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Abstract
Soil erosion is a global environmental problem, and anthropogenic fallout radionuclides offer a promising tool for describing
and quantifying soil redistribution on decadal time scales. To date, applications of radioactive fallout to trace upland sediment
transport have been developed primarily on lands disturbed by agriculture, grazing, and logging. Here we use 137Cs to characterize
and quantify soil erosion at the Konza Prairie Long-Term Ecological Research (LTER) site, an undisturbed grassland in
northeastern Kansas. We report on the small scale (b 10 m) and landscape scale (10 to 1000 m) distribution of fallout 137Cs, and
show significant variability in the concentrations and amounts of 137Cs in soils at our site. 137Cs soil concentrations and amounts
typically vary by 10% to 30% on small scales, which most likely represents the spatial heterogeneity of the depositional processes.
Landscape scale variability of soil 137Cs was significantly higher than small scale variability. Most notably, soils collected on
convex (divergent) landforms had 137Cs inventories of 2500 to 3000 Bq m− 2, which is consistent with the expected atmospheric
inputs to the study area during the 1950s and 1960s. Concave landforms, however, had statistically lower inventories of 1800 to
2300 Bq m− 2. The distribution of 137Cs on this undisturbed landscape contrasts significantly with distributions observed across
disturbed sites, which generally have accumulations of radioactive fallout in valley bottoms. Because the upslope contributing area
at each sampling point had a significant negative correlation with the soil inventory of 137Cs, we suggest that overland flow in
convergent areas dominates soil erosion at Konza on time scales of decades. Very few points on our landscape had 137Cs
inventories significantly above that which would be predicted from direct deposition of 137Cs on the soil surface; we conclude
therefore that there is little net sediment storage on this undisturbed landscape.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Each year the world loses billions of tons of soil from
erosion, a flux that is likely to exceed natural soil
production rates (Pimentel et al., 1995). Soil erosion has
been accelerated in recent years from cultivation,
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logging, and other effects of anthropogenic manipulation of the landscape (Hooke, 2000; Hewawasam et al.,
2003). As soil is transported off of the land surface, it
can damage aquatic ecosystems (Osmundson et al.,
2002) and it can reduce this global resource for food,
fiber, and timber production. A detailed understanding
of soil erosion across different types of landscapes is
critical, therefore, for developing sustainable land
management practices.
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Quantifying soil production and transport rates and
processes is, however, difficult and resource intensive.
Long-standing efforts to determine average erosion rates
across agricultural landscapes involve the construction
of small-scale runoff plots (Roels, 1985), monitoring of
suspended sediment concentrations in streams draining
the landscapes (Steegen et al., 2001), and, with recent
analytical breakthroughs, through the use of sediment
tracers (Matisoff et al., 2001) or short-lived isotopes
(Matisoff et al., 2002a,b). Collection and analyses of soil
from runoff plots or suspended sediment analyses
remains problematic primarily because of the difficulties
with ensuring a closed system, while injection of tracers
onto agricultural lands immediately imparts a short-term
measurement bias. Soil production rates have been
determined for diverse upland landscapes using in situ
produced cosmogenic nuclides (Heimsath et al., 1997),
but the methodology depends on local steady state soil
thickness and is therefore not appropriate for agricultural land or where soil depths are greater than about a
meter. Attempts to quantify sediment transport processes include segmented rod studies (Young, 1960), tephra
deposit mapping (Roering et al., 2002), detailed
measurement of bioturbation (Black and Montgomery,
1991; Gabet, 2000), optically stimulated luminescence
dating of individual quartz grains (Heimsath et al.,
2002), and short-lived isotope measurements (Wallbrink
and Murray, 1996; Walling and He, 1999a,b). Despite
the extensive effort across disciplines, quantifying
sediment transport processes and rates remains elusive
(Dietrich et al., 2003).
During the middle of the twentieth century, the
detonation of nuclear weapons in the atmosphere
injected a host of artificial radionuclides into the
environment with half-lives ranging from days to
decades. While atmospheric weapons were tested in
various countries from the 1940s until the late 1970s,
the vast majority of fallout in the central United States
was deposited between 1955 and 1967 (Cambray et
al., 1989; Simon et al., 2004). These fallout radionuclides offer a unique tool for determining timeintegrated erosion rates on a landscape with only one
or a few visits to the site (Brown et al., 1981b; Zhang
et al., 1994; Quine et al., 1997; Walling et al., 1999,
2002; He and Walling, 2003; Porto et al., 2003;
Fornes et al., 2005). 137Cs has a relatively long halflife (30 yr), it binds strongly to illite-like clay minerals
(Lomenick and Tamura, 1965), and is relatively
simple to measure via its strong gamma emission at
662 keV. This makes it ideal for studying soil
redistribution at certain sites. The technique relies on
the assumption that the isotope is fixed to particles
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upon deposition, and any redistribution of 137Cs
represents erosion and deposition on the landscape.
Areas on the landscape with relatively high amounts
of 137Cs are assumed to be areas of aggradation, and
areas with relatively low amounts of 137 Cs are
assumed to result from topsoil erosion. Elaborate
models have been developed for relating the vertical
distribution of radioactive fallout in soil profiles and
aerial amounts of radiocesium at different points on
the landscape to erosion rates (Walling and He,
1999a).
The techniques of relating 137 Cs profiles and
inventories to absolute and relative erosion rates
commonly relies on finding a “non-eroding” reference
location to compare to eroding or aggrading sites
(Lowrance et al., 1988). Nearly all erosion studies of
this type compare soils sampled at cultivated sites
with those sampled from an undisturbed field or
forest. A considerable problem in relating the
inventories of radioactive fallout to an actual erosion
rate is the spatial heterogeneity of the fallout
deposition. Only a few works have intensively studied
the variability of 137Cs at undisturbed landscapes that
are often taken as reference locations (Lance et al.,
1986; Sutherland, 1994,1996; Owens and Walling,
1996; VandenBygaart et al., 1999).
Here we examine the distribution of 137Cs on a
prairie landscape that has remained relatively free from
anthropogenic disturbance. Our goals are to quantify the
small-scale variability (b 10 m) of 137 Cs in soils and to
ascertain if basin-scale (10 to 1000 m) variability
exceeds small-scale variability. In addition, we test
whether topographical attributes such as slope, curvature, and upslope contributing area are related to 137Cs
inventories, and use these relationships to gain insight
into the erosion processes occurring on this landscape
over the past four decades.
2. Study area
Our study site is a 455, 400-m2 rectangular plot of the
Konza Prairie in Geary County, part of the Flint Hills
region of northeastern Kansas (Fig. 1). The site is part of
a region encompassing 50,000 km2 of eastern Kansas
and northeastern Oklahoma, and constitutes a part of the
largest remaining area of unplowed tallgrass prairie in
North America. Konza land was used for cattle grazing
(horses, hogs, mules, cattle) in the early 1900s, but has
been managed as a Long-Term Ecological Research
(LTER) site since the 1970s. Its current management
includes periodic burns and the reintroduction of native
grazers (bison).

