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Increasing interest in developing process-based erosion models requires better understanding of the relationships
among soil detachment, transportation, and deposition. The objectives are to 1) identify the limiting process
between soil detachment and sediment transport for interrill erosion, 2) understand the dynamic relationships
between transport and deposition by tracking sediment fate with multiple tracers, and 3) verify the eﬀects of
slope length on interrill soil erosion. Five rare earth element (REE) tracers were applied in ﬁve bands or segments
to track sediment dynamics on a 10%, 4 × 4-m long uniform slope under simulated rainfall. A silt loam soil with
8% clay and 87% silt was used. Six rain events were applied, the ﬁrst four with 60 mm h− 1 and the last two with
90 mm h− 1. Sediment in runoﬀ and deposition along the slope were measured. Results conﬁrmed that interrill
soil erosion was controlled by the transport process. Thus soil erodibility estimated with many interrill erosion
models was actually sediment transportability. As the slope length increased, soil erosion rates initially increased
and then decreased, indicating that the upper section was dominated by erosion and the lower section by
transport. Raindrop-driven creeping prevailed in the upper section while ﬂow-driven rolling dominated in the
lower section. Sediment inﬂux from upslope clearly suppressed soil detachment downslope. Moreover, the steady
state sediment discharge from a segment was positively correlated to the amount of sediment deposited
downslope from that segment, implying that 1) re-detachment, transport, and deposition occurred simultaneously in the system and 2) sediment was transported in a form of bedload, mainly rolling or creeping on
interrill areas. Sediment delivery ratios of each segment tended to slightly increase downslope, suggesting the
ﬂow-driven transport was more eﬃcient than the raindrop-driven transport. The sequence of sediment
discharged from diﬀerent slope positions was inconsistent with the transport-distance theory. However, interrill
erosion processes vary with soil, slope, and rainfall properties, and the ﬁndings here need to be veriﬁed in
diﬀerent conditions.

1. Introduction
Ellison (1945, 1947) stated that soil erosion during rainfall is a
complex process resulting from (1) soil detachment by raindrop impact
and surface ﬂow and (2) sediment transport by rain splash and surface
ﬂow. To better understanding and model soil erosion processes, Meyer
et al. (1975) further separated upland soil erosion into rill and interrill
erosion. It has been demonstrated that interrill erosion is predominantly detached by raindrop impact and transported by raindropimpacted sheet ﬂow (Young and Wiersma, 1973; Meyer et al., 1975;
Guy et al., 1987; Kinnell, 2005). Whereas, detachment by sheet ﬂow
alone, net transport by rain splash (or air splash), and transport by sheet
ﬂow without drop impact are negligible.
It has been shown that raindrop impact is the utmost important
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factor driving interrill erosion. Not only does it detach soil materials but
also greatly enhances sediment transport of sheet ﬂow (Young and
Wiersma, 1973; Foster, 1982; Singer and Walker, 1983; Guy et al.,
1987; Zhang and Wang, 2017). Due to its double roles in interrill
erosion, it is rather diﬃcult to clearly distinguish the limiting process
between soil detachment and sediment transport on interrill areas.
However, such distinction is necessary because interrill sediment
delivery is often set to the lesser of the transport capacity (in case of
transport-limited system) and the soil detachment rate (in case of
detachment-limited system) based on the modeling framework of
Meyer and Wischmeier (1969).
Meyer and Harmon (1989) found that slope length had little eﬀect
on interrill sediment delivery on unrilled short sideslopes. Foster (1982)
postulated that slope length had little or no eﬀect on interrill erosion
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additional kinetic energy from blowing wind alters raindrop impact
frequency, velocity, and incidence angle. This work restricted to windfree conditions in order to simplify and isolate interrill erosion
processes, and thus erosion under wind-driven rain is beyond the scope
of this study.
Rare earth elements, which are the Lanthanide series with 14
similar elements, have been successfully used in studying spatial
distribution of soil erosion and to track sediment movement and
deposition (Tian et al., 1994; Zhang et al., 2001, 2003; Kimoto et al.,
2006a, 2006b; Polyakov and Nearing, 2004; Polyakov et al., 2009).
Those studies demonstrated that the rare earth element (REE) tracers
are useful for understanding soil erosion dynamics such as temporal and
spatial variations of soil detachment, sediment transport, and deposition over a slope or a landscape. Zhang et al. (2003) studied interrill soil
erosion on a 4-m long slope at a 10% gradient, and reported that a
somewhat balanced detachment-transport-deposition system might
have been reached over multiple rainfall events. These results suggest
that interrill erosion is a continuous process that involves simultaneous
and interactive detachment, re-detachment, transport, and deposition
on interrill areas. The results also demonstrate that new insights into
sediment dynamics can be gained by using multiple tracers that track
movement of tagged soil particles at diﬀerent slope positions. Such
insights would be impossible to achieve using conventional erosion
measurement techniques. Thus, it is strongly recommended that sediment tracking technique be used in order to fully understand soil
erosion dynamics and processes.
The general understanding of interrill erosion is that soil detachment is primarily caused by raindrop impact, and sediment delivery is
mainly transported by raindrop-impacted sheet ﬂow. However, the
detailed erosion processes including the dominant erosion process and
prevalent transport modes are still unclear. A better understanding of
the relationships among soil detachment, transport, and deposition on
interrill area is imperative for correctly interpreting experimental data
and developing process-based interrill erosion models. The objectives
are to 1) identify the limiting process between soil detachment and
sediment transport by directly measuring sediment deposition along a
uniform 10% slope over multiple simulated rainfall events, 2) characterize the dynamic relationships among detachment, re-detachment,
transport, and deposition by tracking sediment source, movement, and
fate with multiple tracers, and 3) understand the eﬀects of slope length
on erosion-transport-deposition systems on interrill areas. It should be
pointed out that the 2003 paper of Zhang et al. was to demonstrate the
usefulness of the REE tracking technique for studying soil erosion, while
this paper is to extract and interpret the useful information imparted by
REE tracers to gain new insights on complex relationships of erosiontransport-deposition processes on interrill areas.

