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Land use changes, such as deforestation and agricultural expansion, increase soil erosion on the scale of hillslopes and small drainage basins. However, the eﬀects of these changes on the sediment load in rivers is poorly
quantiﬁed, with a few studies scattered globally, and only 10 data points in the world’s most populous nation,
China. At 20 diﬀerent sites in western China, we compare contemporary ﬂuvial sediment yield data collected
daily over 4 to 26 years between 1945 and 1987 (median = 19 years) to long-term measures of sediment
generation based on new isotopic measurements of in situ 10Be (beryllium-10) in river sediments. We ﬁnd that
median sediment yield at these sites exceeds background sediment generation rates by a factor of two (from 0.13
to 5.79 times, median 1.85 times) and that contemporary sediment yield is statistically signiﬁcantly diﬀerent
from long-term sediment generation rates (p < 0.05). Agricultural land use is directly and signiﬁcantly proportional to the ratio of contemporary sediment yield to long term sediment generation rates (Spearman correlation coeﬃcient rho = 0.52, p < 0.05). We support these ﬁndings by calculating erosion indices, which
compare the delivery of meteoric 10Be to each watershed with the export of meteoric 10Be bound to riverine
sediment. Erosion indices are also directly and signiﬁcantly proportional to agricultural land use (rho = 0.58,
p < 0.05). Together, these data sets suggest that upstream agricultural land use has signiﬁcantly increased
sediment supply to rivers in western China, likely increasing turbidity and decreasing ecosystem services such as
ﬁsheries.

1. Introduction

et al., 2015; Chappell et al., 2006; Reusser et al., 2015; Schmidt et al.,
2011; Vanacker et al., 2014) compare background sediment generation
rates to contemporary gauging station data from 16 studies of sediment
yield, of which three were in Europe, ﬁve in the United States, two in
the South America, one in Australia, and the remaining ﬁve in Asia. The
Asian studies include data from Taiwan (n = 1) (Dadson et al., 2005;
Siame et al., 2011), Sri Lanka (n = 9) (Hewawasam et al., 2003), Israel
(n = 1) (Clapp et al., 2000), and China. The China studies focus on
tributaries to the Yangtze River (n = 5) (Chappell et al., 2006) and
Yunnan and Tibet (n = 5) (Schmidt et al., 2011), but these 10 data
points cover only the steep headwater reaches of the rivers draining the
region, which have relatively little agriculture.
With thousands of years of human history, the eﬀect of long-term
agricultural land use on sediment supply to rivers in China provides
valuable data on how humans have altered sediment ﬂuxes on the
planet. In this paper, we quantify the landscape-scale eﬀect of longterm agricultural land use in China by comparing the sediment yield in

The local eﬀects of deforestation and conventional agriculture on
erosion, soil productivity (Matson et al., 1997; Montgomery, 2007),
river ecosystems (Gellis et al., 2017), and the global carbon budget (Lal,
2003) include erosion of soil faster than it forms (Amundson et al.,
2015). Comparing long-term rates of sediment generation with current
rates of sediment export (yield) quantiﬁes how land use changes aﬀect
watersheds. Better understanding of human eﬀects on erosion, sediment
transport, and sediment yield has implications for ecosystem services in
river environments, including habitat for aquatic animals (Gellis et al.,
2017), sedimentation of reservoirs (Wang et al., 2005), and nutrient
supply to rivers through nutrients adsorbed to sediment (Walling et al.,
2003).
Direct comparisons of short-term sediment yield to long-term
sediment generation rates are limited (Covault et al., 2013). Covault
et al.’s (2013) compilation and several subsequent studies (Bartley
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20 rivers (basin area, 31–213,260 km2; median = 5640 km2) to background rates of sediment generation determined using measurements of
in situ produced 10Be (beryllium-10) in river sediment (Bierman and
Steig, 1996; Brown et al., 1995; Granger et al., 1996). The sediment
analyzed for 10Be was collected at or near the gauging stations used to
quantify sediment yield (Fig. 2). In addition, because we also measured
meteoric 10Be for each sample, we are able to provide the ﬁrst largescale follow up of the erosion index method proposed by Brown et al.
(1988) as a measure of isotopic steady state in a watershed. These data
are important because meteoric 10Be can be measured in any sample,
regardless of quartz content of the upstream watershed, making it a
potentially powerful tool for assessing human impacts on the environment across a wide range of lithologies.

2003; Reusser et al., 2015), at least in the smallest watersheds
(Vanmaercke et al., 2015). With the exception of 10 data points
(Chappell et al., 2006; Schmidt et al., 2011), these studies have not focused on China, despite China’s large population and long history of
intensive human land use.
One major source of uncertainty in these studies is that many rely
solely on suspended sediment measurements to estimate contemporary
sediment yield. Suspended sediment is only part of the sediment moved
out of a system in rivers and relying just on suspended sediment measures without considering bedload (Fig. 1), as many studies do (e.g.,
Clapp et al., 2000; Hewawasam et al., 2003; Kirchner et al., 2001;
Reusser et al., 2015), means that contemporary sediment yield is underestimated. Some studies have bedload data and include these in
measures of contemporary sediment yield (e.g., Schaller et al., 2001;
Vanacker et al., 2014), while other studies apply a correction factor that
increases sediment yield by an estimate of bedloads for the studied
rivers (e.g., Bartley et al., 2015). Dissolved load is important when
considering total mass loss from the system but unlike bedload is not
directly relevant to the comparison between suspended load and cosmogenically determined rates of denudation except when substantial
chemical weathering and solution loss occurs in the upper 2 meters. In
that case, cosmogenic erosion rates should exceed rates of sediment
transport.