432

J.M. Kaste et al. / Geomorphology 76 (2006) 430–440

Fig. 1. Konza Prairie field site. Small points mark single core locations; large points mark subsampling plots where four additional cores were taken
every 1, 5, and 10 m surrounding the grid point (see Fig. 2).

The vegetation of the study site is mostly native
tallgrass prairie, dominated by the perennial warmseason grasses, including big bluestem (Andropogon
gerardii Vitman), Indiana grass (Sorghastrum nutans
(L.) Nash), little bluestem (Schizachyrium scoparium
Michx.) and switch grass (Panicum virgatum L.). Trees
and shrubs can be found on slopes that do not regularly
burn (Briggs et al., 2002). The most common tree and
shrub species found on slopes include American elm
(Ulmus Americana L.), honeylocust (Gleditsia triacanthos L.), hackberry (Celtis occidentalis L.), redcedar
(Juniperus virginiana L.), and dogwood (Cornus
drummondii L.).
Most of the study site lies in an area having soils
classified as Benfield–Florence complex, which consists
of Benfield silty clay and Florence cherty silt loam
complex. Soils are developed on flat-lying Permian
carbonates and shales, and soil texture has been
measured as ∼50% silt, 30% clay, and 20% sand
(Macpherson and Sophocleous, 2004). Small portions
near the NW and NE boundaries of the study site have
soils classified as Crete silty loam and Tully silty clay
loam, respectively.
The study site spans three watersheds, with each
having different grazing and burn regimes. The northwestern corner of the study site lies within watershed SB,
which is ungrazed and not subject to prescribed burns.
The majority of the site lies within watershed C4A,