per unit area. Such postulation was in line with the assertion that
detachment rate by raindrop impact controlled interrill erosion rates
(Lattanzi et al., 1974; Meyer et al., 1975). That is, interrill erosion is
limited by raindrop detachment, and detachment by raindrop impact is
largely independent of slope length on interrill areas. Gilley et al.
(1985) developed an interrill erosion model that explicitly simulates the
eﬀects of water depth on both detachment by raindrop and transport by
overland ﬂow. Detachment decreases exponentially with ponding depth
due to dissipation of drop energy. It generally reaches its maximum
near the upper end of the hillslope and decreases with distance as runoﬀ
accumulates. On the other hand, transport capacity is assumed to
increase downslope from zero at the divide as slope length increases.
Taken together, the model predicts that as slope length increases,
sediment delivery initially increases (transport-limited) and then
decreases (detachment-limited) with downslope distance. Parsons
et al. (1994) observed that higher sediment delivery occurred at times
of lower splash rate in their ﬁeld experiments using simulated rainfall,
and argued that transport capacity could also limit interrill soil erosion
at longer slope lengths. Zhang and Wang (2017) found that sediment
transport was the limiting process in their interrill experiments under a
wide range of rainfall intensities, slope gradients, and slope lengths in
the 2-m long plots.
Foster and Meyer (1975) proposed a conceptual model of interrill
sediment delivery with respect to slope steepness as follows. For low
slopes, transport capacity on interrill areas could be less than detachment rate, and thus limits sediment delivery. Conversely, for steep
slopes detachment rate would be smaller than transport capacity and
therefore controls interrill erosion rates. Bradford and Foster (1996)
simultaneously measured both rain splash and sediment delivery with a
61-cm long soil pan, and reported that the splash rate was much greater
than the wash rate at the 9% slope, demonstrating that transport was
the limiting process at the 9% slope.
Interrill sediment transport is a complex and multifaceted processes.
Kinnell (2005, 2009) proposed six transport modes on interrill areas,
i.e., by rain or air splash, raindrop-induced rolling, raindrop-induced
saltation, ﬂow-driven rolling, ﬂow-driven saltation, and suspension.
The six transport modes may occur simultaneously on interrill areas,
depending on ﬂow depth distribution, slope steepness, rainfall intensity/drop size. In general, as ﬂow depth increases, the dominant
transport modes, as suggested by Kinnell (2005, 2000), change from
air splash, raindrop-induced rolling/saltation, to ﬂow-driven rolling/
saltation. For thin sheet ﬂows that are incapable of transporting
detached particles, stimulation of raindrop impact is necessary to set
particles in motion in raindrop-driven transport. Deeper and faster
ﬂows, though unable to detach original soil, has the capacity to move
loose/detached materials downslope in rolling/saltation with no need
for raindrop stimulation (i.e., ﬂow-driven transport). Raindrop–driven
transport that is more eﬃcient than air splash is a transport-limited
system (Kinnell, 2005). Flow-driven transport is more eﬃcient than
rain-driven transport and can become a dominant system on high slopes
(Kinnell, 2000). Zhang and Wang (2017) studied interrill erosion
processes on diﬀerent slope lengths of < 2 m and reported that (1)
saltation mode was of little importance for interrill erosion due to
limited ﬂow depth, (2) raindrop-driven creeping and ﬂow-driven
rolling in the form of bedload might be the dominant modes, and (3)
raindrop-driven transport was more competent than ﬂow-driven transport in delivering sediment load, though the former might be less
eﬃcient than the latter.
Most interrill erosion studies as reviewed above deal with interrill
erosion systems under wind-free conditions. The complex and multifaceted interrill erosion processes under wind-free conditions can
become even more complex when wind factor is considered. As pointed
out by Erpul et al. (2003, 2013), the vector physics of wind-driven rain
erosion diﬀers greatly from that of wind-free rain erosion, and interrill
erosion models developed under wind-free rain conditions cannot be
directly applied to erosion under wind-driven rain conditions because

2. Materials and methods
2.1. Soil and rare earth oxide characteristics
Surface soil samples of a Camden silt loam (mixed, mesic Typic
Hapludalt) were collected near West Lafayette, Indiana, USA. The soil
had approximately 8% clay and 87% silt. The REE background
concentrations of Gd, Sm, Pr, La, and Nd elements in this soil were
2.98, 3.18, 4.38, 17.06, and 16.29 μg g− 1, respectively. Five REE
oxides (La2O3, Pr6O11, Nd2O3, Sm2O3, and Gd2O3) were used. Purity
and REE oxide content are shown in Table 1. Other properties can be
found in Zhang et al. (2003).
2.2. Soil preparation and REE application
A runoﬀ box (4 by 4 m) was set to a 10% slope, which, though
arbitrarily, was selected in light of the existence of large erosion data at
9% slope in the literature. The soil was sieved through an 8-mm sieve
and was packed into the box to a depth of 0.2 m over a 0.5-m sand layer
64
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Table 1
Percent REE oxide content and purity.
Chemical formula

