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A B S T R A C T

The expected growing population and challenges associated with globalisation will increase local food and feed
demands and enhance the pressure on local and regional upland soil resources. In light of these potential future
developments it is necessary to define sustainable land use and tolerable soil loss rates with methods applicable
and adapted to mountainous areas. Fallout-radionuclides (FRNs) are proven techniques to increase our
knowledge about the status and resilience of agro-ecosystems. However, the use of the Caesium-137 (137Cs)
method is complicated in the European Alps due to its heterogeneous input and the timing of the Chernobyl
fallout, which occurred during a few single rain events on partly snow covered ground. Other radioisotopic
techniques have been proposed to overcome these limitations. The objective of this study is to evaluate the
suitability of excess Lead-210 (210Pbex) and Plutonium-239+240 (239+240Pu) as soil erosion tracers for three
different grassland management types at the steep slopes (slope angles between 35 and 38°) located in the
Central Swiss Alps. All three FRNs identified pastures as having the highest mean (± standard deviation) net soil
loss of −6.7±1.1, −9.8±6.8 and −7.0±5.2 Mg ha-1 yr-1 for 137Cs, 210Pbex and 239+240Pu, respectively. A
mean soil loss of −5.7±1.5, −5.2±1.5 and-5.6± 2.1 was assessed for hayfields and the lowest rates were
established for pastures with dwarf-shrubs (−5.2± 2.5, −4.5± 2.5 and −3.3± 2.4 Mg ha-1 yr-1 for 137Cs,
210Pbex and 239+240Pu, respectively). These rates, evaluated at sites with an elevated soil erosion risk exceed the
respective soil production rates. Among the three FRN methods used, 239+240Pu appears as the most promising
tracer in terms of measurement uncertainty and reduced small scale variability (CV of 13%). Despite a higher
level of uncertainty, 210Pbex produced comparable results, with a wide range of erosion rates sensitive to changes
in grassland management. 210Pbex can then be as well considered as a suitable soil tracer to investigate alpine
agroecosystems.

1. Introduction

Land degradation and especially soil erosion are associated with the
irretrievable loss of the basic soil resource and particularly in upland
mountain areas have severe impacts on water storage and quality, en-
tailing changes in water availability far beyond the mountain areas. In
terms of food and feed resources, the importance of this relative un-
productive marginal agricultural land decreased during the last 30
years due to the liberalization of agricultural markets that has pro-
moted a global competition. In such a globalized market, farming in
mountain regions is clearly disadvantaged because of higher production
costs (Streifeneder and Rufjini, 2007) and, as a consequence, mountain
farmland is abandoned in Europe (Lasanta et al., 2017). For example in
Switzerland, despite subsidies, the number of farms decreased by 40%

between 1985 and 2008 (BFS, 2009).
These mountain grasslands might, however, regain some of their

importance because of the global demand for primary phytomass for
food, which should be at least more than doubled by 2050 (Koning
et al., 2008). The growing world population in combination with an
unrestrained soil degradation (Borrelli et al., n.d) might increase food
and feed shortage in future and trigger the expansion of cultivated land
towards these grass- and woodlands (Fischer et al., 2011). In light of
these future developments and the expected most pronounced effects of
climate change impacting mountainous areas (Beniston, 2003, 2006;
Meusburger et al., 2012), it is necessary to identify sustainable land
management strategies and to characterize tolerable soil loss rates with
specific techniques adapted to steep, inaccessible and rough climate
conditions of mountain areas. Particularly snow and avalanches, acting
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as soil erosion agents themselves, greatly impede the use of traditional
long-term soil erosion monitoring techniques such as sediment traps or
erosion pins (Alewell et al., 2008; Konz et al., 2012; Meusburger et al.,
2014).

Fallout radionuclides (FRN) are one of the most convenient ap-
proaches to quantify soil erosion in Alpine grasslands (Alewell et al.,
2014), because they account for soil loss not only by water, but also for
topsoil abrasion caused by snow movement in winter when conven-
tional measurements are not feasible (Meusburger et al., 2014). More-
over, the FRN technique allows to complement and underpin modelled
long-term soil erosion rates (Meusburger et al., 2010), although appli-
cations of FRNs in context of large scale model applications (e.g.
Panagos et al., 2015) are still missing. When FRNs reach the soil surface
by wet deposition, they are tightly adsorbed to fine soil particles and
the subsequent lateral redistribution of adsorbed FRNs is mainly asso-
ciated with soil redistribution (Zapata, 2002). The use of FRN mea-
surements to quantify soil redistribution magnitude is commonly based
upon a comparison of FRN inventories for individual sampling points to
the local reference inventory, where soil erosion is indicated by lower
FRN inventories, and sedimentation, by higher FRN levels as compared
to the reference site (Ritchie and McHenry, 1990; Mabit et al., 2008).