which is grazed by cattle and has a 4-yr fire return
interval. The southernmost portion of the study site lies
within watershed C1B, which is burned every year and is
also subject to cattle grazing. Most prescribed burns
within the study site occur during the end of the dormant
period in April. The climate for the area is temperate

Fig. 2. Subsampling design for plots identified in Fig. 1. Each grid cell
represents 1 m2.
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3. Methodology

m− 2 ) were estimated by multiplying the concentration
of 137 Cs in the soil by the total mass of soil retrieved by
the coring device. Repeat analysis of samples and
quality control checks indicated that the error associated with our gamma analysis (1 standard error) was on
the order of 6%.

3.1. Soil sampling

3.3. Topographical analysis

A 660-m × 690-m sampling grid was used to define
our study site and identify sampling points (Fig. 1).
Soils were sampled in the Spring of 2003 at 60-m
spacing. We used a coring device that retrieved soil in a
43-mm-ID × 303-mm-long plastic tube. To ascertain the
small-scale variability of 137Cs, selected locations that
represent different landscape positions (hilltops, slopes,
valleys) were subsampled at higher resolution (Figs. 1
and 2), with four additional cores taken at 1, 5, and 10-m
intervals around the original sampling point. Because
others have described the vertical distribution of 137Cs
in soil cores from the Konza Prairie (Reguigui and
Landsberger, 2005), we focused our resources on
quantifying the spatial distribution of 137Cs on the
landscape. Reguigui and Landsberger (2005) demonstrated that N90% of the 137 Cs resides in the upper 20 cm
of soil at the Konza Prairie. All extracted soil from the
core tubes was bulked for each sampling point. We also
sampled grass at the site to determine the relative
significance of 137Cs cycling by the native vegetation.
Grasses were clipped above ground and stored in plastic
bags for radionuclide analysis.

We developed a high resolution digital elevation
model (DEM) for the study site using a photogrammetric approach that would ensure a vertical accuracy
associated with 0.6-m contour interval as stated in the
National Map Accuracy Standards (NMAS). Prior to
aerial photography, six semi-permanent targets were
placed in the study area to be used as subsequent ground
control points for orienting the photogrammetric
models. On 01 October 2003, black and white aerial
photography was flown over the study area at an altitude
of 1066 m (above mean terrain). A Zeiss RMK 23/15
precision aerial camera with forward motion compensation and airborne global positioning system (GPS)
was used to acquire the photos. The resolution of the
camera lens had an area weighted average resolution
(AWAR) of 90 line pairs per millimeter as determined by
a USGS calibration report from June 2003. Negatives
were scanned into a digital format using a 20-μ scan
resolution on a Vexcel 5000 photogrammetric scanner.
Data on the location and elevation of the targets and
additional photo-identifiable ground control points were
collected with Trimble® GPS receivers and postprocessed with GPsurvey® and GEOlab® software.
Survey points were tied to the “KAW” and “N 370”
stations of the National Geological Survey (NGS)
control monumentation. Aerial triangulation was performed with Z/I Imaging ISAT software to verify the
ground control points and supplement the photogrammetric model setups. Map compilation of the high
resolution DEM was collected on Z/I Imaging SSK
photogrammetric workstations. In order to verify the
accuracy of the DEM, additional field check points were
surveyed at 47 random locations throughout the study
area and compared with photogrammetric estimates. The
mean square error resulting from the elevation differences was 5.2 cm, which is well within the 95%
confidence range for a 0.6-m elevation accuracy.
SHALSTAB (Dietrich et al., 1995; Montgomery and
Dietrich, 1994) was used to calculate slope, curvature,
and upslope contributing area across our grid. We used a
7-m grid scale for the topographical analyses, which
appeared to be the lowest resolution free of artifacts in
the curvature displays.

midcontinental: rainfall averages 83.5 cm/year, of which
approximately 75% occurs in the growing season from
April through September. Mean January temperature is
− 2.7 °C and mean July temperature is 26.6 °C.

