
Soil erosion and radiocesium migration
during the snowmelt period in grasslands and forested
areas of Miyagi prefecture, Japan

Mikhail Komissarov & Shin-ichiro Ogura

# Springer Nature Switzerland AG 2020

Abstract This study aimed to examine the influence of
snowmelt on soil erosion processes in mountainous
landscapes in the Miyagi prefecture of Japan. The in-
vestigated slopes had different expositions and were
covered with grasslands and forests. The snowpack
thickness, soil frost depth, volume of surface runoff,
physicochemical properties of the soil and sediments,
cesium composition of the snow and meltwater, and air
dose rate were determined. Inmid-February, snow cover
reached its maximum thickness (100–179 cm). In the
forest, the snow depth was always lower by 15–20 cm.
The soil did not freeze in winter in any of the plots.
Surface runoff was observed only in the grassland plots
and depended on the slope aspect. The total volume of
surface runoff ranged from 31 to 52 mm and snowmelt
soil losses ranged from 2 to 9 kg ha−1 DM. Radiocesium
concentrations in runoff samples ranged from 0.1 to
8.4 Bq L−1, below the standard limit for drinking water
in Japan (10 Bq L−1). The average organic matter con-
tent of the sampled sediments was 0.4%, higher than
that in the surface soil. The silt fraction in sediments
became dominant for particle size distribution, and the
activity concentration of total radiocesium was, on

average, 250 Bq kg−1. The air dose rate was always
lower than the maximum permissible level
(0.2 μSv h−1) and varied from 0.02 to 0.09 μSv h−1 in
winter, and from 0.08 to 0.13 μSv h−1 at times of the
year without snow.
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Introduction

Erosion is a global environmental problem and the pre-
vailing cause of soil degradation. This causes immense
economic and environmental damage because soil is the
key means of agricultural production and an essential
component of the biosphere (Uri 2001; Rumpel et al.
2006). The total loss of global productive land due to
erosion is estimated at approximately 6.7 million ha, and
the annual loss from the productive layer is estimated at 24
million t (Lal 1991). The economic cost of the loss of
agricultural land by soil erosion is estimated to be approx-
imately US$400 billion per year (IAEA 2011), which is
comparable to the gross domestic product of an average
European country. Uri (2001) estimates that soil erosion in
the USA costs the nation approximately $37.6 billion each
year in loss of productivity.

Water erosion can be caused by rainfall, irrigation,
and snowmelt. Spring snowmelt runoff commonly
causes water erosion in areas where freezing tempera-
tures and snow cover persist for months (Demidov et al.
1995; Ollesch et al. 2005). The intensity of this erosion
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depends on a variety of factors, of which the most
important are the amount of snowpack, the slope gradi-
ent, the land use type, and the frost penetration depth
(Lindström et al. 2002; Tanasienko et al. 2009). Dube
and Mailloux (1969) and Kirby and Mehuys (1987)
have thus reported that snowmelt runoff could explain
from 40 to 88% of annual erosion. Erosion caused by
snowmelt runoff washes off soil, and with it nutrients,
fertilizers, herbicides, pesticides, and pollutants (e.g.,
radioisotopes), into lakes, ponds, rivers, and reservoirs
(Muthanna et al. 2007; Grismer 2013). Thus, hydrolog-
ical systems and their associated habitats are subjected
to increased stress through the input of numerous con-
taminants. This is of considerable concern and means
that erosion leads to a deterioration in water quality,
resulting from siltation and eutrophication (Sayer and
Neil 2001), and an increase in fish mortality.

Japan receives some of the heaviest snowfall in the
world, with an annual average snow depth of over 1.0 m
in mountain areas and in the western areas of Japan,
adjacent to the Japan Sea (Matsuura et al. 2017). Snowfall
and snowmelt play important roles in maintaining the
water resources of Japan (Kazama and Sawamoto 1995).
Snowmelt provides irrigation for paddy fields in spring,
but heavy snowfall can result in severe damage to infra-
structure. Heavy snowfall also creates hazards for humans
through the destruction of buildings and electricity lines
and disruption to transport systems (Kawagoe et al. 2009).