The FRN Caesium-137 (137Cs) is the most commonly used tracer for
soil erosion assessment. This radioisotope was introduced into the
global environment by the thermonuclear weapons testing that took
place from the mid-1950s to the early 1960s and from nuclear power
plant (NPP) accidents such as Chernobyl in April-May 1986. However,
due to radioactive decay the concentrations of 137Cs are decreasing
particularly in the southern hemisphere, where 137Cs fallout has been
much lower than in the north hemisphere (where most of the nuclear
tests took place). In addition, in the Swiss alpine areas, we are con-
fronted with an unusually high heterogeneity of 137Cs reference in-
ventories (Alewell et al., 2014). The latter might be due to the highly
uneven spatial distribution of the Chernobyl 137Cs fallout and the par-
tial presence of snow cover at the end of April-May 1986 that most
likely enhanced heterogeneous redistribution during the snow melt
process. This heterogeneity can complicate or even compromise the use
of the 137Cs method as the key assumption of homogeneity of the initial
fallout is not fulfilled (Haugen, 1991; Lettner et al., 1999; Golosov
et al., 2008, 2013; Mabit et al., 2013). The Chernobyl fallout entails a
second limitation. To convert FRN inventories into yearly soil erosion
rates, the proportion of 137Cs Chernobyl fallout is required to refer the
erosion rates to the correct time period.

To overcome these limitations associated with the use of 137Cs in
mountain areas, anthropogenic Plutonium-239+240 (239+240Pu) has
been suggested by the research community as a new radioisotopic ap-
proach to determine soil erosion rates in mountain areas (Alewell et al.,
2014; Meusburger et al., 2016). Pu isotopes (i.e. 239Pu [half-life =

24,110 years] and 240Pu [half-life = 6561 years]) in European alpine
areas originate solely from the past nuclear weapon tests, which re-
sulted in a more homogenous input due to the longer fallout period
above one decade (Alewell et al., 2014). Plutonium isotopes may also
help to overcome the second limitation - the apportionment of the 137Cs
originating from Chernobyl fallout - by utilizing specific
239+240Pu/137Cs activity ratios. Indeed, these ratios are significantly
different for the two fallout sources with values of 0.029± 0.003
(Hardy et al., 1973; Hodge et al., 1996; Kelley et al., 1999) and 0.009
(Muramatsu et al., 2000) for the global and Chernobyl fallout, respec-
tively.

Excess Lead-210 (210Pbex) could also be used to overcome these
restrictions in the Swiss alpine areas or more generally in areas which
have been affected by heterogeneous 137Cs fallout. In contrast to 137Cs
and 239+240Pu, 210Pbex is a natural geogenic radioisotope (t1/2 = 22.3
years), which origins from the decay of Radium-226 (226Ra). 226Ra is
found in most soils and rocks and produces as its daughter short-lived
gaseous Radon-222 (222Rn) having a half-life of 3.8 days. Most of this
222Rn decays to 210Pb within the soil, producing supported 210Pb that is
in equilibrium with the parent 226Ra. However, some of the 222Rn dif-
fuses from the soil into the atmosphere, where it rapidly decays to
210Pb. This additional 210Pb is deposited on the ground via precipitation
and since it is not in equilibrium with the parent 226Ra, it is commonly
termed unsupported or excess 210Pb (210Pbex). Because of its natural
origin, 210Pbex fallout is essentially constant through time, although
seasonal and longer-term variations in 210Pbex concentrations in the
atmospheric fallout (rain, snow and dry deposition) have been reported
(Preiss et al., 1996). As supported 210Pb can be subtracted from total Pb
in considering the 226Ra to 210Pb ratios, the determination of 210Pbex
has been used successfully worldwide for soil erosion assessment in the
last decades (Porto and Walling, 2012; Gaspar et al., 2013; Porto et al.,
2013; Mabit et al., 2014). However, its suitability as soil erosion tracer
in permanent alpine grasslands has not yet been tested and validated.