3.2. Radionuclide analysis
Sieved (b2 mm) soil samples and ground grass
samples were oven-dried at 105 °C and packed into
plastic containers for 137Cs analysis via its 662 keV
gamma emission. Depending on the mass of sample
retrieved, soils were packed either in a 60 or 125 ml
geometry that was calibrated with standard 137Cs
solutions (Isotope Products). We used two Canberra
Broad Energy Intrinsic Ge Detectors for gamma
analysis, each equipped with a low-background lead
shield. Efficiency of the detectors for the 137Cs gamma
ranged from 2% to 4%, depending on the precise
geometry and the specific detector. We typically counted
samples for 80 ks, accumulating ∼1000 counts in order
to keep the random error associated with gamma and Xray spectrometry below 3%. 137 Cs concentrations in soil
(Bq kg− 1) were calculated by correcting for the detector
efficiency and the efficiency of the 137Cs 662 keV
gamma emission (85% yield). 137 Cs inventories (Bq
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Table 1
Cs concentrations (Bq kg− 1) and inventories (Bq m− 2) determined
on subsampled plots

137

1m

Cs Bq kg− 1 5 m
(Bq m− 2)

137

Cs Bq kg− 1 10 m 137Cs Bq kg− 1
(Bq m− 2)
(Bq m− 2)

137

B12 15.8 (3730)
B12a 20.0 (4010)
B12d 11.1 (3010)
B12g 14.1 (2540)
B12j 10.7 (2690)
1 m: 3200 ± 20%

B12b 8.53 (2050)
B12e 13.8 (3450)
B12h 17.7 (3670)
B12k 14.2 (1640)
1 + 5 m: 2980 ± 27%

B12c 12.4 (3240)
B12f NA (NA)
B12i 7.49 (2780)
B12l 5.68 (2150)
1 + 5 + 10 m: 2910
± 25%

D20 10.8 (2550)
D20a 8.86 (3040)
D20d 14.5 (4220)
D20g 8.32 (2800)
D20j 8.67 (2300)
1 m: 2980 ± 25%

D20b 5.31 (1930)
D20e 12.1 (4060)
D20h 5.38 (1870)
D20k 6.74 (2380)
1 + 5 m: 2790 ± 30%

D20c 10.6 (3710)
D20f 6.85 (2310)
D20i 5.37 (1770)
D20l 6.66 (2080)
1 + 5 + 10 m: 2690
± 31%

F4
9.75 (3120)
F4a 11.1 (3780)
F4d 5.91 (1790)
F4g 11.1 (3600)
F4j
10.3 (3100)
1 m: 3080 ± 25%

F4b 11.3 (3730)
F4e 10.8 (3580)
F4h 12.2 (4200)
F4k 11.2 (3970)
1 + 5 m: 3430 ± 21%

F4c 13.9 (3670)
F4f
9.12 (2820)
F4i
11.0 (3200)
F4l
5.67 (1790)
1 + 5 + 10 m: 3260
± 23%

F10 4.76 (1630)
F10a 6.42 (2360)
F10d 6.35 (1920)
F10g 5.18 (1880)
F10j 6.06 (2260)
1 m: 2010 ± 17%

F10b 12.6 (4750)
F10e 7.69 (2550)
F10k 5.02 (1840)
F10h 4.07 (1620)
1 + 5 m: 2310 ± 42%

F10c 6.62 (2700)
F10f 5.43 (1730)
F10i 7.87 (2910)
F10l 7.52 (2710)
1 + 5 + 10 m: 2370
± 39%

J8
6.25 (1780)
J8a
6.10 (1640)
J8d
5.48 (1750)
J8g
6.00 (2220)
J8j
6.43 (1810)
1 m: 1840 ± 14%

