
paredwith independent evidence based on directmonitoring of soil loss
using bounded runoff plots (Yang, 1997; Lin et al., 2009) located in the
SHB. All plots are 20 m in length and 5 m in width with a concrete
boundary. The use of bounded runoff plots is widely reported in the in-
ternational literature, but again, some important limitations and uncer-
tainties should be borne in mind when interpreting erosion plot data
(Collins and Walling, 2004; Boix-Fayos et al., 2006). The deployment
of boundaries introduces so-called ‘boundary effects’ and thereby re-
duces the representation of wholly natural conditions (Bagarello and
Ferro, 1998; Nearing et al., 1999). As a result, some researchers have de-
ployed unbounded plots (Loughran, 1989). Other issues with bounded
plots include exhaustion effects and unrepresentative coverage of
micro-environments on slopes (Boix-Fayos et al., 2006). Erosion plot es-
timates must be based on long-termmonitoring andmultiple replicates
to generate reliable data (Elwell, 1990; Ollesch andVacca, 2002). Uncer-
tainties are typically associated with the collection of representative
water samples at the plot outlets due to either sedimentation in collec-
tion tanks or unrepresentative sampling by automated samplers
(Morgan, 1995). The results from both the 137Cs tracing and traditional
erosion plot observations were combined with information on land use
to calculate the slope sediment budget term for the Tianmawan study
catchment.

2.2.4. Use of sediment profile dating and bathymetric surveys to measure
sediment storage in ponds and estimate suspended sediment yields

Total sediment volume in dams can be directly measured by geo-
metric surveying, and dry sedimentmass can be estimated using a den-
sity index. Sediment yield from the upstream catchment can thus be
quantified applying a trapping efficiency factor (Mekonnen et al.,
2015). Assessment of sediment storage in the key study areas was un-
dertaken using the 137Cs technique for sediment profile dating and
bathymetric surveys. Depth-incremental sampling was used to permit
the determination of 137Cs vertical depth profiles for the different sedi-
ment sinks (dry/wet ponds and floodplains). Samples from ponds with
water were collected by drilling a single core with a diameter of 98 mm
into the pond bed at the centre of each basin. In these cases, a PVC pipe
with a diameter of 100mmwas used to protect the core during the dril-
ling and subsequent extraction (Zhang et al., 2006a). The resulting 137Cs
vertical depth profiles for each sampled core were used to calculate the
sediment volumes deposited within the sediment sinks over the differ-
ent time intervals revealed by the 137Cs chronologies. A detailed geodet-
ic surveywas conducted for each pond or floodplain sampling site using
a digital tacheometer to document their detailed longitudinal profiles
and total surface areas.

A number of uncertainties need to be borne in mind when
interpreting 137Cs chronologies for deposited sediment profiles. Down-
ward diffusion or migration can influence the depth at which 137Cs first
appears, but such problems are generally more likely in floodplain than
lake or pond profiles,where bioturbationwill bemore restricted by pre-
vailing environmental conditions. 137Cs is generally considered more
mobile than 210Pb and a number of factors can increase the risk of
137Cs remobilization including the presence of ammonium and reduced
oxygen levels (Walling and Foster, 2016). Interpretation of 137Cs chro-
nologies in sediment profiles in the context of fallout patterns is most
reliable in the absence of any significant change in sediment source
over the time period in question that may have drastically changed
the 137Cs content of the deposited sediment (cf. Foster and Rowntree,
2012). The limitations of using a single-core approach have been report-
ed in the international literature (Dearing, 1986; Foster, 2006, 2010;
Foster et al., 2011) but the use ofmultiple cores is generally cost prohib-
itive. Additional uncertainties are associated with obtaining reliable es-
timates of dry bulk density for estimating the sediment mass in storage
and of trap efficiency which can vary over time (Dearing, 1986;
Verstraeten and Poesen, 2000).
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Information on total sedimentation was collected for 79 ponds and
reservoirs within the different study catchments (Fig. 1). The sediment
volumes in ponds and reservoirs were determined based on detailed
depth measurements taken along representative cross-sections. The
number of cross-sections depended on water body size. Total sedimen-
tation was determined based on the differences between the docu-
mented initial bottom surface area at the time of pond construction
and bottom surface area on the date of the field survey. The majority
of reservoirs in the SHB were constructed during the 1950s.