This study aims to fill this gap by evaluating the suitability of
210Pbex in addition to 239+240Pu for assessing soil erosion magnitude in
alpine grassland areas under three different types of management (i.e.
hayfield, pasture and pasture with dwarf shrubs). Further, we hy-
pothesise that 137Cs based soil redistribution estimates can be im-
proved, if information on the relative contribution of the global versus
Chernobyl fallout is known. The latter will be determined by calcu-
lating 239+240Pu/137Cs activity ratios at reference sites. The application
of the three FRNs pursues the ultimate goal to assess soil redistribution
rates for the alpine grassland management type hayfield, pasture and
pasture with dwarf shrubs.

Fig. 1. Location of the 9 investigated sites (hayfields
– h; pastures – p; pastures with dwarf shrubs – pw)
and the two reference sites (R4, R5) in the Urseren
Valley (Central Swiss Alps).
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2. Materials and methods

2.1. Site description and soil sampling

As a pilot alpine study site, the Urseren Valley located in Central
Switzerland (Canton Uri, Fig. 1) was selected due to the availability of
ancillary data e.g. on the 239+240Pu isotopes (Alewell et al., 2014) and
137Cs (Konz et al., 2012) in-situ measurements. The U-formed alpine
valley extends in an E-W direction with elevations ranging between
1400 and 2500 m a.s.l. At the valley bottom (1442 m a.s.l.), average
annual air temperature for the years 1950–2012 is around 3.7± 0.7 °C
and the mean annual rainfall precipitation reaches about
1419±266 mm, with approximately 30% of it falling as snow, which
covers the valley from November to April (MeteoSwiss, 2013). The
predominant soils are Cambisols and Podzols (anthric) based on the
IUSS Working Group (2006) classification with sandy loam to loamy
sand texture.

Ever since the deforestation of the valley by the Romans in the
eleventh century, the vegetation cover consists of hayfields and pas-
tured grasslands (63% of the area) that are, to a large extent, mixed or
even dominated by dwarf shrubs. The proportion of forests, which
protect the slopes from avalanches upslope of the main villages, re-
presents only 1% of the surface cover. Grasslands are mainly located at
slopes with median slope angles of 29° with standard deviation of 10°.
These slopes are susceptible to snow avalanches and snow-gliding.
These processes are besides rainfall erosivity a major trigger for soil
removal (Meusburger et al., 2014). In the last decades, land use in-
tensity increased on the lower slopes (where the study sites are located)
and decreased in the higher, more remote areas (Meusburger and
Alewell, 2008).

In summer 2014, a total of 82 soil profiles (> 40 cm or until
reaching the bedrock) were collected with a soil corer of 59 mm dia-
meter and 90 cm in length (Giddings Machine Company, Windsor, CO,
USA). We selected nine erosional sites (at slopes near the valley bottom
1469–1616 m a.s.l) and two reference sites for our study (1476 and
1514 m a.s.l.). The erosional sites were selected to have similar topo-
graphic characteristics (planar south facing slopes of 35–39° with a
natural flow barrier above) as well as soil properties (sandy loam to silt
loam with a soil organic matter content of 11–13%), but with differing
land use management. For a comprehensive list of site parameters, the
reader is referred to Konz et al. (2009). The grassland management is
subdivided into three categories: hayfields (h1-3), pastures (p1-3) and
pastures with dwarf shrubs (pw1-3; Fig. 1). Dwarf shrubs are abundant
in alpine grasslands and are expected to have different erosion sus-
ceptibility due to differences in root morphology but also because of
different interaction with rainfall erosivity and surface runoff. At each
site, we collected 9 cores, of which 3 were sectioned into 2 cm depth
increments and subsequently composited. The remaining 6 cores were
sectioned in 2 parts 0–10 cm and 10 to> 40 cm. The previous will yield
a detailed representative depth profile for each land use and the latter
will allow for an assessment of the small scale variability at each site.
For 239+240Pu only a subset of these samples (n = 21) has been mea-
sured (Table 1).

A major challenge was the selection of suitable reference sites. In
previous samplings, we considered 6 potential reference sites of which
some showed a higher stability and reliability assessed with an re-
sampling approach (Arata et al., 2017). For the two sites considered
suitable according to this approach (R4 and R5), we collected 5 cores
that were sectioned in 1 cm depth increments until the depth of 5 cm
and from there on in 3 cm increments. The depth increments of the five
individual cores were mixed per corresponding depth to generate a
representative composite depth profile of 210Pbex and 137Cs. In order to
assess the small-scale variability, 5 additional cores were collected in
close vicinity and sectioned in two parts (0–10 cm and 10 to>40 cm).
For 239+240Pu we used reference data of two different profiles (each a
composite of three cores; sectioned in 3 cm increments) at R4 and R5.