J8b
3.10 (870)
J8e
4.76 (1780)
J8h
6.62 (2030)
J8k
5.38 (1870)
1 + 5 m: 1750 ± 24%

J8c
4.32 (1190)
J8f
5.46 (1830)
J8i
5.41 (1740)
J8l
3.90 (1360)
1 + 5 + 10 m: 1680
± 23%

R8
6.92 (2300)
R8a 10.3 (1960)
R8d 5.66 (2110)
R8g 6.35 (2260)
R8j
6.19 (1650)
1 m: 2060 ± 8%

R8b 6.23 (2030)
R8e 4.33 (1480)
R8h 4.36 (1650)
R8k 5.33 (1790)
1 + 5 m: 1910 ± 16%

R8c 5.34 (2050)
R8f 6.90 (2580)
R8i 5.70 (2080)
R8l 3.98 (1600)
1 + 5 + 10 m: 1960
± 16%

T8
7.32 (2280)
T8a 5.36 (1700)
T8d 5.74 (1950)
T8g 6.90 (2200)
T8j
5.99 (1910)
1 m: 2010 ± 13%; ;

T8b 5.40 (1910)
T8e 5.99 (2200)
T8h 6.47 (2040)
T8k 3.66 (1380)
1 + 5 m: 1950 ± 10%

T8c 7.46 (2490)
T8f 4.82 (1830)
T8i
4.58 (1610)
T8l
5.08 (1780)
1 + 5 + 10 m: 1940
± 14%

4. Results and discussion
4.1. Subsampling
Table 1 gives soil 137Cs concentrations (Bq kg− 1) and
amounts (Bq m− 2) from our small scale subsampling
plots (Fig. 2). Soil concentrations typically show a wider
range of variability than surface inventories because
concentrations are effected by the depth and amount of
soil collected by the coring device. Since radioactive
fallout is concentrated in the upper soil horizons, the
retrieval of a thicker soil column will result in dilution of
the isotope. Surface inventories (Bq m− 2) are thus more
useful for geomorphic and sediment transport studies.
Within all of the subsample plots, analysis of variance
(ANOVA) tests using Tukey Kramers HSD could not
distinguish between 1-, 5-, and 10-m data (α = 0.05). The
variability about the mean of each sampling point
increases significantly if 5-m data is included with the
1-m data; variability increases even more if the 10-m data
is included with the 1- and 5-m data. However, when all
of the subsamples are used for comparison between the
subsampling plots, ANOVA indicated that J8, R8, and
T8 are significantly lower in 137Cs (Bq m− 2) than B12,
D20, F4, and F10 at α = 0.05. Subsamples J8, R8, and T8
were all located in convergent regions of landscape and
have positive curvature, while subsamples B12, D20, F4,
and F10 were on sites with negative curvature (convex
regions).
4.2. Landscape distribution of

137

Cs

137

Averages and standard errors are given for inventory values.

Cs inventories measured in our grid at Konza (not
including subsamples) ranged from 800 to 3900 Bq m− 2
(± 2σ,n = 189). Fig. 3 gives 137 Cs amounts (Bq m− 2)
versus slope, and no significant correlation exists
between these two parameters. Significant correlations
with topographic curvature (linear; p b 0.001) and
upslope contributing area (logarithmic; p b 0.001) are

Fig. 3. 137Cs inventory vs. slope calculated at the 7-m grid scale for the
entire sampling grid. No significant correlation exists.
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Fig. 4. 137Cs inventory vs. curvature calculated at the 7-m grid scale for
the entire sampling area. Confidence interval density ellipse is given as
95%. A significant correlation exists here (p b 0.001); r2 on the linear
fit (given) is 0.07.

shown in Figs. 4 and 5, respectively. If samples are
grouped according to curvature, sites with negative
curvature (−0.03 to −0.005) have statistically higher
137
Cs soil concentrations and amounts than sites that are
flat or positive in curvature (concave) (Fig. 6).
4.3. Comparison with other studies
The distribution of 137Cs on this landscape is very
different than the 137Cs distributions commonly described on cultivated landscapes. While we show 137Cs
depletion in concave areas, most disturbed sites have
significant 137 Cs enrichments downslope. Brown et al.
(1981a) reported on the distribution of 137 Cs in
agricultural watersheds in Oregon. They reported that

Fig. 5. 137Cs inventory vs. upslope contributing area (m2) calculated at
the 7-m grid scale for the entire sampling grid. A significant correlation
exists here (p b 0.001); r2 on the logarithmic fit (given) is 0.07.