2.2.5. Use of conventional monitoring to estimate suspended sediment
yields

The estimation of suspended sediment yields requires data on dis-
charge and sediment concentrations (de Vries and Klavers, 1994).
River discharge and suspended sediment load estimates (1957–2000)
at the final downstream station on the Tuo River, were collected by
the Yangtze River Water Conservancy Committee under the Ministry
ofWater Resources of China. Hydrologicalmeasurements follownation-
al standards to ensure accuracy and consistency. At each station, repli-
cate vertical profiles of the river channel are arrayed, and both depth
andflowvelocity aremeasured throughout the cross section.Water dis-
charge is calculated by the cross-section area and mean flow velocity.
Suspended sediment concentration is determined by water sampling
based on hydrology stage. Suspended sediment load is the product of
water discharge and sediment concentration and the load is normalized
by the catchment area to generate estimates of annual specific
suspended sediment yield.

Estimates of river discharge are typically reliable only within ±20%
(Sauer and Meyer, 1992; McMillan et al., 2012; Lloyd et al., 2016). The
frequency, number and timing of water samples for the determination
of suspended sediment concentrations will impact significantly on the
precision, bias and accuracy of the data assembled for concentrations,
loads and specific yields (de Vries and Klavers, 1994; Phillips et al.,
1999; Moatar and Meybeck, 2005; Horowitz, 2013). Recent work by
Horowitz et al. (2015) has indicated that calendar-based and random-
basedwater sampling strategies for suspended sediment should consid-
er scale in that larger sample sizes are required as drainage basin scale
decreases and, hydrology-based sampling strategies are likely to gener-
ate the most reliable estimates of sediment flux with the fewest sam-
ples, regardless of catchment size.

3. Results and discussion

3.1. Soil erosion on upland cultivated fields

For the four sites selected to quantify soil erosion using fallout radio-
nuclide tracing and runoff plot observations, cultivatedfields are located
on steep concave slopes with gradients ranging from 5 to 35° as dry

farmlands and on valley bottoms as paddy fields with gradients close
to 0°. There is no erosion on paddy fields except in extreme high
floodingwith low return intervals. The cultivated fields typically occupy
30–40% of the total area of the first-order catchments. The typical
lengths of sloping fields are 5–35 m, parts of which are terraces that
mainly occupy the steepest slopes. According to the fallout radionuclide
data, erosion from fields with a length of b10 m and a gradient ≤5° is
low, with an annual loss of 800 Mg·km−2·yr−1 (Table 2). However,
estimated soil losses based on the same method increase considerably
on steeper slopes (10–20°) with lengths ranging from 7 to 24.7 m, up
to a mean annual loss of 4501 Mg·km−2·yr−1. The proportion of
cultivated slopes with steepness 10–20° is b10% of the total area of cul-
tivated fields based on field observations. In comparison, the corre-
sponding respective estimates for the two slope categories based on
traditional bounded plot experiments were 600 Mg·km−2·yr−1 and
3300 Mg·km−2·yr−1 according to the latest monitoring data (Lin et
al., 2009). Collectively, the estimates of soil loss provided by the two
techniques appear feasible in the context of current understanding of
global erosion rates (García-Ruiz et al., 2015). The simple comparison
of estimated soil erosion rates implies that for both slope categories,
the estimates of soil erosion by fallout radionuclides are marginally
higher (1.33 times higher for 5° and 1.36 times higher for 10–20°)
than those generated by runoff plot studies, albeit in recognition of
the inherent uncertainties associated with both measurement tech-
niques and the fact that this comparison is not based on consistent
study sites nor measurement periods (given that the temporal basis of
the radionuclide estimates covers the last ~50 years and themonitoring
for the plot studies covers a shorter more recent study period).