The 239+240Pu reference profiles we sectioned at different depth in-
crements and could therefore not be used to calculate the
239+240Pu/137Cs activity ratios. For this purpose we used Pu and Cs data
of six reference sites with 3 cm increments of Alewell et al. (2014).

2.2. Radioisotopic analysis

The determinations of 210Pbex in the soil samples were carried out
using two high resolution HPGe gamma detectors at the Department of
Agraria at the University Mediterranea of Reggio Calabria, Italy. The
samples were sealed for 21 days prior to assay for achieving equilibrium
between 226Ra and its daughter 222Rn. Measurements were performed
for total 210Pb and 226Ra (via 214Pb) activities and counting times were
ca. 80,000 s providing a precision of ca.± 10% at the 95% level of
confidence. The relative uncertainty associated with the determination
of 210Pbex derived by subtracting the two measurements was
around±14% at the 95% level of confidence. The detectors were ca-
librated using customized standards comprising sediment of a similar
grain size composition and density to the measured samples to which
known amounts of certified multi-element standard (including 210Pb)
had been added prior to homogenization. The standards were presented
to the detectors in containers of identical geometry to those used for
samples collected for the study. A correction factor of 0.78 was used to
take account of exhalation loss of unsupported (also termed excess)
210Pb when calculating the 226Ra supported 210Pb activity. This cor-
rection factor was based on the average ratio of the measured total
210Pb and 226Ra concentrations for samples collected from the lower
part of the soil profile, where fallout 210Pb was assumed to be absent
(Graustein and Turekian, 1986; Wallbrink and Murray, 1996).

The measurement of Plutonium isotopes (239+240Pu) activity was
performed at the Northern Arizona University using a Thermo X Series
II quadrupole ICP-MS. The ICP-MS instrument was equipped with a
high-efficiency desolvating sample introduction system (APEX HF, ESI
Scientific, Omaha, NE, USA). A detection limit of 0.1 Bq kg-1 for
239+240Pu was obtained for samples of nominal 1 g of dry-ashed
material and for 239+240Pu activities above 1 Bq kg-1, the measure-
ment error was 1–3%. Prior to mass spectrometry analysis, the samples
were dry-ashed and spiked with 0.005 Bq of a 242Pu yield tracer (ob-
tained as a licensed solution from NIST). Pu was leached with 16 M
nitric acid overnight at 80 °C, and was subsequently separated from the
leach solution using a Pu-selective TEVA resin (Ketterer et al., 2011).
The masses of 239Pu and 240Pu present in the sample were determined
by isotope dilution calculations and then converted into the summed
239+240Pu activity.(Meusburger et al., 2016). For more details re-
garding the pros and cons of 239+240Pu analytics, the reader is re-
ferred to Alewell et al. (2017).

2.3. Conversion of FRN inventories to soil erosion rates

The mass activities (Bq kg-1) of the FRNs were converted into areal
activities also termed inventories (Bq m-2) with the measured mass
depth of fine soil material (kg m-2 sampling depth-1). Subsequently, the
inventories were derived into soil redistribution rates using the
Diffusion and Migration Model (DMM) (Walling et al., 2002, 2014) and
Modelling Deposition and Erosion rates with RadioNuclides (MODERN;
(Arata et al., 2016a, 2016b)).

MODERN returns soil erosion and deposition rates in terms of
thickness of the soil layer affected by soil redistribution processes. To
estimate the thickness of soil losses/gains, MODERN aligns the total
inventory of the sampling site to the depth profile of the reference site.
The point of intersection along the soil profile represents the solution of
the model (Arata et al., 2016a, 2016b). For 210Pbex, a time span of 100
years is considered to convert the soil redistribution depth (cm) into soil
erosion rates (Mg ha-1 yr-1), because only around 4% of the original
deposition will remain longer than 100 years due to radioactive decay.
It is assumed that the contribution of previous 210Pbex deposit older
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than one century is insignificant (Walling et al., 2002). The second
assumption includes that the erosional sites and reference site received
the same annual 210Pbex fallout.