Fig. 6. 137Cs concentrations (A) and surface inventories (B) grouped
by topographic curvature. Negative curvature ranges from − 0.03 to
− 0.005. Zero curvature ranges from −0.005 to +0.005. Positive
curvature ranges from +0.005 to +0.03. An ANOVA shows that
sampling locations with negative curvature are statistically different
(α = 0.05) from zero and positive curvature.

sideslopes and ridgetops had 137Cs inventories ranging
from 1500 to 2500 Bq m − 2 . Concave footslope
positions had significantly higher 137Cs inventories,
ranging from 2500 to 3800 Bq m− 2. At a tilled
watershed in Oklahoma, Lance et al. (1986) also
showed significant downslope enrichments of 137Cs
relative to midslope or ridge crest positions. Martz and
De Jong (1987) used 137Cs to describe the relationship
of soil erosion in a cultivated prairie basin in central
Saskatchewan. They also concluded that soil loss was
most severe on slope crests, and soil accumulation was
reported in upland depressions and along the main
valley channel. Lowrance et al. (1988) analyzed the
distribution of 137Cs in a cultivated field in Georgia.
They determined that hillslopes were eroding at rates of
∼60 Mg ha− 1 y− 1, and this sediment was being
deposited and temporarily stored in downslope areas
of the field and in a riparian forest ecosystem. Hillsopes
had 137 Cs inventories of ∼1600 Bq m− 2, whereas soils
and sediments in the riparian forest and toeslopes had
higher inventories by about sixfold. Walling et al.
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(1999) examined the spatial distribution of radiocesium
on a cultivated field in England. They showed that
hilltops and hillslopes had 137Cs inventories ranging
from 1800 to 2300 Bq m− 2. Valley bottoms, however,
had significantly higher amounts of 137Cs by a few
hundred becquerels per square meter. Riparian areas
also appeared to trap and accumulate 137Cs (and
presumably sediment) eroded from cultivated hillslopes
in western Slovakia (Van der Perk et al., 2002).
The spatial variability of 137Cs in undisturbed areas
has not been documented as rigorously, although it
appears to be significantly lower than the variability at
disturbed locations. At an undisturbed watershed in
Oklahoma, Lance et al. (1986) found that the
coefficient of variation (CV) was 19%, lower than in
the nearby cultivated basin that had a 137 Cs CV of
33%. Sutherland (1994) reported a CV of 28% for a
cultivated field in Saskatchewan, compared to a 15%
CV in a nearby native field. Interestingly, for the native
field control site he concluded that all 137Cs inventories in downslope transects had a random distribution,
although a 137 Cs depleted area was noted in a
topographical hollow.
In a subsequent literature review of the use of 137Cs
reference locations, Sutherland (1996) reported that the
CV of 137 Cs inventories in undisturbed and presumably
noneroding and nonaggrading soil ranged from 13% to
23% (95% confidence interval). Navis and Walling
(1992) demonstrated that land use was a much more
significant factor in determining 137Cs inventories than
topography. Areas with natural vegetation and relatively
steep slope (15°) had higher amounts of 137Cs than more
gentle slopes (5°) that were cultivated. Owens and
Walling (1996) calculated a CV of 18% and 67% for
137
Cs inventories at an undisturbed orchard in the U.K.
and a grassland in Zimbabwe, respectively. They
concluded that most of the variability at these lowgradient sites was random. While the overall CV at
Konza was relatively high (33%), the CV within a very
small scale (all samples b1 m) ranged from 8% to 25%.
If samples were grouped around a diameter of 20 m the
CV was as high as 39% (Table 1). 137 Cs inventories
within the Konza sampling grid are significantly
correlated with landscape curvature and upslope contributing area (Figs. 4–6).