2. Background
In situ-produced 10Be (10Bei), measured in ﬂuvial sediment, has been
used extensively to quantify rates of erosion and infer background rates
of sediment generation mostly, but not exclusively, in small, headwater
basins. 10Bei concentration in sediment is inversely related to erosion
rate (Bierman and Steig, 1996; Brown et al., 1995; Granger et al., 1996)
and erosion and sediment generation rates calculated from measured
10
Bei concentration are insensitive to human activities, as long as erosion does not exceed the depth of the mixed soil layer (∼100 cm)
(Bierman and Steig, 1996; Brown et al., 1995; Granger et al., 1996;
Reusser et al., 2015; Schmidt et al., 2016; Vanacker et al., 2007; Von
Blanckenburg et al., 2004).
Meteoric 10Be (10Bem) forms in the atmosphere through cosmic-ray
induced spallation of nitrogen and oxygen (Lal and Peters, 1967). Once
formed, the isotope adheres to aerosols and is delivered to Earth’s
surface by either precipitation or dry deposition (Graly et al., 2011;
Willenbring and von Blanckenburg, 2010). The delivery of 10Bem is a
function of latitude, precipitation rate, and the movement of the isotope
within the atmosphere (Graly et al., 2011; Willenbring and von
Blanckenburg, 2010). When considered along with contemporary
sediment yield data, 10Bem can be used to calculate the erosion index
(EI) of a watershed, which reﬂects the balance between atmospheric
delivery and ﬂuvial export of the isotope; the erosion index is a function
of erosion intensity and sediment transport eﬃciency (Brown et al.,
1988). Brown et al. (1988) found that higher erosion indices were associated with landscapes with more human disturbance upstream of the
sample site, but this approach has not been applied beyond the basins
Brown studied (primarily in the southeastern United States with a
global compilation of 11 continent-scale watersheds as well).
The degree to which chemical weathering (dissolution) is included
in erosion rates measured with 10Bei varies depending on the depth of
the weathering front in the study area (Fig. 1). If the weathering front is
shallow (< 2 m below the surface), then most 10Bei production will cooccur with solution weathering and erosion rates calculated with 10Bei
will include mass loss both through solution and physical transport.
However, if the weathering front is deeper than the 2 m penetration
depth for neutrons producing most 10Bei, then erosion rates calculated
with 10Bei will reﬂect primarily physical processes of mass loss (erosion) and thus underestimate total mass lost from the system.
Prior comparisons of contemporary sediment yield with long term
sediment generation rates determined by 10Bei measurements in detrital
sediment come to one of four conclusions: 1) the landscape is in mass
steady state (Matmon et al., 2003; Wittmann et al., 2011), i.e., has similar
background rates of sediment generation and short-term sediment yield;
2) dams have reduced contemporary sediment yield (Syvitski et al.,
2005) or raised apparent 10Bei-derived sediment generation rates
(Reusser et al., 2017); 3) stochastic, high-magnitude, low-frequency
events not well captured by contemporary sediment yield records increase background sediment generation (Covault et al., 2013; Kirchner
et al., 2001; Schaller et al., 2001; Schaller et al., 2001); or 4) land use
change has increased contemporary sediment yield (Hewawasam et al.,

3. Study site
Our study focuses on rivers draining from the Tibetan Plateau
through Yunnan province, China. Due to the thousands of years of
agricultural land use in the area and the long record of Chinese gauging
station data (Schmidt et al., 2011), this region is ideal for testing
whether land use alters the rate at which rivers export sediment. Our
sampling locations are on larger rivers in the northern parts of the study
area and on smaller rivers in the southern parts. The sampling scheme
reﬂects the location of sediment gauging stations (Schmidt et al., 2011).
The geology of the eastern Tibetan Plateau and Yunnan and the
resulting landscape are diverse and formed as a result of the India-Asia
collision and the outward expansion of the Tibetan Plateau (Burchﬁel
and Chen, 2012). Our study area includes the sedimentary Qiangtang
and Lhasa Terranes in the Tibetan Plateau headwaters of the Salween
and Mekong, and the sedimentary redbeds of the Lanping Simao, the
slightly metamorphosed sedimentary and volcanic Baoshan, and
Chengling-Mengliang terranes to the south (Akciz et al., 2008; Burchﬁel
and Chen, 2012). In addition, the Gaoligong Shan, Chongshan, Xuelong
Shan, and Ailao Shan shear zones all run through the study area (Akciz
et al., 2008; Burchﬁel and Chen, 2012).
The topography of our study area is as varied as the geology
(Figures DR1). We sampled watersheds in the Salween, Mekong, Red,
and Irrawaddy catchments. Basins range in size from 7 km2 to
189,000 km2 (basin area and topography data from NASA LP-DAAC
(2012)). Mean basin elevations range from < 1400 to > 4600 m;
mean basin slopes range from 14° to 23° for a moving window 90 m2 in
size. The largest basins we sampled are on the Yangtze, Mekong, and
Salween Rivers; these sites are sampled in their respective gorges and
have relatively steep average basin slopes (≥20°) and large upstream
areas (≥88,000 km2). South in the study area and away from the
margins of the Tibetan Plateau, average basin slopes generally decrease
(Figure DR1).
Study area climate is monsoonal and dominated by interaction between the East Asian summer monsoon and the Indian summer monsoon, as well as by topography (Yatagai et al., 2012). Sampled basins
receive between 500 and 1400 mm of precipitation annually (Figure
DR1) (Yatagai et al., 2012). During the monsoon season (June to September), 85% of the annual precipitation falls and the rivers transport
62% of the annual discharge and 86% of their annual suspended
sediment load (Henck et al., 2010). Soil erosion is intensiﬁed during the
monsoon months by ﬂooding and runoﬀ (Yang et al., 2010). Broadly
2
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Fig. 1. (A) Conceptual ﬁgure showing how the depth of the weathering
front aﬀects sediment generation rates derived from 10Bei. If disturbance is
shallower than the mixed layer, 10Bei-determined sediment generation
rates are not altered by the disturbance. If the weathering front is shallow,
10
Bei-derived sediment generation rates largely include the eﬀects of
chemical weathering. However, 10Bei-determined sediment generation
rates will underestimate the total mass ﬂux from the landscape as the
weathering front deepens. Inset shows diﬀerent integration times for 10Bei,
sediment yield, and land use. (B) Distribution of river mass load between
bed, suspended, and dissolved loads is diﬀerent for every river. The proportions shown are representative of the study region (Summerﬁeld and
Hulton, 1994). The ratio of sediment yield to 10Bei-derived sediment
generation rate will be underestimated if only suspended load, and not
bedload, is considered.