In Japan, some efforts have been made to estimate
contemporary rates of erosion using the sediment delivery
ratio to the reservoirs (Yoshikawa 1974; Ashida and Kira
1975), whereby the mean rates of erosion in the mountain-
ous regions of Japan seem to be in the order of
500 m3 km−2 year−1, 10 times the world average. Rates
are particularly high in theCentralHighland andOuter Zone
of SW Japan, where downpours commonly fracture Qua-
ternary uplift (1000–1500m), and average sediment yield is
1000–5000 m3 km−2 year−1. According to Yoshikawa
(1974), the highest rate (~10,000 m3 km−2 year−1) was
observed in reservoir sediments at Kurobe IV dam, in the
uppermost Kurobe River area characterized by subalpine
and alpine habitats which rise up to the North Japan Alps
(2500–3000 m a.s.l.). In contrast, erosion rates in the hilly
regions are relatively low, e.g., in the central parts of the
Abukuma and ChugokuMountains, characterized by undu-
lating landscapes, rates of erosion may be 10–
50m3 km−2 year−1. Although data are scarce,measurements
at some experimental watersheds have shown that the rates
of sediment yield from hills and uplands, which are covered

with thick, well-managed forests, are generally from 10 to
50 m3 km−2 year−1 or less. These values can be considered
as background erosion rates in the hills and uplands where
urbanization and agricultural development are ongoing,
causing modifications to the natural landscape (Kadomura
1980).

It is well known that the damage to the Fukushima
Daiichi Nuclear Power Plant (NPP) incurred in the Great
East Japan Earthquake and tsunami on March 11, 2011
resulted in serious radioactive pollution over Eastern Ja-
pan. InMiyagi prefecture, the radioactive contamination of
ecosystems by radiocesium (r-Cs; 134Cs and 137Cs) is also
high (Ogura et al. 2014; Komissarov et al. 2017), and in
July 2014was 16 kBqm−2 (Komissarov andOgura 2017).
Before the Fukushima-1 accident, the soil contamination
density of 137Cs in the study region was nine times lower
compared with that in 2014 and amounted to 1.7 ±
1.4 kBq m−2 (Miura et al. 2015).

Information about soil erosion rates in Miyagi pre-
fecture is still minimal, especially that about snowmelt
soil losses. During erosion processes when polluted
sediments are transported from mountainous areas, they
could contaminate the agricultural foothills (and crops)
and also add impurities to the drinking water in ponds
and rivers. Thus, data about soil erosion rates is highly
necessary and relevant.

The main aim of the present study is to answer the
following question:

Does snowmelt lead to runoff, soil erosion, and r-Cs
migration in the subalpine areas of Miyagi prefecture?

The specific topics of this study were to investigate:

1. Snowmelt runoff parameters in grasslands and for-
est landscapes in terms of exposure

2. The removal of r-Cs from soil and its dissolved
activity concentration in snowmelt runoff

3. The features in physicochemical properties and par-
ticle size distribution of the sediments

4. The changing of air dose rate depending on catchment
type (grassland/forest) and season (winter/summer)

Material and methods

Site description

The study was conducted in a mountainous area
(Kitayama, 38° 46–47′N, 140° 44′ E) near the Kawatabi
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Field Scientific Centre of Tohoku University, 60 km
north of Sendai and 150 km north-west of Fukushima
Daiichi NPP Japan (Fig. 1). The climate in this region is
temperate, with a mean annual temperature of 10.2 °C
and a mean annual precipitation of 1660 mm based on
records for the period 1979–2000. Most of the forest
areas were previously utilized as fuel wood coppices or
hay meadows, but some were abandoned in the 1950s
and have regenerated naturally as secondary deciduous
forests.

It should be noted that 70% of the Japanese archipel-
ago is mountainous. Approximately 25 million hectares,
corresponding to two-thirds (Kato et al. 2012) of Japan’s
national land area, is covered by forests, most of which
are in steep mountainous areas. The remainder of the
mountain slopes is usually covered by grassland
(pastures).

The landscape of the study site is characterized by
semi-natural pastures surrounded by secondary forests
on a moderate slope. The soils are derived from acidic
volcanic ash and are classified as haplic, non-allophanic
andosols according to the Soil Classification for Culti-
vated Soils in Japan (Classification Committee of
Cultivated Soils 1996), or as Alic Hapludands according
to the Soil Taxonomy of the Soil Survey Staff (1999).
The semi-natural pasture has not received fertilizer or
other treatments recently, and there are no exotic species
present (Yoshihara and Sato 2013).