The DMM considers the varying input flux over the year and the
slow downward movement of the FRN into the soil profile (Walling
et al., 2014). The varying input flux is particularly advantageous in the
context of 137Cs, since it allows considering the relative fallout con-
tributions originating from the global and the Chernobyl fallout. For the
conversion of 210Pbex inventories to soil erosion rates an adaptation of
the DMM can be applied for uncultivated sites making two key as-
sumptions (Walling et al., 2011). The first assumption is like for
MODERN related to the time period of 100 years considered for the
conversion. Secondly, it is assumed that the annual 210Pbex fallout re-
mains constant through time. Particle size selectivity during the ero-
sion, transport and deposition processes may greatly alter the outcome
of conversion models. But in this study, we did not implement a particle
size correction factor, because erosion plot measurements at our pas-
tured sites did not highlight a significant change in particle size com-
position between the source soils and the collected sediments (Konz
et al., 2012).

3. Results and discussion

3.1. Establishment of FRN baseline inventories and shape of the depth
profiles

210Pbex, 137Cs and 239+240Pu activities for the reference sites de-
creased exponentially following a polynomial distribution with depth
(Fig. 2). On average, 44% of the 210Pbex, 34% of the 137Cs and 25% of
the 239+240Pu activity was present in the top 3 cm and 90% of the
210Pbex, 96% of both the 137Cs and 239+240Pu activity was concentrated
in the upper 15 cm. The total inventory of the reference sites R5 is for
all FRNs lower than the R4 site. For 210Pbex, the deviation lies within
the observed small scale variability (expressed as coefficient of varia-
tion) of 32%. For 137Cs having the same CV of 32% and 239+240Pu with
a lower CV of 13%, the deviation lies outside this range. Taking into
account the number of reference samples and the CV, the allowable
error estimated according to Mabit et al. (2012) at 90% confidence level
is 20% for 137Cs and 210Pbex and 10% for 239+240Pu. Further for R5, the
shape of the 137Cs depth distribution points towards a disturbance or
more likely towards heterogeneous input of 137Cs, which led us to omit
the respective reference inventory of R5. Conversion to soil erosion
rates has been performed using the R4 reference inventories of
8068 Bq m-2 for 210Pbex, 7421 Bq m-2 for 137Cs and 67 Bq m-2 for
239+240Pu. For 210Pbex and 137Cs the DMM was fitted to the depth
profile to determine the migration rate (V), the diffusion rate (D) and

the relaxation depth (H) of V = 0.5 (VCs-137 = 0.5), D = 109 (DCs-137 =
38) and H = 5 (HCs-137 = 5) for 210Pbex and 137Cs, respectively.

While the 137Cs inventories and the CV correspond well with the
reference inventory established at 6892±2199 Bq m-2 for a different
set of 6 reference sites in the Urseren Valley, the 239+240Pu reference
inventory is with 67 Bq m-2 close to the lowest range of values (i.e.
83± 11 Bq m-2) reported by Alewell et al. (2014). Because of lack of
existing data, such comparison for 210Pbex was not possible. However,
the mean annual 210Pbex fallout flux, which is well correlated with the
mean annual rainfall (Beks et al., 1998; Winkler and Rosner, 2000;
Baskaran, 2011), should indicate a plausible value of around 255 Bq m-

2 yr-1 and confirms a higher plausibility of the elevated inventory found
in R4 as compared to R5 (172 Bq m-2 yr-1). For comparison purpose, in
southern Germany, the mean annual 210Pb deposition flux was esti-
mated at 180 Bq m−2 yr−1 with a mean annual precipitation of
855 mm (Winkler and Rosner, 2000) and in central Hungary (Budapest)
at 81 Bq m−2 yr−1 with a mean annual precipitation of 476 mm
(Central Radioanalytical Laboratory of Food and Feed Safety
Directorate, 2006).

3.2. Comparison of fallout radionuclide inventories and conversion models

At the investigated sites, atomic ratios of 240Pu/239Pu were close to
the global fallout ratio of 0.18, indicating the absence of Chernobyl
derived 239+240Pu.