REE oxide (%)

Puritya (%)

Gd2O3
Sm2O3
Pr6O11
La2O3
Nd2O3

96.54
95.91
91.86
80.09
84.63

98.97
98.14
95.53
98.44
99.02

a

Table 2
Rare earth element (REE) concentration in each tracer band, representative REE
concentration in each segment, soil background concentration, and extraction eﬃciency
of each element.
Element

Gd
Sm
Pr
La
Nd

REE oxide of interest divided by total of the ﬁve REE oxides.

Sm
band

0.15 m

0.15 m
0.325 m

0.2 m
0.2 m
0.1 m

0.325 m

Pr

0.15 m

0.2 m
0.1 m

La

0.15 m
0.325 m
0.2 m

Nd

0.325 m
0.15 m

0.15 m

0.675 m

0.2 m

0.1 m

Background
μg g− 1

5708.2
5591.7
5362.5
4973.7
5489.7

925.7
1070.3
1048.4
1005.5
1268.5

2.98
3.18
4.38
17.06
16.29

91.43
86.13
89.35
89.30
92.31

Open-ended rectangular boxes (3 × 2 cm and 1 cm deep) were used
to take surface soil samples after each rain. The box was gently pushed
into the soil until the top rim ﬂushed with the soil surface. The sample
was excavated, and the hole was then back ﬁlled with the blank soil.
Two surface samples, taken at the same slope position and approximately 0.2 m apart, were composited. Fourteen composite samples
were taken along a downslope transect at the 14 slope positions (see
Fig. 1 for exact locations). The ﬁrst transect was near the left sidewall of
the plot, and the subsequent transects following each rain were shifted
0.3 m to right to avoid overlap of the sampling areas. Samples were airdried and crushed to < 2 mm for REE extraction.

0.325 m
0.15 m

Segment
μg g− 1

2.4. Surface soil sampling

0.325 m

0.2 m

Tracer band
μg g− 1

Rainfall simulators with oscillating type nozzles, with a spatial
coeﬃcient of variation being < 7.5%, were used to deliver six consecutive rain events at roughly 3-day intervals. The rainfall intensity
was 60 mm h− 1 for the ﬁrst four rains and 90 mm h− 1 for the last two.
All rains lasted 1 h. Runoﬀ and sediment were collected at 2-min
intervals, and measured gravimetrically. To reduce the sample number
for REE extraction, every three consecutive sediment samples were
combined and crushed to < 2 mm for REE extraction.

0.325 m

0.15 m

Extraction
eﬃciency %

2.3. Rainfall simulation and sediment collection

0.8 m

0.1 m

0.925 m

0.325 m

0.2 m
0.2 m

segment

0.15 m

0.8 m

0.15 m

segment

0.45 m

Gd
band

0.8 m

surface soil sampling positions

Top

0.2m

REE concentration in

2.5. Rare earth element extraction and ICP-MS analysis

0.2 m

bottom

A quick acid leaching procedure was used to extract REEs from all
soil and sediment samples. The procedure was described in detail in
Zhang et al. (2003). Brieﬂy, 2 g of soil sample was extracted with
concentrated acids (HNO3 and HCl) and H2O2. Two replicates were
made for each sample. Dilutions of the original extract were made in
triplicate for ICP-MS analysis. The overall means of the duplicate and
the triplicate were used in this work. The ICP-MS sample and standard
preparations as well as ICP-MS data correction can be found in Zhang
et al. (2003). Extraction eﬃciency, expressed as the percentage of
added REE that was recovered by the extracting procedure, is listed in
Table 2.

Fig. 1. Schematic layout of tracked segments, locations of tracer band placement, and soil
surface sampling positions.

to ensure free drainage. The target bulk density of the packed soil was
1.3 Mg m− 3. The soil surface was smoothed to remove micro relief. The
soil was pre-wetted before the ﬁrst rain event and kept wet with trickle
irrigation tubes between rainfall events.
The soil box was divided into ﬁve segments (Fig. 1), which were
represented by ﬁve 0.15-m tracer bands. The top and bottom segments
were 0.925 m wide and 0.675 m, respectively, with the remaining
segments being 0.8 m each. The centerlines of each REE band were
located at 0.525, 1.325, 2.125, 2.925, and 3.725 m from the top of the
box for Gd, Sm, Pr, La, and Nd, respectively. The Sm, Pr, and La bands
were centered in their segments, while the Gd and Nd bands were
approximately 6 cm below the centerlines. The tracer application
depths were 3 cm for the Gd, Sm, and Nd bands and 5 cm for the Pr
and La bands. Soil was excavated from each band, and the excavated
soil was moistened to 15 to 20% water content to facilitate REE-soil
binding. The soil was then mixed with a predetermined amount of REE
oxide, and the mixing was carried out in a dilute fashion to ensure
homogeneity. The mixture was back-ﬁlled to the excavated depression.
The doped REE concentrations in each band as well as their corresponding concentrations in each segment are shown in Table 2.