None of the watersheds sampled have signiﬁcant percentages of
glacial cover at the present time, and thus are unlikely to have been
signiﬁcantly aﬀected by Holocene glaciation. Holocene climate in the
region has been relatively stable, as evidenced by no major glacial

speaking, rainfall increases from north to south in the study area. The
large catchments along the main stem Yangtze, Salween, and Mekong
Rivers are the driest while the smaller catchments on tributaries to the
Mekong in the southern parts of the study area are the wettest.

Fig. 2. Context map showing major rivers, gauging
station and sediment sample locations, watershed
boundaries, and land use for the upstream watersheds. Often several stations are located on the same
river. Watershed areas shown, and thus upstream
land use, only depict the unique area sampled by
each station. Inset map shows study area in the
context of Asia. Labels in italics (3A, 3B, 3C,D)
identify the watersheds where photos in Fig. 3 were
taken.
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Fig. 3. Watershed ﬁeld photos (locations labeled in Fig. 2). (A) Reforestation projects have established monocultures along steep slopes. (B) Rice paddies are common. (C) Agricultural
practices include slash and burn. (D) In river sand/gravel mining is ubiquitous.

China has had a centralized, active land management program for
many years. Following catastrophic ﬂooding on the middle Yangtze
River in 1998, the Chinese government implemented the Natural Forest
Protection Program and the Returning Farmland to Forest Program,
among the world’s largest payment for ecosystem services programs
(Chen et al., 2009). The programs’ goals were to decrease erosion in
headwater regions through controversial bans on deforestation and
agriculture on steep slopes and mandatory reforestation of these lands
(Brandt et al., 2012; Trac et al., 2007, 2013; Zhang et al., 2014). The
1998 Yangtze River ﬂoods are blamed by the government on deforestation and increased agriculture during the Three Great Cuttings (the
Great Leap Forward [late 1950s], Grain as the Key Link [early 1970s],
and Opening and Development [mid-1980s]) (Shapiro, 2001; Trac
et al., 2007). However, prior large scale research has been inconclusive
on the role of human activity in increasing sediment yield rates (Lu
et al., 2003a, 2003b; Schmidt et al., 2011). In contrast, small scale
studies of land use and erosion from the 1950s to present suggest that
deforestation and increases in agriculture have greatly increased erosion in western China (Shapiro, 2001; Urgenson et al., 2010). There are
three possible ways to reconcile these data: erosion increased locally
but increases were not widespread enough to increase sediment yield in
large rivers, eroded material is stored in ﬂoodplains and alluvial fans
and has not exited the watershed in rivers, or sediment yield was elevated during the entire sediment gauging period of record
(1950s–1980s) (Schmidt et al., 2011).

advances (Schäfer et al., 2002). Work in the eastern Tibetan Plateau
(Litang area, just north of our study region) suggests that even during
the last glacial maximum (24–13 ka), glaciers did not extend more than
∼10 km further down valley than they do at present (Schäfer et al.,
2002). Erosion rates are high enough that any glaciation during the
Pleistocene has little eﬀect on 10Bei concentrations measured today.
Current land use in our sampled catchments ranges from 0 to 54%
agricultural (Fig. 2), with agricultural use generally increasing from
north to south (Chen et al., 2015). Thus, the main stem Salween,
Yangtze, and Mekong samples, which represent the largest upstream
areas, have minimal (< 5%) agricultural area; in contrast, the watersheds on the rainier, ﬂatter slopes in the southern parts of the study
area are the most agricultural. Field observations suggest that agricultural land use includes cultivation of rice, sugar cane, bananas, tea,
and rubber trees. We observed monocultures on steep slopes, sometimes all the way to the river, and slash-and-burn agricultural practices
(Fig. 3). In addition, furrows on agricultural ﬁelds are frequently parallel to the hillslope rather than perpendicular; we assume this furrowing is to facilitate drainage during the wet growing season.
Human impacts in river channels (dams, gravel mining, irrigation
diversions, channel straightening) are common in the study area
(Fig. 3). We mapped dam locations (using Google Earth) upstream of
each sample site and ﬁnd that 7 of 20 sample sites have no dams that
are visible on Google Earth within 100 km upstream. The remaining 13
sample sites are downstream of dams. The 13 sites are 0.2–43 km
(median = 12 km) downstream of dams. Dams in the region post-date
the sediment yield data (Magee, 2006), all of which were collected
prior to 1987. In stream gravel mining is ubiquitous in the region. We
tried to sample upstream of gravel mines where possible, but likely
were downstream of other gravel mining operations. In addition, in
some watersheds, major channel alterations such as straightening and
water diversion for irrigation were common. In one extreme case (CH127), the main channel was not identiﬁable in parts of the watershed
due to human modiﬁcation.

4. Methods
4.1. Field methods
We collected medium sand-size (250–850 μm) sediment samples
from active river channels and ﬂoodplains to analyze for both in situ and
meteoric 10Be (10Bei and 10Bem, respectively) at 20 sites at or near
Chinese-operated gauging stations for which there are discharge and
4
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(Portenga et al., 2015). The ﬁnal uncertainty of the blank-corrected
ratio is the uncertainty of the isotopic measurement and the blank
propagated in quadrature.
Background sediment generation rates [tons km−2 yr−1] were calculated from 10Bei concentrations using the CRONUS Earth Calculator
Version 2.3 (http://hess.ess.washington.edu/) (Balco et al., 2008). To
make this estimate, we calculated the eﬀective elevation of each watershed using the approach of Portenga and Bierman (2011) (Table
DR2). We did not adjust calculations for watersheds with dams, but
recognize that this could result in overestimating sediment generation
rates for samples taken in close proximity to dams if those dams effectively restrict or cut oﬀ sediment supply from upstream − something
unknowable without extensive ﬁeldwork and details of the dam operations (Reusser et al., 2017). We used the time-invariant scaling
scheme of Lal (1991) and Stone (2000) and the global production rate
of 10Bei (Borchers et al., 2016). To calculate background sediment
generation rates, we assume a long-term sediment delivery ratio of one
(i.e., all sediment eroded is exported in the rivers and there is no net
storage in the watershed), and that no eroded material is lost in solution. This means that our background sediment generation rates likely
underestimate actual mass lost because some mass is lost by dissolution.
The assumption of no signiﬁcant net sediment storage is reasonable
over long time scales. In our study area, the mountainous topography
and relatively high 10Bei erosion rates suggest that the percentage of
sediment stored during transport is minimal over geologic time scales
(i.e., how long it takes to erode one attenuation length, ∼60 cm of
rock). Field observations conﬁrm that although some catchments retain
some alluvium, including terraces (seen in 5 out of 20 catchments), it is
unlikely that total alluvial volume is more than a small percentage of
the total sediment ﬂux out of these steep, predominately mountainous
catchments.