3.2. Sediment redistribution within headwater catchments and associated
sediment yields

The Tianmawan catchment was selected to understand the slope-
valley connectivity in the sediment budgets at catchment scale. There
are two groups of terraces in this catchment: gentle terraces with
mean slopes of 5° and slope lengths of b10 m and, relatively steep ter-
races with slopes of 10–20° and slopes lengths of 15–20 m. The soil
losses on terraces were determined using both radionuclide tracing
and more traditional bounded plot experiments (Table 3). These tech-
niques were shown above to give broadly similar estimates of typical
soil loss from hillslopes, especially in the case of the steeper slopes.
The total deposited sediment volume (taken to represent SSY) for the
period 1963–1981 was determined based on 137Cs chronologies in
pond deposits (Fig. 3) and the corresponding pond surface areas. The
cored ponds were located at the catchment outlets. Additionally, the
possibility for sediment deposition in the paddy fields located upstream
from the ponds was assessed. New land created by silting at the up-
stream delta of the pond has been brought under cultivation as paddy

Table 2
Comparisons of mean annual net soil losses from upland cultivated hillslopes using 137Cs tracing (CS), combined 137Cs and 210Pbex tracing (CSP) and traditional erosion plot monitoring
(PM).

Site Location Mean annual
precipitation (mm)

Average slope
length (m)

Average slope
gradient (°)

Method Time interval Average soil erosion rates
(Mg·km−2·yr−1)

Cultivation method Reference

Nanchong 1010 9 5 CS 1964–2000 758 Cultivated terrace (Zhang et al., 2003)
17 11 4663 Cultivated terrace (Zhang et al., 2003)
24.7 14 6780 Cultivated terrace (Zhang et al., 2003)

Jianyang 874 7 20 CSP 1954–2008 4870 “Tiaoshamiantu”a (Zhang et al., 2006b)
10 10 1691 “Tiaoshamiantu”a (Zhang et al., 2006b)

Ziyang 950 20 10 PM 1989–1995 2590 Cultivated plot (Yang, 1997)
20 15 PM 1989–1995 4221 Cultivated plot (Yang, 1997)

Ziyang 966 20 20 PM 1998–2005 3250 Cultivated plot (Lin et al., 2009)
20 20 PM 1998–2005 220 Cultivated plot with vetiver

hedgerows through 6,2 m
(Lin et al., 2009)

20 20 PM 1998–2005 365 Cultivated plot with indigo
hedgerows through 6,2 m

(Lin et al., 2009)

a Note eroded sediment settled in ditches was manually returned to the field by farmers.
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fields in the Tianmawan catchment. However, local farmers were un-
able to distinguish the new paddy fields from the old fields because
the pond was constructed so long ago (during the 1950s). This particu-
lar study pond was found to have very limited sediment deposition
based on the 137Cs depth distribution curve for the paddy field, which
is located near the pond.

Based on available data for the Tianmawan catchment, it was possi-
ble to estimate the sediment budgets using the different magnitudes of
the soil erosion term based on the alternative methods. The different
time intervals used as a basis to calculate soil loss and sedimentation
rates are an important source of uncertainty in the estimated sediment
budgets. Using the radionuclide based estimates for soil erosion, the
total soil losses exceed sediment deposition in the pond, yielding a
SDR of 0.87 (Table 3). However, it is likely that a proportion of the mo-
bilized sediment overflowed the dam during extreme events, thereby
introducing one source of uncertainty in this comparison. It is also im-
portant to bear in mind that some extent of error exists in determining
the total volume of sediment accumulated in the pond over the timepe-
riod represented by 137Cs, because it was determined using only one
sediment core and there are known problems with characterizing sedi-
ment bulk density especially for historical deposits. In contrast, the cor-
responding SDR estimated using the erosion plot data to calculate the
soil erosion term of the sediment budget was 1.17 (Table 3). The con-
trasting SDRs for the two budgets is a product of the uncertainty associ-
ated with both methods for estimating the soil erosion rates for
different slope gradients as well as the use of a single-core approach
for evaluating sediment storage in the pond.