content generally have low dissolved 137 Cs losses
(Lomenick and Tamura, 1965; Seaman et al., 2001;
Smith et al., 2004). Konza soils have clay contents on
the order of 20% to 30%, and organic matter
concentrations of b 10% (Dell et al., 2005; Dodds et
al., 1996; Macpherson and Sophocleous, 2004), thus
137
Cs should be relatively immobile at this site. Over
90% of the 137 Cs at Konza resides in the upper 15 cm of
soil (Reguigui and Landsberger, 2005). The vertical
distribution of 137Cs is in broad agreement with the
distribution of fallout Plutonium (Pu) at Konza (Fig. 7),
which has also been documented to be strongly
partitioned to the solid phase (Santschi et al., 1980).
While preferential leaching of 137Cs relative to other
fallout isotopes is observed in organic-rich soils (Dorr
and Munnich, 1991), we did not observe this at Konza
(Fig. 7). In addition, in our analyses of vegetation, 137 Cs
uptake was very low; 137 Cs inventories in the grasses
ranged from 10 to 50 Bq m− 2, which is relatively
insignificant compared to soil inventories that range
from 1800 to 3500 Bq m− 2. Because of our soil texture,
the depth-distribution of 137Cs, and the low 137 Cs
uptake by vegetation, we feel that it is justified to
assume that 137Cs movement at Konza is dominated by
particulate transport.
Using the spatial distribution of fallout 137Cs at
Konza, we can describe the soil redistribution and
erosion that has taken place over the last few decades.

5. Tracing soil redistribution and quantifying
erosion across a natural prairie
Although 137 Cs can move in soils in both particulate
and dissolved form (Tyler and Heal, 2000), soils and
sediments with low organic matter and significant clay

Fig. 7. Vertical distribution of 137Cs and Pu fallout at Konza. 137Cs data
generalized from Reguigui and Landsberger (2005); Pu determinations
were by M.E. Ketterer at Northern Arizona University.
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Fig. 8. 137Cs inventories vs. upslope contributing area for the
subsamples given in Table 1. Averages of the 1- and 5-m samples
plotted +/− 1 standard error of the mean. The r2 on the log fit (plotted)
is 0.7.
137

Cs inventories at our site ranged (±2σ,n = 189) from
800 to 3900 Bq m− 2. Sampling points on convex
landforms had 137Cs values of 2450 to 3020 (95% CI)
and soil sampled from flat areas (i.e., no curvature) had
137
Cs values of 2190 to 2440 (95% CI). These values are
relatively consistent with depositional models of 137Cs
fallout to northeastern Kansas during the 1950s and
1960s (Simon et al., 2004). However, soil sampled from
concave landforms had 1720 to 2370 Bq 137Cs m− 2
(95% CI), and these locations were significantly lower
than convex areas.
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Because convex landforms have 137 Cs inventories
consistent with inventories predicted by local and global
fallout, erosional processes must operate on a time
scales N 40 yr here. However, from subsampling
locations (n = 13 in areas b 20 m) and from the larger
grid survey (Fig. 1), concave topography had soil 137Cs
inventories below that of convex topography. Furthermore, while 137Cs inventories show no relationship with
slope (Fig. 3), a negative logarithmic relationship exists
with contributing area (Fig. 5). When all samples are
considered (Fig. 5), the relationship between 137Cs
inventories and contributing areas is weak, probably
because most of the sampling points are clustered
between 10 and 100 m2 and because of the 10% to 25%
error associated with each sampling point (Table 1). A
much tighter correlation can be found among the
subsampling averages and upslope contributing area
(Fig. 8). In addition, when individual watersheds are
isolated, a tighter correlation between 137Cs inventories
and upslope contributing area is found (Fig. 9). From the
137
Cs concentration and inventory data, soil erosion at
Konza appears to be occurring in areas that focus
surface water flow.
In addition to using 137Cs to identify areas of soil
loss, soil loss can be quantitatively assessed for
concave portions of the landscape if we assume that:
i) the convex sampling locations have not been eroding
and can serve as our reference inventory, and ii) the
vertical distribution of fallout 137 Cs at Konza is of the
exponential form shown by Reguigui and Landsberger
(2005). We use a model based on Walling and He
(1999a) that relates the percentage of 137 Cs loss