suspended sediment data available for 4 to 26 years between 1945 and
1987 (Schmidt et al., 2011). Samples were collected from alluvial rivers
in landscapes with varying degrees of agricultural land use. Agriculture
on river banks and dredging of river channels for gravel were common;
when possible, we collected samples upstream of dredging operations.
Three samples (05-3R-1b-YANG, 05-3R-14a-MEK, and 06-3R-38-MEK)
were collected in 2005 and 2006; all others were collected in 2013 and
2014. For most sample sites (all except CH-146, 05-3R-1b-YANG, 053R-14a-MEK, 06-3R-38-MEK), we collected between 2 and 4 samples at
each site (in channel and overbank, samples collected 1–3 km apart,
and/or in both 2013 and 2014). The 10Bei and 10Bem concentrations we
report for each station represent an uncertainty-weighted average and
standard deviation of these spatial and temporal replicate samples to
reduce uncertainty due to variability in sediment moving through the
rivers (Gonzalez et al., 2017).
4.2. Basin average parameters
We used the 30 m GDEM topographic dataset (NASA LP-DAAC,
2012) to determine watershed boundaries as well as eﬀective elevation,
slope, and upstream area for each watershed. Rainfall data are taken
from the APHRODITE dataset (Yatagai et al., 2012). This dataset is
coarser than other available datasets for rainfall in the region, but has
better spatial and temporal accuracy (Andermann et al., 2011).
Land use was determined from the Global Land Cover (GLC) dataset
(Chen et al., 2015). For each basin, we determined the percent of the
upstream area that is agricultural from the “cropland” classiﬁcation.
However, this underestimates cropland for our watersheds because
orchards are classiﬁed as forested. In the ﬁeld, we observed numerous
banana and rubber plantations in the study area, but these locations are
classiﬁed as “forest” in the GLC dataset. Likewise, tea plantations we
observed in the ﬁeld are classiﬁed as shrubs. Thus, percent agricultural
land is a minimum value, particularly in southern parts of the region,
where banana and rubber plantations are most common. In addition,
because the land use data are based on images taken between 2000 and
2010, and the suspended sediment data are for 1945–1987, there is a
mismatch in time that may induce other errors into the analysis. Given
expansion of agriculture in China during the 1950s-1970s as well as
recent development, it is likely that any errors in the land use data are
not systematic over or underestimates of agricultural land relative to
the time of the gauging station data.
4.3.

4.4. Contemporary sediment yield data
We use the contemporary sediment yield for 20 rivers (Schmidt
et al., 2011), based on discharge and suspended sediment data from
the Chinese Ministry of Hydrology (http://www.oberlin.edu/faculty/
aschmidt/chdp/index.html). Dissolved and bedload data are not
available. The Mekong River is reported as having ∼13% of the total
river mass load as dissolved load and globally bedload is ∼10% of
the suspended load (Summerﬁeld and Hulton, 1994). We only consider the suspended solid river load in this paper. Thus, because we
only have suspended sediment data, reported contemporary sediment
yields are an underestimate of actual contemporary rates of sediment
leaving basins. We recalculated sediment yields from the original
daily data because in some cases upstream basins and areas were
based on better knowledge of the station location either from the
ﬁeld (i.e., we found the actual station) or from online resources
available from the Chinese Ministry of Hydrology. Annual sediment
yields are not normally distributed for any station (Figure DR2).
Thus, instead of reporting mean annual sediment yield, we use
median annual sediment yield and report the interquartile range as
the uncertainty to minimize the eﬀects of outlier data. This results in
a conservative estimate of contemporary sediment yield that may
underrepresent the contemporary average because of the importance
of rare but massive events that may be captured in a single year of
data. We divided the contemporary sediment yield by the background sediment generation rate to obtain a ratio, and discuss our
ﬁndings in terms of this ratio. We do not have the original data for
the Shigu station and so we use mean and standard deviation for all
calculations, as reported by Higgitt and Lu (1996). Because our data
are only suspended sediment data and do not include bedload, we are
underestimating contemporary sediment yield and thus also underestimating the ratio of contemporary sediment yield to long-term
sediment generation.