2.6. Sediment REE data analysis
Sediment REE concentrations directly measured with ICP-MS need
to be corrected for soil background concentration and extraction
eﬃciency. The corrected concentration for tracer i in time step j
(CCij) can be computed as

CC i j = (C i j–Bi ) E i
j

(1)

where Ci is the ICP-measured REE concentration of tracer i in time step
j, Bi is the background concentration of tracer i, and Ei is the extraction
eﬃciency for tracer i.
The fraction of sediment that originated from tracer or segment i
65
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during time step j can be estimated from mass balance considerations as

7

L i j T j = CC i j Oi

6

(A) Runoff discharge
-1

(2)

-1

Runoff discharge, L m min

where Lij is the amount of sediment delivered from segment i during
time j; Tj is the total sediment mass collected at the outlet during time j,
and Oi is the original tagged or applied concentration of tracer or
segment i. Lij can be calculated by multiplying the right hand side of Eq.
(2) by Tj.
2.7. Soil REE data analysis
The extracted REE concentrations of the surface soil samples also
need to be corrected for the background concentrations and extraction
eﬃciencies to estimate CC. Again based on mass balance, deposition per
sampling area (2 × 3 cm) at position k (sampling locations) from tracer
or segment i after rain n (Dikn) can be computed as

Dik n = CC ik n × Mk Oi

0

(3)

20

30

40

50

60

Time, min

(B) sediment discharge

-1

140

-1

(4)

120
100
80
60
40
20
0
0

10

20

30

40

50

60

Time, min
Fig. 2. Surface runoﬀ and sediment discharges over time for the six rainfall events.

erosion regimes and erosion dynamics regarding the relative importance of soil detachment, sediment transport, and deposition, as
aﬀected by rainfall intensity and ﬂow depth. Sediment discharge rates,
though more variable in time and between rainfall events, corresponded well with runoﬀ rates (Fig. 2B). Sediment discharge increased
gradually in the ﬁrst rain and reached the quasi-steady state level by the
end. Sediment discharge rates reached the quasi-steady state levels
within a few minutes into each subsequent rain event and remained
more or less constant throughout each event.
REE-derived fractional sediment discharges from each segment over
time are shown in Fig. 3 for all rain events. The summations of all
fractional contributions were slightly greater than one in the early
stages of rain events 1 and 2, due to the tracking errors resulting from
REE measurement error and selective erosion (Zhang et al., 2003).
Overall, sediment contributions from each segment were fairly stable
throughout each rain except La in rain events 1, 5, and 6, with the
proportions contributed from each segment gradually evolving between
rain events. In rain event 1 the proportions of sediment from the La
segment at the runoﬀ initiation stage were very high due to its
proximity to the outlet (though total sediment discharge was very
low at the stage) and preferred transport of ﬁnes, and rapidly decreased
to the steady stage level of 0.1. In rain events 5 and 6 the contributing
proportions from the La segment increased rapidly near the ends due to
the initiation of micro-rills under the high rainfall intensity of
90 mm h− 1. Although a few micro-rills occurred in the lower section
of the plot in rains 5 and 6, interrill erosion process dominated this
experiment for most time and on most parts of the plot. Generally, most
soil loss in rain 1 was from the Pr segment, and followed by Sm. The
contributions from Pr and Sm were about equal in rain event 2 with a
considerable increase from Gd, indicating that the locus of the max-

(5)

where Y is the measured total sediment discharge during rain n. This
equation is also applicable to estimate sediment delivery ratio for each
segment (ρin), if the total sediment discharge (Yin) and deposition (Din)
from segment i are used instead. Furthermore, sediment delivery ratio
over multiple rain events (ρmn) can be estimated as

∑ Y n (∑ Y n + D n )

10

160

n

ρm n =

Rain 1
Rain 2
Rain 3
Rain 4
Rain 5
Rain 6

2

180

where Ak is the representative area of position k. For better representativeness, the attempt was made to center Ak around position k as much
as possible. Note total deposition was the cumulative deposition from
the ﬁrst rain to the rain in question. Thus, net deposition or redetachment per rain is the diﬀerence of Dn and Dn − 1.
Sediment delivery ratio for a rain event is deﬁned as the ratio of
sediment discharged to the outlet to the sum of the discharged sediment
and deposition on the slope during that event. If we assume that
deposition from the previous rain was re-detached and re-transported
during each subsequent rain, sediment delivery ratio for rain n (ρn) may
be estimated by

ρ n = Y n (Y n + D n)

3

0

Sediment discharge, g m min

∑ (D k n × Ak ) for all k

4

1

where Mk is the sample mass from position k. Total deposition at
position k from all segments or tracers upslope after rain n (Dkn) is the
sum of Dikn for all those segments. If we assume that Dkn is representative of the average deposition rate for the area between positions k − 1
and k + 1, the overall total deposition along the entire slope proﬁle
after rain n (Dn) is

Dn =

5

(6)

where ∑Y is the sum of discharged sediment from rain 1 to rain n. The
long-term sediment delivery ratio over multiple rains is actually a better
representation of the sediment budget of the system in question.
It should be pointed out that all the estimation equations can be
applied either to each segment or tracer band only (Fig. 1), using the
respective tracer concentrations in Table 2 as well as their representative areas.
n