Fig. 9. 137Cs inventories vs. contributing area for the watersheds circled in Fig. 1. Plot B omits all data points (4) with N150 m2 contributing area. r2 on
the logarithmic fit (given) is 0.35.
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(relative to reference inventory) to soil erosion rates
using parameters that govern the vertical distribution of
137
Cs in the soil. The model takes into account the
advection (i.e., leaching) and dispersion (e.g., mixing)
of 137Cs in the soil profile and the time-dependent 137Cs
fallout input function. In the model, we also assume
that mobilized sediment is enriched by a factor of
1.2 in 137 Cs relative to topsoil because of preferential
removal of fines that have a larger reactive surface
area for 137Cs adsorption (He and Walling, 1996).
Concave landforms have 137 Cs depletions ranging
from 13% to 37%, which translates to erosion rate
estimates of 1 to 2.5 Mg ha− 1 y− 1.
Recent soil erosion at the Konza Prairie is focused in
convergent areas, while convex landforms have
remained stable. Because upslope contributing area
has the most significant correlation with 137Cs inventories, we conclude that overland flow has been the
dominant erosion process on the landscape over the last
40 yr. Discharge is a function of upslope contributing
area, thus net sediment transport is localized to portions
of the surface that are subjected to shear stress sufficient
for particle entrainment. Others have documented
overland flow on low gradient grassland slopes. For
example, Montgomery and Dietrich (1989, 1994)
observed overland flow in convergent areas on grasslands in Marin County, California, and connected the
increased transport capacity with channel initiation.
Their work led to field experiments testing the role of
vegetative strength with channel formation and found
surprising resilience of grassland landscapes to overland
flow erosion (Prosser and Dietrich, 1995). A significant
conclusion from such studies is that land management,
specifically determining the species of grazing animals
and nature of tillage agriculture, can alter the rates and
processes of erosion tremendously. Although a comprehensive comparison of management strategies is beyond
the scope of this paper, the erosion rates that we
calculated for concave landforms are significantly lower
than hillslope erosion rates calculated at topographically
similar cultivated sites using fallout isotopes, which
generally range from 2 to N100 Mg ha− 1 y− 1 (Brown et
al., 1981b; Fornes et al., 2005; Lance et al., 1986;
Lowrance et al., 1988; Martz and De Jong, 1987; Wilson
et al., 2003).
While we report net erosion at Konza, resulting
primarily from overland flow removal of sediment
from the unchannelled swales, little evidence was
found of net deposition or sediment storage on this
landscape. Out of the 30 sampling points in concave
areas, which generally lie in valley bottoms, only one
point had 137Cs N 3500 Bq m− 2. Sites with little to no

curvature (n = 125) had 137Cs inventories generally
consistent with expected 137 Cs deposition. This
sharply contrasts with cultivated sites, which almost
always have significant accumulations of 137Cs, often
several times the reference inventory at the base of
slopes as discussed above. This study thus sheds light
on the sediment transport in a basin in its “natural
condition” and one that is often presumed to be at
steady state. Any sediment produced appears to be
exported from the system, possibly stored down
gradient outside of our study area. We demonstrated
here that low-order watersheds on undisturbed grasslands have a sediment delivery ratio (e.g., transmission
ratio) near 100%.
6. Conclusions
While it is often assumed that 137 Cs amounts would
not vary significantly across an undisturbed landscape,
we demonstrated that 137Cs concentrations and surface
inventories span a significant range even on a scale of a
few meters at natural grassland in Konza. Using 137 Cs
inventories, we documented erosion on this landscape
and showed that the erosion is confined to convergent
regions. Because the topographical attribute that has
the most significant relationship with 137 Cs inventories
is the upslope contributing area, we suggest that
overland flow is the dominant erosive process operating here on time scales of decades. 137 Cs inventories in
our sampling grid are generally consistent with or
below inventories expected from atmospheric inputs
during the middle-to-late 20th century. We conclude
that there is little net sediment storage at this undisturbed prairie, which contrasts sharply from disturbed landscapes.
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