Contrasting estimates of hillslope soil erosion in the Tianmawan
catchment were calculated using the radionuclide (123.5 Mg·yr−1)
and runoff plot (91.5 Mg·yr−1) methods (Table 3). This comparison,
however, is not based on consistent study slopes or experimental dura-
tion. It is feasible to suggest thatmean annual soil losses from cultivated
terraces was slightly higher in particular during the 1960s–70s, because
a clear trend of decreasing total precipitation and rainfall intensity was
identified for the SHB from themiddle to the end of 20th century. This is
likely to be a factor in the magnitude of the rates based on 137Cs in the
context of the fallout history of that particular radionuclide (cf. Porto
et al., 2013). In contrast, both sets of plot observation data were collect-
ed during the 1990s and the beginning of the 2000s and so coincide
with the period of lower rainfall totals and intensities. It is also likely
that erosion rates determined using both 137Cs and 210Pbex are influ-
enced by losses independent of water, tillage and wind erosion due to
the local harvesting of sugar beet and potatoes. According to existing
data, soil losses accompanying the harvesting of root crops are as high
as 500–600 Mg·km−2·yr−1 with large harvesting equipment (Poesen
et al., 2001). In the context of the higher estimates of soil loss based
on radionuclides (200–1200 Mg·km−2·yr−1 higher for the two slope
categories) and the size of the harvesting equipment in the study area,

it is likely that such losses are partly responsible for the differences in
the estimated erosion rates in Table 3, but the ongoing need to test
the principal assumptions of radionuclide-based assessments (Parsons
and Foster, 2011) and to recognise and attempt to quantify the inherent
uncertainties (Zhang et al., 2015) must be borne in mind here. Ongoing
work by some researches has been testing the 137Cs approach for the es-
timation of soil loss in different environments (Mabit et al., 2008, 2013)
using long-term sediment yield monitoring data for micro-catchments
(Porto et al., 2001, 2003, 2016), erosion models (Hancock et al., 2008)
or a combination of different methods and techniques (Golosov et al.,
2008) and these studies provide validation of 137Cs-based soil erosion
data at micro-scales. In recognition of the uncertainties associated
with the 137Cs-based approach, however, and the continued need for
detailed systematic evaluation of the assumptions underpinning fallout
radionuclide assessments of soil erosion in different types of environ-
ment, this study assembled soil erosion rates predicted using both ra-
dionuclide methods and unit erosion plots in recognition of the need
to interpret the former carefully in the context of alternative indepen-
dent data for this particular component of the catchment sediment bud-
get. In the case of this study, and again bearing in mind the inherent
sampling and measurement uncertainties associated with the different
approaches and additional potential contributing factors discussed
above, the impact of the slightly higher erosion rates predicted using
137Cs is accentuated by scaling up to estimate the SDR of the sediment
budget (Table 3). Using either estimate of the soil erosion term suggests,
however, that zero-order catchments are characterized by very high
SDRs. High SDRs are normally associated with corresponding high sed-
iment system sensitivity to environmental and anthropogenic controls
(Walling, 1999).

The SSY was also determined using 137Cs chronologies for the two
other study catchments (Wujia and Jiliu). These 137Cs-based SSYs for
deposition in the ponds were estimated from the deposition volumes
on the basis of the dateable 137Cs peak horizons, the elapsed time
since pond construction, trap efficiency, sediment bulk density
(1.4 Mg·m−3) and upstream catchment areas. No corrections were
made for autochthonous sediment inputs associated with organic mat-
ter production, shoreline inputs (most severe immediately after post
construction) or atmospheric inputs (cf. Foster, 2010).