3. Results
Runoﬀ and sediment discharge rates are plotted with elapsed time
for all six rain events in Fig. 2. Runoﬀ initiated at the 15 min mark
during the ﬁrst rain, and gradually increased to the steady state level by
the 45 min mark (Fig. 2A). Runoﬀ started about 2 min into the rainfall
event for all subsequent rain events, and reached the steady state levels
rather rapidly. The steady state runoﬀ rates corresponded well with the
rainfall intensities, which were 60 mm h− 1 for the ﬁrst four rain events
and 90 mm h− 1 for the last two rain events. The changes in runoﬀ rates
between rain events provide a unique opportunity to study changes in
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Fig. 3. Temporal changes of REE-derived fractional sediment contributions from each segment for the six rainfall events.

between 2.5 and 4 m. The lesser decreases in rain events 5 and 6 were
largely caused by the increased transport capacity due to the increased
rainfall intensity, suggesting sediment transport process might have
limited the sediment delivery in the system.
Total sediment discharges per unit width from each segment are
shown in Fig. 6A for all six rain events. The cumulative soil losses over
the six rain events were mostly from the Sm and Pr segments, followed
by the Gd and then La segments, with the least from the Nd segment,
indicating that the upper three segments were in an erosion-dominant
regime while the lower two segments (especially Nd) were in a
transport-dominant regime. Total amounts of the downslope deposition
from each segment per unit width over the six rain events are shown in
Fig. 6B. Most deposition was from the Sm segment, followed by the Pr
and Gd segments and then by the La segment, with the very small
amount from the lowest Nd segment. The trivial deposition from the Nd
segment would otherwise indicate eﬃcient sediment delivery from the
segment due to its proximity to the outlet. However, the small amount
sediment discharged from the segment in Fig. 6A suggested the
opposite, indicating that this segment functioned mainly as a conduit
of transporting sediment from the segments above because ﬂow energy
was mostly used for sediment transport rather than detachment.
Interestingly, the amounts of deposition from each segment were well
correlated with the amounts of total sediment discharged to the outlet
from each respective segment. This seemingly contradictory relationship was further veriﬁed by comparing the downslope depositions from
each segment following each rain with the quasi-steady state sediment
discharge rates from each respective segment for all six rain events
(Fig. 7). A linear relationship was obtained between the two with a

imum erosion migrated upslope. The upslope migration of the locus
continued in rain events 3 and 4 under the same rainfall intensity of
60 mm h− 1 with the contributions from Sm surpassing those from Pr.
Interestingly, the contributions from the upper three segments of Sm,
Pr, and Gd were similar in rain events 5 and 6 under the increased
rainfall intensity of 90 mm h− 1, indicating that severe soil erosion was
occurring in the upper three segments. The trend was very clear that the
erosion contributions from the lowest Nd segment were smallest for all
six rain events, suggesting sediment transport process dominated in the
segment near the outlet.
Soil loss rates per unit area estimated for diﬀerent slope lengths are
plotted with downslope distance in Fig. 4. Similar downslope trends of
soil loss rates are shown for both event total (Fig. 4A) and quasi-steady
state rates (Fig. 4B). That is, soil loss rates averaged over diﬀerent slope
lengths increased with downslope distance, peaked near the middle of
the plot, and then decreased with distance to the outlet. The greatest
erosion rates per unit area per event occurred at the slope length of
2.5 m for all six rain events except rain event 4 in which it occurred at
the length of 1.7 m (Fig. 4A). The greatest “steady state” erosion rates
per unit area also occurred at the slope length of 2.5 m for all six rain
events except rain event 6 in which it occurred at the length of 3.3 m
(Fig. 4B). Because of the formation of micro-rills in the La segment near
the ends of rain event 6, the maximum erosion rates migrated downslope. The micro-rill erosion was not the focus of this study but was
presented for entirety. Cumulative downslope soil loss amounts per
event are shown in Fig. 5 for all rain events. Cumulative soil loss
increased nearly linearly with distance between 0 and 2.5 m for all rain
events. However, the rates of the increases decreased considerably
67
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Fig. 6. Event-total sediment discharge from each segment (A) and total downslope
deposition from each segment (B) for the six rainfall events.

Fig. 4. Soil erosion rates per unit area calculated for each slope length (0.9, 1.7, 2.5, 3.3,
and 4 m) for event total (A) and steady state rates (B).
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Fig. 5. Cumulative soil loss from each segment or sediment discharge downslope along
the slope proﬁle.