10

Be data

Quartz from the samples was isolated and puriﬁed through a series
of acid etches using a modiﬁcation of the method of Kohl and
Nishiizumi (1992). 10Bei was extracted from quartz following the
method of Corbett et al. (2016). Each batch contained one process
blank and one CRONUS N standard (Jull et al., 2015). Once the quartz
was dissolved in hydroﬂuoric acid, aliquots were removed and analyzed
by inductively coupled plasma-optical emission spectroscopy (ICP-OES)
to measure Be and Al content (Corbett et al., 2016; Portenga et al.,
2015). 10 samples had Be recovery > 100% (range: 102.6–198.1%)
(based on the Be carrier added), indicating the presence of native Be in
those samples. For 10Bem analysis, samples were ﬁrst milled, and a
small (∼0.5 g) aliquot of pulverized material was used for isotopic
extraction. We used the method of Stone (1998) to extract 10Bem with
the addition of cation exchange to reduce B interference.
Isotopic ratios were measured using Accelerator Mass Spectrometry
(AMS) at the Scottish Universities Environmental Research Centre in
East Kilbride, Scotland (Xu et al., 2015) and normalized to the NIST
standard with an assumed 10Be/9Be ratio of 2.79 × 10−11 (Nishiizumi
et al., 2007) (Table DR1). Background correction was done using full
process blanks, one of which was run with each batch of 10 in situ
samples and 14 meteoric samples. For quartz with native 9Be, we used
the total Be from ICP measurements to calculate 10Be concentration
5
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deposition and sediment load are propagated in quadrature. We only
have suspended sediment data for M, thus we are underestimating the
erosion indices because bedload is not included.
4.6. Statistical methods
Due to the non-normal distribution of all datasets (annual sediment
yield at each individual station, median contemporary annual sediment
yield among stations, long term sediment yield among stations, and all
upstream basin parameters – area, rainfall, slope, and land use), we use
only non-parametric statistics for our analyses. We use the Wilcoxon
signed-rank test (a paired test) to determine if long term sediment
generation is diﬀerent from contemporary sediment yield; this test
distinguishes noise from statistically signiﬁcant diﬀerences between
populations of data. We use the Mann Whitney U test to determine if
mapped agricultural land use among watersheds with the sediment
yield/sediment generation ratio and erosion index > 1 is diﬀerent from
the land use among watersheds with the sediment yield/sediment
generation ratio and erosion index < 1. We use Spearman Rank
Correlation to determine correlation coeﬃcients (rho) for regression
analyses. Rho ranges from −1 to 1, with 0 being no correlation (the
null hypothesis), −1 being a perfect inverse correlation, and 1 being a
perfect direct correlation. For more details on statistical methods, including tests of normality, see the Supporting information.
5. Results
5.1. Ratios of contemporary sediment yield to background sediment
generation rates
We ﬁnd that, on average, sediment is being transported out of the
watersheds we studied approximately twice as rapidly as it is being
generated (sediment yield/generation ratios from 0.13 to 5.79,
mean = 2.18, median = 1.85). Long term sediment generation rates for
our watersheds, calculated from 10Bei and assuming that all eroded material is exported as sediment, range from 43.3 to 804 tons km−2 yr−1
(median = 288; interquartile range = 195; Table DR3). Contemporary
sediment yields calculated from hydrology station data range from 77.2 to
1720 tons km−2 yr−1 (median = 455, interquartile range = 504; see
ﬁgure DR2 for box plots showing the distribution of all annual data for
each station) (Schmidt et al., 2011). There is a statistically signiﬁcant
diﬀerence between the contemporary sediment yields and long term sediment generation rates when considering the population of all stations
(n = 20, p < 0.05). Ratios of contemporary sediment yields and long
term sediment generation rates range from 0.13 to 5.79 (median = 1.85,
interquartile range = 2.45). For 14 out of 20 sites that we compared, the
contemporary sediment yield is higher than the sediment generation rate
(Fig. 3B). Of the six remaining sites with higher long term sediment
generation rates (ratios range from 0.13 to 0.92), three drain the high, ﬂat
Tibetan Plateau and the sparsely populated and rapidly eroding gorges of
the Three Rivers Region (speciﬁcally, the Salween and Mekong Rivers)
and three are samples taken within 2 km downstream of dams (as expected from the analysis of Reusser et al., 2017).
We ﬁnd that the watersheds with contemporary sediment yields
higher than long-term rates of sediment generation have, on average, a
median of 25% agricultural land (interquartile range = 19%; n = 14),
compared to a median agricultural land use of 11% in watersheds
where the contemporary sediment yield is lower than the long term
sediment generation rate (interquartile range = 19%; n = 6).
Furthermore, we ﬁnd that upstream agricultural land use is directly and
signiﬁcantly correlated with the sediment yield/sediment generation
ratio (Spearman rank correlation rho = 0.52, p < 0.05, Fig. 5). Neither rainfall nor agricultural land use are correlated with contemporary
sediment yield (|rho| ≤ 0.28, p > 0.05, Fig. 5) and contemporary
sediment yield and long term sediment generation rate are not correlated with each other (rho = 0.32, p = 0.36).

Fig. 4. Summary of results. Spatial variations in (A) sediment yield/sediment generation
ratios and (B) erosion indices are shown across the study area. Upper right insets show the
structure of the data depicted on each map. Lower left insets show agricultural land as a
function of sediment yield/sediment generation ratios and erosion indices grouped to
above and below one. For boxplots, the median is the middle line, the 25th and 75th
percentiles are the edges, and whiskers extend to include all samples within 1.5 times the
range of the box; outliers fall outside this range. Grey points are data summarized by
boxplots. Under the histograms are summary statistics for the data in the ﬁgure. Std. is the
standard deviation; IQR is the interquartile range. See table DR3 for data.

4.5. Erosion indices
We calculate erosion indices (EI) (Brown et al., 1988) using the
equation,
EI = Mƞ’/Aq,

(1)

where M is the annual sediment load (g/yr), ƞ’ is the Bem concentration (atoms/g) in sand-sized material leaving the basin, A is the
basin area (cm2), and q is the atmospheric deposition rate of 10Bem in
the watershed (atoms cm−2 yr−1). The value of q for each watershed
was calculated as per Graly et al. (2011), and contributes 20% uncertainty to the calculations, as they report 20% conﬁdence in delivery
rates at low latitudes. We calculated M using median measured contemporary suspended sediment load; uncertainty in sediment yield is
the interquartile range in the sediment load. Uncertainties from 10Bem
10
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Fig. 5. Derived erosion parameters as a function of
average upstream basin parameters. From top to
bottom, erosion parameters are: 10Bei-derived long
term sediment generation rates, contemporary sediment yield (median of annual sediment yields for
each station), sediment yield/sediment generation
ratio, and erosion index (from sediment yield and
10
Bem concentrations). From left to right, upstream
parameters are: area, mean annual precipitation
(MAP), mean basin slope, and fraction of the upstream area mapped as agricultural land use. The
Spearman correlation coeﬃcient (rho) is shown for
each plot. * indicates signiﬁcance at p < 0.05, **
indicates p < 0.01.

5.2. Meteoric

10

6. Discussion

Be erosion indices

Our new data from China suggest that contemporary sediment yield
is elevated by a median factor of two compared to background sediment
generation rates (ratios from 0.13 to 5.79, mean = 2.18,
median = 1.85). Below, we explore the processes that could be causing
the increase in contemporary sediment yield. We then put our data into
context with a global compilation of studies that compare contemporary sediment yield to background sediment generation rates.
Finally, we consider the additional information that can be gained from
the 10Bem-derived erosion indices.