Grassland and forest landscapes on mountain slopes
with different geographical characteristics were investi-
gated. The four investigated experimental catchments
were situated at the main aspects of the slopes at alti-
tudes from 580 to 620 m a.s.l. and with angles of 11–20
degrees. Each catchment consisted of two plots: one
grassland and one forest site (Fig. 1; Table 1). The
length, angle, and exposition of the slopes were deter-
mined with a tape-line, alidade, and compass, and a
Global Positioning System was used for exact recording
of coordinates.

Field and laboratory measurements

For soil type characterization and soil sampling, a 1-m-
wide and 3-m-long three profile pits were dug in each
plot along the slope: one at the top of the slope, one in
the middle (intermediate location), and one at the bot-
tom of the slope. Soil was sampled from different levels
(0–2.5 cm, 2.5–5 cm, then at 10-cm intervals until the
parent material layer) from all 24 profile pits (four

catchments areas, each with two plots, at three different
positions on the slope). The stones and tree/plant roots
were removed from the soil and sediments, which was
then dried in an oven at 105 °C and then ground in a
mortar and manually sieved through a 2-mm sieve. The
organic matter content was determined by measuring
loss during ignition in a muffle furnace at 450 °C for 8 h.
The physicochemical properties of the samples were
determined for the < 2 mm fraction of the soil samples.
The particle size distribution (sand > 50 μm, silt 2–
50 μm, and clay < 2 μm) in each sample was analyzed
using a laser diffraction particle size analyzer (SALD-
3100, Shimadzu Co., Ltd., Kyoto, Japan). The bulk
density was determined from the dry weight and volume
of the undisturbed soil and sediment samples.

The 134Cs and 137Cs activity concentration in the soil,
sediments, and in the snow and runoff water was deter-
mined by gamma (γ) spectrometry using HPGe detec-
tors (PerkinElmer WIZARD2 2480, Waltham, MA,
USA). Measuring times (usually 30 min per sample)
was chosen in order to achieve a statistical uncertainty
less than 5%. The r-Cs concentration was expressed as
the concentration of 134Cs and 137Cs per unit of dry
matter (DM) (Bq·kg−1 DM). All measured activities
were corrected for radioactive decay to each sampling
date.

In this paper, the average values of soil properties and
r-Cs content in 0–2.5 cm from the three positions (top,
middle, and bottom) were calculated and are presented
for each plot (Table 2). It related in terms that the 90% of
r-Cs at the studied plots is accumulated in surface soil
(Fig. 2), and only this layer is involved in erosion
processes; therefore, this research focuses on r-Cs con-
centration in sediments and runoff. Figure 2 also dem-
onstrated that mostly, the highest concentration of r-Cs
is found in the middle and lower parts of the slopes that
indicate downslope radionuclide migration due to soil
erosion and also related with initial redistribution after
Fukushima NPP accident (Komissarov and Ogura
2017).

The runoff and soil loss from the investigated slopes
were monitored using 4-m-long sediment traps (weirs),
which were installed in each plot in October 2013. The
construction was carried out based on Robichaud and
Brown (2002) and Konz et al. (2012). The plots were
chosen based on their topography; each plot had clearly
defined side boundaries in that the slopes were neither
concave nor convex. The surface runoff and turbidity
measurements, and the water sampling for r-Cs
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concentration determination, were taken every 3 h from
9:00 a.m. to midnight from the experimental weirs. No
observations were performed at night, because the air
temperature was predominantly negative, and runoff
was absent at this time. The water turbidity measure-
ments were taken in situ with a portable water quality
meter (WOC 24, Springfield, NJ, USA). Soil loss was
assessed by measuring the content of suspended sedi-
ments using a turbidity meter (Surmach 1976) and sed-
iment tank, which were installed at the outlet of the
sediment trap. The sediment tank included a geotextile
which acted as a filter to separate the solids from the
water. Soil conglomerates and particles were fixed by
the geotextile and removed and weighed after the snow-
melt period (April–May).

Measurements of the depth and density of the snow
cover were taken in the grassland and forest plots during
the period of stable snow cover (December–May), and
route surveys were carried out every month. The depth
of the snow cover was determined with a portable snow
stake in the top, middle, and bottom parts of the slopes.