In contrast, 137Cs originates from two different sources (i.e. the
global fallout having a peak fallout in 1963 and the Chernobyl NPP
accident in April-May 1986). Therefore we need to know the relative
proportions of these fallout events to the total inventory to estimate
erosion rates with the 137Cs method. To determine this proportion, we
consulted available 239+240Pu and 137Cs data of six reference soil depth
profiles studied by Alewell et al. (2014). The shape of the
239+240Pu/137Cs activity ratio depth profiles varies distinctly among the
different reference sites. However, for all profiles, we observe an in-
crease with soil depth indicating a higher proportion of global fallout in
deeper soil layers, while in the topsoil 137Cs originating from Chernobyl
is predominant (Fig. 3). The predominance of the Chernobyl fallout in
the topsoil is because of its more recent fallout. The peak of the bomb-
derived 137Cs already occurred in 1963. Consequently migration pro-
cesses may have caused depletion of the 137Cs content in the upper soil
layers. On average, the Chernobyl contribution amounts up to 75%.
This average value will be used for the conversion of 137Cs inventories.
Considering the greater proportions of 137Cs in the topsoil, this might
lead to an overestimation of low erosion rates and an underestimation
of high erosion rates, respectively. The 75% estimate derived from the
activity ratios is in good agreement with previous studies conducted in

Table 1
Soil sampling design, mean inventory values (Bq m-2) and heterogeneity of 137Cs, 210Pbex and 239+240Pu and inventories as coefficient of variation (CV) in% at reference sites in the
Urseren Valley (Switzerland). 239+240Pu reference data from Arata et al. (2017). DW = dwarf shrubs. Numbers in brackets give replicates.

137Cs 210Pbex 239+240Pu

Number of sampling sites 9 (44) 9 (44) 5 (21)
Hayfields h1 (2), h2 (5), h3 (6) h1 (2), h2 (5), h3 (6) h2 (3), h3 (3)
Pastures p1(1), p2 (6), p3 (6) p1(1), p2 (6), p3 (6) p2 (3), p3 (3)
Pastures with DW pw1 (6), pw2 (6), pw3 (6) pw1 (6), pw2 (6), pw3 (6) pw1 (3), pw2 (3), pw3 (3)
Hayfield inventory (± Stdev) 2371±431 33±5
Pasture inventory (± Stdev) 1985±91 34±18
Pasture DW inventory (± Stdev) 3096±688 44±8
Mean reference inventory 7421 8068 67
CV for reference sites 32 32 13
Number of reference cores 5 & one composite of 5 cores for R4 and R5 5 & one composite of 5 cores for R4 and R5 Composites of 3 cores for R4 and R5
Soil redistribution rates (Mg ha−1yr−1)
Conversion model DMM MODERN MODERN
Mean hayfield (min-max) −5.7 (−7.4 to −3.4) −5.2 (−11.8 to 3.4) −5.6 (−9.2 to −3.6)
Mean pasture (min- max) −6.7 (−8.4 to −4.7) −9.8 (−25.2 to −2.9) −7.0 (−21.4 to −0.3)
Mean pasture DW (min- max) −5.2 (−9.4 to 0.5) −4.5 (−11.5 to 0.3) −3.3 (−8.2 to −0.2)
Mean of all grassland sites −5.8 −6.3 −5.1
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the Swiss Alps that assumed an 80% contribution (Schaub et al., 2010;
Alewell et al., 2014).

The correlations between 137Cs and 210Pbex inventories
(p<0.0001, adjusted R2 = 0.66; Fig. 4) as well as between 137Cs and
239+240Pu inventories (p<0.0001, adjusted R2 = 0.62; Fig. 4) at the
sampling sites are surprisingly high considering the different fallout
origins. The 210Pbex inventories show a very high correlation close to a
1:1 relation with the 137Cs inventories, with a slightly higher scattering
towards the high inventories (which are closer in values to the re-
ference inventory). The observed FRN inventories measured at the
erosional/depositional sites are a result of both the initial fallout and
the subsequent soil redistribution processes. For the initial fallout, a
close relation between 210Pbex and 239+240Pu with 137Cs was not ex-
pected due to the spatially heterogeneous 137Cs Chernobyl fallout
(Fig. 3). However, we assume that the subsequent soil loss after 1986
will affect all radionuclides equally. As such, the smaller deviation
between 210Pbex and 239+240Pu with 137Cs inventories for sites with low
inventories point to the influence of erosional processes after the main
137Cs fallout deposited in 1986 (Fig. 4).

We used the conversion models MODERN and DMM to convert the
FRN inventories into soil redistribution rates. For our alpine sites, the

DMM is most suitable for the 137Cs data set, because this conversion
model can account for the dual 137Cs input. In implementing the DMM
fitting parameters and considering a 75% 137Cs Chernobyl contribution,
a regression analysis yielded comparable (p<0.001) and only slightly
lower soil redistribution rates for 137Cs as compared to 210Pbex esti-
mates (y = 1.12x; R2 = 0.65; y and x soil redistribution rates assessed
with 210Pbex and 137Cs, respectively). The above discussed deviations
between 137Cs and 210Pbex for small inventory changes and thus small
soil redistribution rates are also visible here (Fig. 5).