Fig. 7. Relationship between steady state sediment discharge from each segment and
total downslope deposition from the same segment following each rain for all segments
and rainfall events.

linear correlation coeﬃcient of 0.713. As mentioned earlier, micro-rills
were formed in the La segment in rain events 5 and 6, which expectedly
showed very high sediment discharge rates but very low deposition
rates (Fig. 7). The correlation coeﬃcient increased to 0.84 without
these two data points. This good relationship might indicate that the
downslope depositions from each segment following each rain were in

dynamic balances with the sediment delivery rates, possibly reﬂecting a
snapshot of the steady state depositions. It should be mentioned that the
coeﬃcient of variation (CV) of measured tracer concentrations between
two surface soil samples following each rain was relatively small. For
example, the CVs for Gd tracer were mostly < 5% along each downslope transect following each rain, with a maximum of 28%, indicating
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Sediment discharge from each band, kg m

-1

2.0

transport on interrill erosion areas because net downslope splash
transport has been reported to be negligible (Young and Wiersma,
1973; Kinnell, 2005). It is important to note that the sediment
deposition rates along the slope were seldom uniform, and ﬂuctuation
of the highs and lows would suggest that sediment transport by
raindrop-impacted sheet ﬂow was largely in the form of bedload that
roll or creep downwards in pulses or bursts.
Sediment delivery ratios of each segment during each rain were
calculated using Eq. (5) (Fig. 10A). Sediment delivery ratio of rain 1
was about 0.24, which was much smaller than the mean of the
remaining rain events due to the later runoﬀ initiation, lower runoﬀ
rates during rain 1 (Fig. 2), and buildup of downslope deposition to
reach deposition-transport equilibrium. The sediment delivery ratios in
rain events 2 to 6 were generally similar, with a mean around 0.44 (i.e.,
56% of detached sediment was deposited on the slope), indicating that
sediment transport might have limited interrill erosion rates. Generally,
the sediment delivery ratios from each segment seemed to increase
slightly downslope as slope length increases. This increasing tendency
might indicate increases in sediment transport eﬃciency due to the
increases in ﬂow depth and the formation of ﬂow lines in the lower
section of the plot. This might well be the case in rain events 5 and 6 for
the La segment where micro-rills had formed, resulting in greater
sediment delivery ratios for the segment. Likewise sediment delivery
ratios were estimated for each band without upscaling (Fig. 10B).
Overall the changes of sediment delivery ratios over slope position were
very similar between the segment-based and band-based estimates. The
slightly smaller values for the band-based estimates were partially
because the upslope splash deposition from each band was included in
the total deposition. In addition, cumulative sediment delivery ratios,
calculated for multiple rains using Eq. (6), were 0.24, 0.52, 0.65, 0.75,
0.73, and 0.76 for rain events 1 to 6, respectively, showing that
sediment delivery ratio for interrill erosion depends on time. Given a
steady state erosion-transport-deposition system, the longer the rainfall
event, the greater proportion of sediment would be delivered to the
outlet. As a result, sediment delivery ratio increases with rainfall
duration or number of rainfall events.
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Fig. 8. Event-total sediment discharge from each band (A) and total deposition including
upslope splash from each band (B) for the six rainfall events.

that sediment deposition was fairly uniform along each contour line or
across the slope.
To further conﬁrm the positive correlation between sediment
deposition and sediment delivery, sediment dynamics were also
investigated for the directly tagged soil in the tracer band instead of
the whole segment as presented in the previous paragraph. This
approach would eliminate the upscaling error of representing the whole
segment with the band area (Fig. 1). The sediment discharged to the
outlet from each band and the sediment deposited downslope from each
band are shown in Fig. 8 for all six rain events. The markedly similar
patterns between the segment-based (Fig. 6) and the band-based results
indicated that the errors of representing the whole segment with the
band area were relatively small, conﬁrming that the positive correlation
obtained using the segment-based estimates was reliable. Compared
with the amount of sediment delivered, the relatively less deposition
downslope from the Pr band was likely caused by the formation of
micro-rills in the lower section of the plot, which were more eﬃcient in
transporting the inﬂux sediment.
Sediment deposition rates from each tracer band at all 14 surface
sampling points are shown in Fig. 9 for six rains. Sediment deposition
rates below each tracer band were much greater than those immediately above the band. The deposition above the band was caused by air
splash transport, while the deposition below the band resulted from
both air splash and downslope wash by raindrop-impacted sheet ﬂow.
The wash transport tended to diminish upslope deposition by air splash
while enhancing the downslope deposition from each band. The
enormous diﬀerences in deposition rates between the upslope position
(10 cm above each band) and the downslope position (15 cm below)
indicated the dominant role of drop-impacted sheet wash in sediment

4. Discussion
Contradiction exists in the literature on whether soil detachment or
sediment transport process actually limits interrill erosion rates.
Identifying the limiting process is critical because erosion rate is often
set to the rate of the limiting process (Meyer and Wischmeier, 1969).
Lattanzi et al. (1974) and Meyer et al. (1975) proposed that interrill
erosion was limited by soil detachment. Gilley et al. (1985) reported
that transport limited erosion on shorter slopes, while detachment
limited on longer slopes. Zhang and Wang (2017) simultaneously
measured soil splash (or detachment) and sediment discharge under
various rainfall intensities, slope gradients, and slope lengths. By
comparing the splash rates and sediment discharge rates, they concluded that sediment transport was the limiting process for interrill
erosion under the study conditions. This conclusion was corroborated
by the results of this study. The occurrence of sediment deposition
along the entire slope especially the upslope splash deposition (Fig. 9),
accompanied by the sediment delivery ratios of < 0.8 for all slope
segments (Fig. 10A), supported the conclusion that sediment transport
was the limiting process for interrill erosion. Furthermore, the sediment
discharge ﬁrst increased and then decreased as slope length increased
from 0 to 4 m (Fig. 4), indicating that sediment transport capacity
controlled the total sediment discharge from the plot, provided that
detachment by raindrop impact was similar along the slope. Flow depth
and velocity were not measured in this study. However, an average ﬂow
depth of < 0.6 mm near the outlet in this study could be inferred from
a similar study of Zhang and Wang (2017). Therefore, it was acceptable
to assume that the eﬀect of water depth on soil detachment by raindrop
was negligible in this experiment. Given the assumed constant rate of
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Fig. 9. Sediment deposition rates from each tracer band along the slope following each of the six rainfall events.