Taken at face value, erosion indices (EI; Fig. 4C) suggest that less
Bem is exported from than delivered to many of the watersheds we
sampled (EIs ranges from 0.18 to 2.50; median = 0.65, interquartile
range = 0.68); 14 of the 20 sites have EI < 1 indicating net storage.
However, this metric is ﬂawed; the erosion indices we calculate are
minima because we analyzed the medium sand fraction of riverine
sediment (for direct comparison with 10Bei data) and 10Bem has an afﬁnity for ﬁne grain material (Singleton et al., 2017; Wittmann et al.,
2012) (see Supporting information). There is no reliable means to
correct for the grain-size bias because we do not know and could not
measure the grain-size speciﬁc sediment yield over time for each river
we sampled; thus, sampling ﬁne grain material would not address this
issue. In addition, by only using suspended sediment in the EI calculation (M in the numerator), we are further underestimating EI because
bedload is not considered.
We can work around this limitation by considering the relationship
between measured EI and the fraction of upstream land under cultivation. We ﬁnd a direct and signiﬁcant correlation between percent
agricultural use and erosion index in our sampled watersheds
(Spearman correlation coeﬃcient rho = 0.58, p < 0.01, Fig. 5). Furthermore, agricultural land use in basins exporting more 10Bem than is
being delivered (EI > 1: median = 34% agricultural land, interquartile range = 12%, n = 6) is greater than in basins exporting less
10
Bem than is being delivered (EI < 1: median = 19% agricultural
land, interquartile range = 32%, n = 14) (p = 0.05 for a MannWhitney U test).
10

6.1. Ratios of contemporary sediment yield to background sediment
generation
The sediment generation and sediment yield data are consistent
with deforestation and agricultural land use increasing contemporary
sediment yields over background rates of sediment generation.
Fourteen of the twenty watersheds analyzed have sediment
yield/sediment generation ratios > 1 (median = 1.85). Our ﬁeld observations of monocultures on steep slopes, in many cases reaching the
river banks, agriculture in ﬂoodplains, and “slash and burn” practices
support the observation that land use increases contemporary sediment
yield by rapidly, frequently, and directly supplying sediment to river
channels (Fig. 3).
Six of the twenty watersheds have sediment yield/sediment generation ratios < 1. Three of these watersheds (CH-127, CH-146, and
CH-155) are the only watersheds with samples taken less than 2 km
downstream of dams. Proximity to dams is likely aﬀecting the supply of
sediment and altering the 10Bei-derived erosion rates by disconnecting
7
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generation are correlated with rainfall or agricultural land use, the
sediment yield/sediment generation ratio is positively correlated with
both (rho ≥ 0.51, p < 0.05); rainfall and agricultural land use are
signiﬁcantly, strongly, and directly proportional to each other
(rho = 0.95, p < 0.01; Figure DR3). Thus, it could be that rainfall is
driving patterns in both land use (because people prefer to farm in
places with more rain) and sediment yield/sediment generation ratio.
However, if rainfall were the driving factor, we would expect to see a
signal of rainfall in the long term sediment generation, as prior studies
in other regions have (Dixon et al., 2009; Reiners et al., 2003), but we
do not. Therefore, agricultural land use is likely the primary driver of
the trends in sediment yield/sediment generation ratio we observe.
More speciﬁcally, we conclude that the correlation we observe between
sediment yield/sediment generation ratio and agriculture is driven by
increases in contemporary sediment yield relative to background rates
of sediment generation in watersheds with low slope, high rainfall, and
thus high rates of agriculture.

the sample site from the upstream environment, especially because any
available terrace sediment is unlikely to be reworked over such a short
distance (Reusser et al., 2017). In addition, one of these watersheds
(CH-127) contains primarily agricultural land used for rice cultivation
in paddies. In this case, the entire watershed is ﬁlled with dams that are
impeding the movement of sediment out of the system. Because
sediment yield data predate 1987 and most dams in the region postdate 1987 (Magee, 2006), we have not corrected the 10Bei production
rate calculations for the samples taken in close proximity to dams. If we
were to do that, we would be comparing erosion rates for the area only
downstream of the dam to sediment yield data for the entire watershed.
Instead, we recognize that sediment generation rates for watersheds
where samples are taken in close proximity to dams are likely too high
(Reusser et al., 2017), and thus sediment yield/sediment generation
ratios for these watersheds are too low.
The other three samples with sediment yield/sediment generation
ratios < 1 (0.13–0.73) are unlike other samples in our data set because
they were taken on the main stem Salween and Mekong Rivers (CH119, CH-147, 05-3R-14a-MEK; area > 85,000 km2, agricultural land
use ≤1%). Several factors unique to these samples may account for
their low sediment yield/sediment generation ratios. Overall, there is
little agriculture in the main stem Salween and Mekong basins (≤1%).
However, two large Yangtze and Mekong watersheds (area
> 77,000 km2) have low agricultural land use (≤2%) and sediment
yield/sediment generation ratio > 1 (2.10 and 1.08, respectively).
Thus, it seems unlikely that low agricultural land use is the only explanation for the low sediment yield/sediment generation ratios for the
main stem Salween and Mekong samples. Sediment storage in these
large river systems may buﬀer against increased sediment yield resulting from land use change (Schmidt et al., 2011). However, large
basins on the Yangtze and Red Rivers (area > 26,000 km2) have
sediment yield/sediment generation ratios > 2 (2.10–4.10).
We conclude that the most likely explanation for the low sediment
yield/sediment generation ratios at the main stem Mekong and Salween
locations is the high erosion rate through the Three Rivers Region
gorge. The rapidly eroding gorges in the Three Rivers Region (Henck
et al., 2011) add enough sediment that they swamp any upstream landuse signal in samples taken from that area because stochastic events not
captured in short-term sediment yield records bias contemporary
sediment yields downward (Kirchner et al., 2001). The large watersheds on the Mekong, Red, and Yangtze Rivers with higher sediment
yield/sediment generation ratios (1.08-4.10) have lower background
erosion rates (≤0.12 mm/yr) than the three watersheds draining the
Mekong and Salween gorges of the Three Rivers Region
(0.14–0.30 mm/yr).