In 1956, a small reservoir was constructed at the outlet of theWujia
catchment for irrigation purposes. The Wujia catchment is very small
and characterized by steep terrain. The eroding purple soil is very fine
(99% of the particles are b0.5 mm in diameter). Field investigations in-
dicated that no significant deposition occurred in the gully bottom up-
stream from the reservoir. The reservoir has a current storage capacity
of 25,000 m3 with a maximum water depth of 3.0 m and a surface
area of 9200 m2. This dam has a spillway and bottom culvert with sev-
eral intakes on the left side. The maximum sediment deposition depth
since 1956 was 1.3 m and 5000 m3 of sediment had been deposited in

Table 3
Sediment budget estimates for the Tianmawan catchment.

Mean annual soil erosion rate
(Mg·km−2·yr−1)

Area
(km2)

Annual soil loss
(1963–2004) (Mg)

Annual sediment storage
(Mg) (1963–1981)

Annual sediment
delivery ratio

Soil erosion estimated by radionuclide tracing on
cultivated terraces with a mean slope of 5°

800 0.07 56

Soil erosion estimated by radionuclide tracing on
cultivated terraces with a mean slope of 10–20°

4501 0.015 67.5

Annual soil loss 123.5
Sediment deposition in the pond 107 0.87
Soil erosion estimated by runoff plots on cultivated
terraces with a mean slope of 5°

600a 0.07 42

Soil erosion estimated by erosion plots on
cultivated terraces with a mean slope of 10–20°

3300b 0.015 49.5

Annual soil loss 91.5
Sediment deposition in the pond 107 1.17

a Based on the relationship between slope gradient and soil loss which has been established using Chinese observations (Liu et al., 1994).
b Based on plot study (1998–2005) data (Lin et al., 2009).
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the reservoir, which was estimated from the changes in its water stor-
age volume. Parts of the fringe areas in the reservoir were dredged in
1985 and this should be borne in mind. Based on the deposited sedi-
ment volume in the reservoir (since 1956), the SSY of the Wujia catch-
ment was estimated to be 701 Mg·km−2·yr−1. In the Jiliu study
catchment, a grey green fine sand layer was found in the deposited sed-
iment profile (Fig. 2). It ismost likely to be associatedwith sediment de-
livered to the pond in 1984, when a road was constructed in this
catchment. The estimated annual average SSY for the period 1984–

2003was 584Mg·km−2·yr−1, which is less than that during the period
1963–1983.

3.3. Wider evidence on suspended sediment yields at multiple catchment
scales

The estimated SSYs for 79 additional catchments, calculated from a
more strategic reservoir sediment survey, varied between the groups
(Table 4). However, the estimated SSYs increased from small ponds

Fig. 2. 137Cs depth distribution along sediment cores extracted from ponds at (a)Wujia catchment (upper plot), (b) Jiliu catchment (middle plot), (c) Tianmawan catchment (lower plot).
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(79–1568 Mg·km−2·yr−1), large ponds (632–958 Mg·km−2·yr−1) to
small reservoirs (71–2238 Mg·km−2·yr−1) with a subsequent reduc-
tionwhen scaling up tomedium reservoirs (306–1780Mg·km−2·yr−1).
The estimatedmean SSYs for the different pond/reservoir groups are 641
(N = 60), 762 (N = 4), 849 (N = 9) and 733 (N = 6) Mg·km−2·yr−1,
respectively. The range of estimated SSY in each pond/reservoir group
was broadly similar, although much less in the case of large field
ponds. There is some increase in SSYs from small ponds to small reser-
voirs with catchment areas of b15 km2. Gully and bank erosion may be
responsible for some of this increase in estimated SSYs, particularly
given the relatively high channel gradients and high intensity of
weathering (up to 1.2 cm·yr−1). However, direct comparisons between
the estimates should bear inmind uncertainty arising fromdifferent land
use proportions in the different catchments. More detailed study should
be undertaken to help improve the interpretation of these SSY estimates
on the basis of key catchment characteristics.