Mean MODERN based 210Pbex soil redistribution estimates are
comparable to the DMM results for 210Pbex, but include a wider range of
soil redistribution rates (Fig. 6). The deviation between the two con-
version models is significant for sites, which experienced large in-
ventories changes. The latter is because MODERN does not consider the
continuous input of 210Pbex over time during the soil redistribution
process. For 239+240Pu, MODERN and the DMM agreed well and pro-
vided similar results (p< 0.0001, adjusted R2 = 0.84).

3.3. Soil erosion estimates for three land use types

A comparison among the different grassland management types
displays a similar ranking with respect to soil erosion susceptibility for
all FRNs used (Table 1), with highest erosion rates for pastures
(−6.7±1.1, −9.8±6.8, −7.0±5.2 Mg ha-1 yr-1 for 137Cs, 210Pbex
and 239+240Pu, respectively) followed by hayfields (−5.7±4.4,
−5.2± 1.5, −5.6± 2.1 Mg ha-1 yr-1for 137Cs, 210Pbex and 239+240Pu,
respectively), and lowest rates for pastures with dwarf shrubs

Fig. 2. 137Cs, 210Pbex and 239+240Pu mass activity per mass-depth for the two reference depth profiles (R4 and R5).

Fig. 3. 239+240Pu/137Cs activity ratios with soil depth observed for six reference sites
(MP1-6). The vertical black line indicates the typical isotopic ratio of the Chernobyl
fallout and the vertical dashed line represents the specific ratio for the global fallout.

Fig. 4. Comparison of 210Pbex and 239+240Pu with 137Cs inventories for the erosional
alpine grassland sites (Urseren Valley, Switzerland).
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(−5.2± 3.1, −4.5±2.5, −3.3±2.4 Mg ha-1 yr-1 for 137Cs, 210Pbex
and 239+240Pu, respectively).

The standard deviation of erosion rates between the sites is parti-
cularly high for 210Pbex. The latter does not only reflect the high initial
variability of 210Pbex established in the reference sites, but is likely
overlain by heterogeneous input at the erosional sites due to snow re-
distribution in winter and subsequent melting in spring. Consequently,
210Pbex derived erosion rates at our site might be biased towards higher
estimates by the snow redistribution. However, considering the overall
good agreement of the inventories between the different FRNs (Fig. 4),
this effect is likely of minor importance.

Independent of the FRN used, there is agreement in the mean ero-
sion rate over all sites and per grassland type, however the range of
values observed at individual sampling points varies considerably be-
tween the applied FRNs. The deviations in the range of soil redis-
tribution rates at individual sites are potentially caused by one or more
of the following reasons. Firstly, the intrinsically small variability,
which is further enhanced through the small scale soil redistribution
patterns and trampling of grazing animals. Secondly, by the differences
between the conversion models used. The DMM generally smooths the
extreme values (Fig. 6). For 137Cs and 210Pbex, exactly the same sample
volumes were measured. However, for 239+240Pu the different sample
volume may play a role as only a subsample of 2–3 g (< 10% of the
total) was extracted for the Pu analysis. As such, special care is required
to obtain a representative sub-sample. Thirdly, preferential removal of

fine soil particles – that contain varying proportions of the total in-
ventory depending the tested FRN – need to be expected in areas, where
water erosion is predominant (Meusburger et al., 2016). Finally, the
different time frame that is captured by the different radionuclides
needs to be considered. Even though 210Pbex inventories are influenced
by the last 100 years of fallout deposition, 210Pbex is nevertheless in
general more sensitive to recent erosion changes (20–30 years) due to
its origin and shorter half-life and as well to its higher concentration at
the soil surface when compared to the other two tested FRNs (Fig. 2).
137Cs is expected to cover an intermediate time span at our sites due to
the predominant Chernobyl input, while 239+240Pu is reporting about
the soil redistribution status since the mid-1960s.

Regarding the three different grassland management types studied,
the soil redistribution rates differ only significantly (Kruskal-Wallis test,
p< 0.05) between pastures and pastures with dwarf shrubs. The dwarf
shrub cover may be more effective in shielding the soil from rain splash.
Moreover, the shrubs may also act as physical barriers not only for
snowmelt- and surface runoff, but also for snow movement and its as-
sociated sediment (Konz et al., 2012; Meusburger et al., 2014).