6.3. Comparison to global data
Studies comparing contemporary sediment yield to millennialtimescale measures of sediment generation, including this study, vary
considerably in their ﬁndings (Fig. 6; Table 1). Landscape sediment
yield/sediment generation ratios approaching one are typically considered to be in mass steady state (Willett and Brandon, 2002). Studies
of the Amazon Basin, the Yangtze Basin, and the Great Smoky Mountains, although there is a lot of scatter in the data, ﬁnd ratios that are
close to one (Chappell et al., 2006; Matmon et al., 2003; Wittmann and
von Blanckenburg, 2009; Wittmann et al., 2011).
Deviations from steady state in which ratios are > 1 are common in
areas where human agricultural land use has altered the landscape
(Bartley et al., 2015; Hewawasam et al., 2003; Regard et al., 2016;
Reusser et al., 2015; Vanacker et al., 2014; Vanmaercke et al., 2015).
Hewawasam et al. (2003) report a median sediment yield/sediment
generation ratio of 6.24 for watersheds ranging from 16 to 731 km2.
Their maximum ratios are > 30 and from watersheds up to 731 km2.
Reusser et al. (2015) ﬁnd that hundreds of years of intensive agriculture
in the eastern US elevated contemporary sediment yield by a median
factor of 2.78 relative to millennial rates of sediment generation for
watersheds up to 16,376 km2. In the same area, they report even higher
hillslope erosion rates (based on the work of Trimble (1977) and Costa
(1975)) and that most of the eroded hillslope sediment is stored as
colluvium in toe slopes (Reusser et al., 2015). A study in Europe compared contemporary sediment yield measurements in agricultural basins to the modeled sediment yield of those same basins if they were
undisturbed, forested landscapes (Vanmaercke et al., 2015).
Vanmaercke et al. (2015) ﬁnd a strong human inﬂuence on sediment
yield in small watersheds (< 100 km2), but not in watersheds
> ∼103 km2.
For the new China data, we ﬁnd sediment yield/sediment generation ratios up to 5.79 for watersheds as large as 213,260 km2. However,
the bulk of our watersheds with ratios > 1 (12 of 14) are for watersheds smaller than 40,000 km2. We ﬁnd a statistically signiﬁcant difference in basin area for basins with sediment yield/sediment generation ratios > 1 compared to < 1 (p < 0.05, Mann-Whitney U test).
Thus, it seems that in a variety of climates and locations, agricultural
land use can increase sediment yield in the short term, even for large
watersheds, although large watersheds are more likely to buﬀer against
ﬂuctuations in sediment yield (Vanmaercke et al., 2015).
Deviations from steady state where sediment yield/sediment generation ratios are < 1 frequently happen in small watersheds. These
studies interpret the low ratios as evidence that infrequent, large mass
wasting events are driving long term rates of erosion and sediment
transport (Covault et al., 2011; Ferrier et al., 2005; Kirchner et al.,
2001; Meyer et al., 2010a, 2010b; Regard et al., 2016; Schaller et al.,
2001; Siame et al., 2011; Warrick and Farnsworth, 2009). We ﬁnd some

6.2. Inﬂuence of human activity on sediment yield/sediment generation
ratios
The inﬂuence of topography, climate, and land use on sediment yield/
sediment generation ratios is complicated – because these boundary conditions likely aﬀect both long term sediment generation and contemporary
sediment yield estimates, but perhaps in diﬀerent ways. We ﬁnd that none
of the parameters we considered (slope, rainfall, agricultural land use, basin
area, or sediment generation rates) are correlated with contemporary
sediment yield (|rho| ≤ 0.32, p > 0.05, Fig. 5). This could be because
precipitation, agricultural land use, and basin slope are often found to be
drivers of high sediment yields (e.g., Higgitt and Lu, 1996; Reusser et al.,
2015; Schmidt et al., 2011), but because slope is inversely proportional to
precipitation and agricultural land use in this region, the parameters effectively cancel each other out.
As with studies of background erosion rates in eastern Tibet (Henck
et al., 2011; Hetzel, 2013; Kirby and Harkins, 2013; Ouimet et al.,
2009), we ﬁnd that long term sediment generation is best, and directly,
correlated with mean basin slope (rho = 0.62, p < 0.01; Fig. 5). Although neither contemporary sediment yield nor long term sediment
8
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Fig. 6. Sediment yield/sediment generation ratios
vary considerably depending on both basin area and
study location. Dashed line represents a ratio of one,
i.e., contemporary sediment yield equals background
timescale sediment generation. (A) Prior analysis
ﬁnds ratios ranging from 0.009 to 34.4 (mean = 2.0,
median = 0.60). For the largest areas, ratios < 1 are
attributed to dams trapping sediment. For smaller
basins, ratios < 1 are attributed to high-magnitude,
low-frequency events that increase background rates
but are not captured in shorter sediment yield records (stochastic events). Ratios ∼1 are attributed to
landscape steady state. Ratios > 1 are attributed to
land use. (B) Box plots showing watershed measurements by continent (as reported in Bartley et al.,
2015; Bierman et al., 2005; Clapp et al., 2002; Clift,
2006; Covault et al., 2013, 2011; Ferrier et al., 2005;
Hewawasam et al., 2003; Kirchner et al., 2001;
Lupker et al., 2012; Meyer et al., 2010a, 2010b;
Milliman and Meade, 1983; Regard et al., 2016;
Reusser et al., 2015; Schaller et al., 2001; Schmidt
et al., 2011; Siame et al., 2011; Vanacker et al., 2014;
Warrick and Farnsworth, 2009; Wittmann et al.,
2009, 2011). (C) Boxplots and data points for Asian
analyses organized by location. (D) Boxplots for
North American analyses organized by location.