distance as sediment transport transitioned from rainfall-driven to ﬂowdriven modes. Greater sediment concentration would signify greater
competence of the ﬂow to transport sediment. The greater competence
was largely resulted from greater raindrop impacts due to smaller water
depth in the upper section. The experimental results obtained here
could also support the two transport modes observed by Zhang and
Wang (2017). The observation indicated that rainfall-driven rolling
dominated in the upper slope where near linear increases in sediment
discharge existed, while ﬂow-driven rolling prevailed in the lower slope
where slopes of lesser than linear increases were exhibited (Fig. 5). The
faster increases in sediment load in the upper slope were because
rainfall-driven transport was more competent than ﬂow-driven transport in transporting sediment on interrill areas.
Since sediment dynamics reached quasi-steady states near the end of
each rain, a snap shot of a system should reﬂect the state of the system
of any time. Based on this notion, sediment deposition from each
segment following each rain was compared to the quasi-steady state
sediment delivery rates, and a strong positive correlation was obtained
in this study. The positive correlation between steady state deposition
amounts and steady state sediment discharge rates would indicate that
sediment re-detachment, transport, and deposition occurred simultaneously in the system. This was only possible if sediment was

soil detachment by raindrop on the entire plot, the nonlinear change of
sediment discharge along the slope in Fig. 4 must have resulted from
changes in sediment transport capacity. If the interrill erosion was
controlled by the raindrop detachment rate, the soil loss per unit area
should be constant with slope length in Fig. 4. As ﬂow depth increased
downslope, sediment transport gradually transitioned from rainfalldriven mode to ﬂow-driven mode. The former had higher sediment
concentration and was more competent than the latter in transporting
sediment (Zhang and Wang, 2017), although the latter was more
eﬃcient in transporting sediment due to increased ﬂow velocity
(Kinnell, 2005). The greater competence of the rainfall-driven transport
was largely caused by greater enhancement of transport capacity by
raindrop impact due to lower energy dissipation by smaller ﬂow depth.
Sediment delivery per unit width increased linearly with downslope
distance if the length was < 2.5 m, and then deviated from the linear
relationship as slope length further increased (Fig. 5). Similar patterns
were observed by Zhang and Wang (2017), who attributed the
deviation to the changes in sediment transport modes. They reported
that on interrill areas rainfall-driven rolling/creeping dominated in the
upper section where ﬂow depth was shallow, while ﬂow-driven rolling/
sliding became dominant in the lower section as ﬂow depth increased.
They found that sediment concentration decreased with downslope
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the sediment delivery ratio concept is more useful at a longer time scale
or at a larger watershed scale, where a relative stable state of the
watershed can be well represented.
Foster and Meyer (1972) proposed a sediment feedback concept,
stating that sediment detachment rate is inversely related to sediment
load in a ﬂow. This is based on the idea that ﬂow energy is ﬁnite, and
energy that is used for sediment transport will not be available for
detachment or re-detachment. This concept implies that detachment or
erosion may dominate in upper slope section where sediment load is
normally low due to limited sediment inﬂux from upslope, while
sediment transport may dominate in lower section where sediment
load is high. The results of this study clearly supported the concept that
erosion dominated in the upper section while transport dominated in
the lower section (Fig. 6A). Although sediment transport capacity
increased continuously downslope as ﬂow accumulated (Fig. 5), the
rates of the increases declined as slope length increased because the
enhancement of drop impact on transport capacity diminished due to
ﬂow depth increases. Thus, the lesser increases in transport capacity on
interrill areas would result in lesser soil detachment from the lower
section, especially in the Nd segment near the outlet. The plot end plate
might have abetted sediment deposition in the Nd segment, but it is yet
a proof that soil detachment is positively related to the sediment deﬁcit
(the diﬀerence between transport capacity and sediment load).
Wainwright et al. (2008) questioned the validity of the sediment
feedback concept and stated that the concept was based on unpublished
empirical observations and not yet veriﬁed by experimental data.
Nevertheless, the results from this experimental study demonstrate that
the sediment feedback relationship in principle holds under conditions
of dominant ﬂow-driven transport on interill areas. This conclusion was
also supported by the experimental data of Zhang and Wang (2017)
who quantiﬁed soil erosion and deposition on slopes using four
diﬀerent slope lengths.
This study conﬁrms the ﬁndings of Zhang and Wang (2017) that
interrill soil erosion is controlled by sediment transport process rather
than by raindrop detachment process on the interrill areas, as
evidenced by the occurrence of steady state sediment deposition along
the entire slope including the upslope splash deposition (Fig. 9) and
the < 0.8 of sediment delivery ratio on the slope (Fig. 10). As widely
reported in the literature, the interrill erodibility parameter (Ki) was
often estimated using lumped empirical equations such as that used in
the Water Erosion Prediction Project (WEPP) model. If sediment
transport is the limiting process in interrill erosion as reported here,
the interrill erodibility estimated with those lumped equations indeed
reﬂects sediment transportability rather than soil erodibility. This
distinction is important if interrill erosion process and soil erodibility
are to be correctly represented and modeled.
An alternative erosion modeling approach based on particle-travel
distance has been proposed and developed in the literature (Kirkby,
1991; Parsons et al., 1993, 1994, 2004, 2006; Wainwright et al., 2008).
The approach determines erosion rates based on entrainment rates and
travel distances of individual particles. It explicitly addresses the
depositional process during sediment transport and shows the potential
to scale soil erosion from plot to landscape (Wainwright et al., 2008).
Parsons et al. (2004) developed an analytical solution for interrill
erosion on a plan-planar hillslope of uniform gradient. The estimated
erosion rates per unit area followed an upward-convex shape within the
top 4-m slope length. The relationships between erosion rates and slope
length agreed qualitatively with those obtained in this study.
Parsons et al. (1993) reported that transport distances in interrill
erosion followed a negative exponential or gamma distribution, meaning that most sediment would have been deposited after travelling very
short distances, normally < 1 m on average. As a result, sediment
entrained only near the outlet would have been transported out of the
plot. The sediment deposition rates measured along the slope appeared
to be consistent with the nature of the deposition predicted by the
theory. However, the discrepancy existed between the loci of maximum
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Fig. 10. Sediment delivery ratios calculated based on the entire segment (A) and the
banded area only (B).