The selected steep sites are expected to represent grassland sites
with elevated soil erosion risk. Nonetheless, comparable management
at slopes between 30 and 40° can be found in one third of the catch-
ment.

Different measurements across the Alps demonstrate that an intact
vegetation cover prevents almost all soil loss by water erosion (Martin
et al., 2010; Schindler Wildhaber et al., 2012). However, erosion stu-
dies conducted at grassland plots with clear signs of degradation (re-
duced vegetation cover), established even mean erosion rates as high as
20 Mg ha-1yr-1 during a six-year measurement period on flysch and
molasse material in the Allgaeu Alps (Frankenberg et al., 1995). In the
Bavarian Alps (Limestone Alps), Felix and Johannes (1995) found
erosion rates of 4.4 Mg ha-1yr-1 (during a two-year measurement
period) on a pastured grassland test plot with a fractional vegetation
cover of 66%. In another area of the Bavarian Alps, Ammer et al. (1995)
measured soil erosion rates of approximately 2–9 Mg ha-1yr-1 (during a
five-year measurement period) after clear cutting of the small forested
catchments, which geologically belong to the flysch and limestone
formations. A review of erosion measurements on marls in the French
Alps reported erosion rates of 1.4–33 mm yr-1 (Descroix and Mathys,
2003).

In addition, to potentially high erosion rates caused by disturbed
vegetation cover, locally we can observe very high erosion rates due to
snow movement (avalanches and snow gliding), which are not yet
considered in the existing soil erosion risk modelling (Jomelli and
Bertran, 2001; Ceaglio et al., 2012; Korup and Rixen, 2014; Meusburger
et al., 2014).

Fig. 5. Comparison of 137Cs (conversion model: DMM) and 210Pbex (conversion model:
MODERN) derived soil redistribution rates considering the 137Cs Chernobyl contribution.
NB: For visibility purpose, error bars that reach up to 20% have not been plotted.

Fig. 6. 210Pbex derived soil redistribution estimates
with the two different conversion models (DMM and
MODERN). The numbers on the x-axis refer to the
sample ID. NB: For visibility purpose, error bars that
reach up to 20% have not been plotted.
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4. Conclusion

Three FRNs have been used and combined to assess soil redis-
tribution on three alpine grasslands. Even though 239+240Pu seems the
most promising tracer in terms of measurement uncertainty and small
scale variability (CV of 13%), 210Pbex produced nevertheless compar-
able results. 210Pbex exhibit a slightly wider range of erosion rates
which seemed plausible to pattern the recent changes in soil redis-
tribution dynamic, as such we consider both, 239+240Pu as well as
210Pbex suitable soil redistribution tracers at our alpine grassland sites
(Urseren Valley, Central Switzerland). 239+240Pu further allowed for an
assessment of the contribution of the 137Cs Chernobyl fallout that
helped to improve the 137Cs based soil redistribution estimates.

The FRN based soil redistribution estimates at the selected 9 steep
(35–38°), temporally scarcely covered (due to trampling, grazing,
haying and snow melt and snow abrasion) grassland sites exhibited
mean soil loss above 5 Mg ha-1 yr-1 (ranging from maximal erosion rates
of −25.2 Mg ha-1 yr-1 to maximum deposition rates of +3.4 Mg ha-1 yr-
1) with a considerable small scale variably. Even though the selected
sites can be considered as “hotspots” of soil erosion, it underscores the
fact that compared to European arable land, too little attention has been
paid to the quantification of soil erosion affecting managed mountain
and alpine areas. Taking into account soil production rates in the Swiss
Central Alps of 0.4–1.8 Mg ha-1 yr-1 (Norton et al., 2010), it also im-
plies that land use at the investigated sites is not sustainable. All FRNs
indicated highest soil loss for pastures, followed by hayfield and lowest
for pastures with dwarf-shrubs. However, a significant difference (i.e.
p< 0.05) in soil loss was only observed between pastures and pastures
with dwarf-shrubs. In scenarios of intensifying land use of alpine
grasslands entailing a decline of pastures with dwarf-shrubs, an in-
crease of erosion rates is likely. However, alpine grasslands have been
used by humans for about 5000 years (Bätzing, 2005) and increased soil
erosion might be buffered, if sustainable management and maintenance
efforts are reinforced in parallel to land use intensification.
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