Table 1
Summary of prior studies comparing short-term sediment yield to longer-term sediment generation. We have turned all data into sediment yield/sediment generation ratios as deﬁned in
our methods section. Many, but not all, of these studies were previously compiled in Covault et al. (2013). Individual data points summarized in this table are in table DR4.
Study

Location

Number of
samples

Median watershed area (km2) (range in
parentheses for studies with more than one
sample)

Median sediment yield to sediment generation
ratio (range in parentheses for studies with
more than one sample)

Bartley et al. (2015)a
Bierman et al. (2005)
Chappell et al. (2006)

Australia
New Mexico
Yangtze River basin,
China
Israel
Yangtze, Indus, Pearl,
Mekong, Red Rivers at
their outlets
California

6
5
Not reported

13,365 (14–36,140)
7122 (1117–16,153)
Not reported

1.97 (0.25–7.47)
1.85 (0.34–2.50)
Only ranges reported (0.17–2.33)

1
5

0.6
795,000 (143,700–1,808,500)

1.38
4.93 (0.49–15.93)

5

894 (339–1851)

0.10 (0.0086–0.61)

California
Sri Lanka
Idaho
Germany
Germany
Ganges River
Eastern US
Western Europe
Tsang Po River, Tibet
Taiwan
Global
Europe
Amazon basin

10
9
30
2
6
8
10
11
1
1
25
18
12

4.62 (0.21–720.45)
106.77 (16–731.33)
1.55 (0.22–34,773.1)
120.2 (64.7–175.7)
170.95 (88.9–396.8)
109,850 (7600−935,000)
7612.5 (2987–16,376)
12,676 (432–40,600)
203,904
376.4
1.70 × 107 (105–108)
1.31 (0.1–276)
96,000 (1600–954,000)

0.25
6.24
0.06
0.69
0.29
0.74
2.78
0.23
0.20
2.3
0.89
3.79
1.20

Amazon basin

8

782,500 (213,000–5,088,000)

1.38 (0.12–2.17)

Clapp et al. (2002)
Clift (2006); Milliman and
Meade (1983)b
Covault et al. (2011); Warrick
and Farnsworth (2009)c
Ferrier et al. (2005)
Hewawasam et al. (2003)
Kirchner et al. (2001)
Meyer et al. (2010a)
Meyer et al. (2010b)a
Lupker et al. (2012)
Reusser et al. (2015)
Schaller et al. (2001)
Schmidt et al. (2011)d
Siame et al. (2011)
Syvitski et al. (2005)e
Vanacker et al. (2014)a
Wittmann and von Blanckenburg
(2009)
Wittmann et al. (2011)
a

(0.037–1.51)
(2.61–34.35)
(0.021–0.25)
(0.69 − 1.68)
(0.19–0.66)
(0.16−1.53)
(1.81–8.33)
(0.04–0.84)

(0.30–3.33)
(0.07–243)
(0.23–14.81)

They report contemporary sediment yield as the sum of suspended, dissolved, and bedload, so reported contemporary loads are higher than for most studies, which just consider
suspended loads.
b
We compiled this comparison from data published in these two papers. The data compare suspended sediment to delta deposition rates.
c
These data are compiled in Covault et al. (2013) but not either of the original papers.
d
Schmidt et al. (2011) report data for ﬁve watersheds based on four sample/gauging station pairs. One of the watersheds they report is for the nested area between two sample/
gauging station pairs. We only report one data point here from that paper because we are using the other three samples from their study in this paper with new 10Bem data.
e
This is a global modelling study.
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Appendix A. Supplementary data

of the largest examples of these eﬀects on landscapes in our main stem
Salween and Mekong watersheds, which are among the steepest watersheds we sampled (mean basin slope ≥22°).
Deviations from steady state where sediment yield/sediment generations ratios are < 1 in larger watersheds are interpreted as evidence
of sediment storage over decades (Covault et al., 2013; Schmidt et al.,
2011; Syvitski et al., 2005). Syvitski et al. (2005) compiled sediment
yield/sediment generation ratios at the continental scale and argue that
dams along rivers are artiﬁcially depressing contemporary sediment
yields and thus lowering the sediment yield/sediment generation ratio
(Fig. 6). We see the eﬀects of dams on 10Bei-derived sediment yields in
three of our sites with low ratios, primarily due to overestimating
sediment generation for samples collected in close proximity to dams
(Reusser et al., 2017).
6.4. Meteoric

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ancene.2017.10.002.
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The positive correlation between EI and agricultural land use is consistent with agriculture increasing the export of sediment and 10Bem. This
correlation is driven by the modest positive correlation between 10Bem
and agricultural land use (rho = 0.41, p = 0.08); EI is also controlled by
contemporary sediment yield, but there are no statistically signiﬁcant
correlations for contemporary sediment yield and any of the upstream
basin factors considered (Fig. 5). The analysis of diﬀerent agricultural
land use for erosion indices greater and less than one again suggest that
agriculture mobilizes sediment and the associated 10Bem, and then delivers that sediment to rivers. Our ﬁndings echo those of Brown et al. in
eastern North America, who found that erosion indices increased in areas
with intensive agriculture (Brown et al., 1988). Erosion indices also
provide evidence of the sediment buﬀering eﬀects of small dams (Walter
and Merritts, 2008); for example, some watersheds with low erosion indices and high agricultural land use have widespread rice paddies. These
rice paddies act as small dams and reduce the out-ﬂux of 10Bem through
temporary sediment storage (e.g., CH-127, shown in Fig. 3B).
7. Conclusions
Here, using data from 20 rivers draining a variety of Chinese
landscapes, we show that land use change (human impact) increased
contemporary sediment yield to a median of twice the background rate
sediment generation. Using erosion indices, we show that 10Bem is
preferentially lost from most of the watersheds studied, particularly
those with higher rates of agricultural land use. Agricultural land use is
directly proportional to the ratio of contemporary sediment export to
sediment generation and to erosion indices, suggesting a strong agricultural inﬂuence on the loss of sediment from these watersheds. Such
erosion in response to land-use change is likely to have adversely affected ecosystem services in the study area by increasing river sediment
load in rivers, altering benthic environments and potentially burying
spawning grounds (Gellis et al., 2017), increasing siltation behind dams
(Wang et al., 2005), and increasing sediment associated nutrients in
river sediment (Walling et al., 2003).
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