transported as bedload in the form of rolling or creeping. This inference
is consistent with the empirical observations reported in the literature
that interrill erosion is dominated by rolling or sliding along the surface
akin to the movement of bedload (Parsons et al., 1993; Asadi et al.,
2007; Wainwright et al., 2008; Zhang and Wang, 2017). Sutherland
et al. (1996) reported that sediment on interrill areas was transported in
a series of pulses in the form of periodic migrating bedload waves. In
the rolling/creeping mode, sediment delivery rates would be positively
related to transient deposition rates. The rate of the rainfall-driven
creeping would be heavily inﬂuenced by the frequency of raindrop
impacts and the drop sizes. The results also showed that the rate of the
rolling was not uniform in time and space, but rather occurred in pulses
and waves as aﬀected by changes in rainfall intensity and drop
direction, micro-relief, and ﬂow depth or line (Fig. 9). The detailed
process may be further veriﬁed with a high speed video camera.
Event sediment delivery ratio varied with runoﬀ rate and runoﬀ
duration (Fig. 10). It also tended to increase with downslope distance
due to changes in runoﬀ rate, ﬂow depth, and sediment transport mode.
Flow-driven transport, which was more eﬃcient than rainfall-driven
transport (Kinnell, 2005), tended to yield higher sediment delivery
ratios. Event sediment delivery ratio was calculated based on the
transient steady state deposition and event total sediment discharge.
Thus, it is a time-dependent quantity. As rainfall duration increases,
estimated event sediment delivery ratio increases as total sediment
discharge increases while the ‘steady state’ deposition rates remains
somewhat unchanged. This has been veriﬁed with the sediment
delivery ratio over multiple rainfall events, which increased from
0.24 in rain event 1 to 0.76 in rain event 6. This result indicates that
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5. Conclusions
Development and validation of process-based erosion models necessitate better understanding of the relationships among soil detachment, sediment transportation, and deposition. Five REE tracers were
used to study sediment dynamics under simulated rainfall on a 4-m
long, 10% uniform slope. This study focused on the interrill erosion
process; however, micro-rills did occur in the lower slope section during
rains 5 and 6, which was included in the paper for entirety. The results
conﬁrmed that interrill soil erosion was limited by transport process. An
upward-convex relationship existed between cumulative sediment
discharge per unit width and downslope distances. Raindrop-driven
rolling/creeping and ﬂow-driven rolling/gliding were dominant transport modes for interrill erosion. The observation showed that the
former dominated in upper slope section due to thin water depth,
while the latter dominated in lower section. Consequently, the upper
section was dominated by erosion due to limited sediment inﬂux, and
the lower section by transport largely serving as a conduit for inﬂux
sediment from upslope. The experimental data strongly supported the
sediment feedback concept, showing that sediment inﬂux from upslope
clearly suppressed soil detachment downslope. More importantly,
strong positive correlation was found between the amount of sediment
discharged from a segment to the outlet and the amount of sediment
deposited downslope from that segment, implying that sediment redetachment, transport, and deposition occurred simultaneously in the
system. The concurrent transport and deposition demonstrated that
sediment was transported as bedload in the form of rolling/creeping.
Sediment saltation was believed unimportant due to limited ﬂow depth
on such short slopes. Sediment delivery ratios estimated for each slope
segment tended to slightly increase downslope, suggesting the ﬂowdriven transport in the lower section was more eﬃcient than the
raindrop-driven transport in the upper section. In conjunction with
measurements of sediment properties and ﬂow hydraulics, the tracking
technique will provide a unique opportunity to generate much needed
spatial erosion data for validating the transport-distance theory as well
as other process-based erosion models. It should be noted that the
conclusion obtained from this study needs to be further veriﬁed for
diﬀerent soils under diﬀerent slope and rainfall conditions because
interrill erosion processes are strongly inﬂuenced by these factors.
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