The high variability in SSY estimates for each groupof ponds and res-
ervoirs has two likely principal causes. The first is the high variability of
soil erodibility due to differences in parent rocks. For example, even
heavy rain-storms with a mean rainfall intensity of around 80 mm per
hour produce very low runoff (runoff coefficient b 0.01) in zero-order
catchments with permeable sandstone parent rocks and sandy loam
soil (Yang et al., 2009). The second cause is the spatial and temporal var-
iability of land use over the last 50–60 yearswithin the individual catch-
ments. The proportion of arable land, forest and wasteland has not
remained uniform. Additionally, individual cultivated fields may have
different crop rotations over time and thereby varying risks of soil ero-
sion and sediment loss. All of these factors can potentially influence the
variability of estimated SSYs for individual small catchments over time.

3.4. Preliminary data interpretation in the context of potential climatic and
anthropogenic drivers

It is typical in the SHB for SSY to increase with catchment area up to
10 km2, due to the increased contribution of gully/bank erosionwith in-
creasing scale (Fig. 3). The relative contribution of erosion under the for-
est (not included in the soil loss data reported herein) and in the gullys
of the SHB, according to results from the application of the source

fingerprinting technique, can reach 40–45% of total sediment produc-
tion. However, it would be constructive to measure gully wall and
river bank retreat directly for its accurate quantitative assessment in
terms of gross contribution to the catchment sediment budget. Sedi-
ment budget terms are also required to represent sediment losses
from wastelands under the forest and without canopy cover as a
means of providing a more comprehensive understanding of the local
natural processes releasing sediment.

The rates of bank erosion decrease,with increasing basin area, due to
the increasing proportion of flat paddy fields (valley bottoms) that are
not producing additional net sediment loss to the channel. Thus, it is
possible to expect some decrease in SSY with a basin area increase in
river catchments with an area of b100 km2, even in the case of the typ-
ically extremely low floodplain sedimentation rates in the SHB. This
interpretation should be confirmed by direct measurements on flood-
plains, but the intensive use of all floodplains as cultivated land (mostly
paddy land) and the deep incision of local river channels into parent
rocks provide partial confirmation of this interpretation. However, if
we compare the mean annual SSY of the Tuo River (basin area
23,283 km2; Fig. 1) from 1957 to 1966 (Fig. 4) with the mean annual
SSY for medium size reservoirs (b60 km2) from 1950 to 2000, we do
not find any differences. Thus, it is more likely that soil losses from
zero-order catchments were higher in the 1957–1966 period. This is
also confirmed by the 137Cs depth distribution profiles in the cored
ponds, where 137Cs was found to be 40–60 cm deeper than the 137Cs
peak. Initial 137Cs fallout occurred in 1954, so it is likely that soil loss
was highest between 1957 and 1966. A sharp increase in the number
of ponds and particularly, water storage reservoirs during the late
1950s–1960s led to a considerable decrease in both water discharge
and sediment yield during the period 1967–1984, comparedwith previ-
ous time intervals. However, it is more likely that soil losses from culti-
vated fields did not decrease considerably in that time period as soil
erosion conservation was not being implemented during this period.
Soil erosion has been accelerated significantly by intensive land use
practices during the period 1950s–1980s. Unused land was extensively
reclaimed to meet increasing food demand due to population growth
during the 1950s–1970s. The establishment of the Household Responsi-
bility System in the early 1980s greatlymotivated local farmers tomake

Table 4
Specific sediment yields (SSY) calculated from pond and reservoir deposits.

Sediment sink Catchment area (km2) Number of ponds Mean catchment area (km2) Specific sediment yield (Mg km−2 yr−1)

Mean Max Min Standard deviation CV (%)

Small field ponds b0.25 60 0.11 641 1568 79 686 60
Large field ponds 0.25–2 4 1.02 762 958 632 142 19
Small reservoir 2–15 9 9.6 849 2238 71 676 80
Medium reservoir 15–60 6 39.3 733 1780 306 474 65

Fig. 3. The relationship between specific sediment yield (SSY) and catchment area for small catchments in the Sichuan Hilly Basin.
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full use of their land. This is also partially confirmed by the sharp in-
crease in SSY in 1982 (Fig. 4), which was more likely associated with a
few extreme rainfall events. By realizing that severe soil erosion
threatens sustainable land use and causes significant downstream
flooding and sedimentation, multiple conservation schemes have
been implemented in this region since the 1980s. Engineeringmeasures
(terracing) have been introduced to protect fertile topsoil loss under ar-
able land use. The “Grain for Green Programme”, launched in 1999, aims
to transfer cultivated hillslopes with gradients greater than 25° to forest
or grassland. Land use changes have taken place in conjunction with re-
forestation and urbanization. It is more likely that the gradual increase
in area under the forest in the SHB and crop rotation changes since
the mid 1980s considerably influenced the decreasing SSY during the
period 1985–2000, compared with 1967–1984 (Fig. 4). Simultaneously,
therewas a clear decreasing trend inmaximum rainfall intensity during
the summer months in the SHB since 1990. There has also been some
decrease in summer precipitation (Huang et al., 2014). Thus, both natu-
ral factors and soil conservationmeasures are likely to be responsible for
the decreasing SSYs measured during the period 1985–2000 (Fig. 4 and
Table 5).

The SHB is characterized by very high slope-channel connectivity
and this results in efficient transport of themajority of eroded sediment
from zero-order catchments to main river channels. In terms of the es-
timated SSYs from the zero-order catchments in the SHB, the estimates
provided by this study are broadly comparable to those observed
around the world (Walling, 1983), particularly given the relatively
high proportion of naturally-induced erosion (gully and wastelands).
However, the subsequent sediment transfer along the fluvial drainage
system into higher order river channels is completely different. In the
SHB, even for river basinswith an area of N20,000 km2, the SSY exceeds
400 Mg·km−2·yr−1 (Lu and Higgitt, 1999). This can be explained by

the very low sedimentation along the pathways from the slope catch-
ments to the main river valleys and on the river floodplains which re-
sults in high SDRs regardless of increasing catchment scales.

4. Conclusions

Soil erosion and sediment production at hillslope field, first-order
small catchment (b0.25 km2) and drainage basin scales in the Sichuan
Hilly Basin generated by multiple approaches were synthesized and
interpreted in the context of potential climatic and human controls.
Mean annual soil erosion rates ranged from 800 Mg·km−2·yr−1 to
4500 Mg·km−2·yr−1 on the basis of fallout radionuclide tracing and
from 600 Mg·km−2·yr−1 to 3300 Mg·km−2·yr−1 using runoff plot
monitoring on selected cultivated hillslopes. Slope-channel connectivity
is high, meaning that the majority of eroded sediment from upland cul-
tivated hillslopes is transported directly to the main river channels. A
clear decreasing trend in soil erosion rates (400–500 Mg·km−2·yr−1)
has been observed over the last 20–25 years and a consistent pattern
has, in turn, been observed in monitored SSY. Declining rainfall totals
and intensities are likely to be a factor controlling these consistent
trends in soil erosion and SSY. The implementation of soil conservation
practices is also likely to have contributed to the reduced soil losses and
sediment transfers to, and through, the fluvial system. Given the high
SDRs estimated using the sediment budgeting approach discussed here-
in,fluvial SSY serves as a direct indicator of soil loss. Therefore, it may be
possible to forecast the reduction of sedimentation rates in the Three
Gorges Reservoir (TGR) on the basis of these trends of decreasing soil
losses and SSY from the SHB, since sediment input from upstream
catchments contributes ~86.7% of total sediment discharge to the TGR.
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Fig. 4. Temporal changes in annual average runoff discharge and suspended sediment load for the Tuo River basin.

Table 5
Temporal variations in runoff discharge and specific suspended sediment yield (SSY) in
the Tuo River basin.

Period Mean annual runoff discharge
(108 m3)

Mean annual SSY
(Mg·km−2·yr−1)

1957–1966 140 759
1967–1984 119 441
1985–2000 113 177
1957–2000 122 417
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