The snow density was measured with a snow density
gauge. The soil freezing depth and soil temperature were
measured using a digital soil thermometer (Custom CT-
1200 D, Tokyo, Japan). The water permeability of the
soil was determined by the cylinder method (Johnson
1963) using infiltrometer rings (Fig. 6). Air dose rate
was determined using the Aloka γ survey meter (TCS-
172B, Hitachi AlokaMedical, Tokyo, Japan) 1 m above
the ground (snow cover). The Aloka γ survey meter
continuously displays the air dose rate. The meter was
turned on in the field, and once the display had stabilized
(usually after about 30 s), three measurements were
recorded over 1 min. The average of the three measure-
ments was calculated. Before each field survey, the γ
meter was verified by specialists in accordance with the
technical regulation, and the device was calibrated using
a standard gamma-ray source.

To minimize systematic errors, all field measure-
ments (snowpack depth, soil temperature, water perme-
ability, air dose rate measurements, soil sampling) and
laboratory analyses (soil bulk density, particle size

Fig. 1 a General view and positions of the research area, and the
Fukushima Daiichi NPP. b Locations of the Field Science Centre
(FSC) of TohokuUniversity and the studied catchments: Daishaku
(D), Susuki (S), Rokaku (R), and Katsurashimizu (K); G

grassland, F forest. c Schematics from research arrangements in
Rokaku catchment and sitting of soil pits: T top, M middle, B
bottom part of slope. d A sediment trap on Rokaku grassland plot
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distribution, organic matter, and the concentration of r-
Cs in the samples) were performed in triplicate. The
means ± SE present in the tables and figures were
calculated using MS Excel 2007 (v. 12.0) (Microsoft
Corp., Redmond, WA, USA); also, the regression anal-
yses were made there. The significance of the differ-
ences between means was estimated by t-test.

Results and discussion

The meteorological and climatic conditions in 2013 and
2014were similar to the historical averages. In the fall of
2013, early snow fell on November 11, and stable snow
cover was formed only from December 4 in all catch-
ments. The snow cover reached the maximum depth
(100 ± 6–179 ± 8 cm) by the middle of February
(Fig. 3). It should be noted that permanent snow cover
in winter protects the soil from freezing, which is im-
portant for snowmelt infiltration and runoff (Stähli et al.
2001; Bayard et al. 2005). The snow was thicker on the
slopes with northern and eastern aspects than on the
western slopes. This was most likely due to wind direc-
tion and the duration of solar radiation. Snow cover
duration also depends on exposure. In the forest areas,
snow first disappeared at Daishaku, then at Susuku,
Rokaku, and finally at Katsurashimizu (April 10, 16,
27, and 29, respectively). The depth of the snow in the
forest sites was always 15–20 cm less than in the

grasslands. The maximum depth of snow cover, and
therefore the highest levels of water reserves held within
the snow, was observed before snow melting. This
emphasizes the increased erosion hazard for the soils
on slopes in the region.

It is recognized that forest coverage affects the
amount of evapotranspiration and water flow, including
both flood and groundwater flow. In cold regions, for-
ests also affect snowmelt processes (Meusburger and
Alewell 2014). Mishon (2007) noted that the accumu-
lation of snow in forests is a complex process involving
many factors. The main reasons for the differences in
snow reserves between the fields and forests are as
follows: the amount of precipitation over the forest,
which is associated with a change in the roughness of
the underlying surface when air masses flow onto the
forest massif; the differences in the intensity of the snow
melting during the winter snow breaks; the wind-
mediated transfer of snow from the fields to the forests;
the differences in evaporation from the surface of the
snow; and the favorable conditions for the condensation
of water vapor in the forests.

The reserves of water in the snow are determined not
only by the depth of the snow cover but also by the
density of the snow, which varies both in time and
space. In both catchments, snow density increased with
air temperature, settling time, and the approaching of the
snowmelt period. The minimum snow density was ob-
served in December (0.28 ± 0.01 g cm−3 in the grassland

Table 2 Physicochemical properties and radiocesium concentration in soil and snowmelt sediments

Sampling site Particle size distribution, % Bulk density
(g·cm−3)

Organic
matter, %

Cesium, Bq·kg−1

Sand Silt Clay 134Cs 137Cs

Average in slope
(0–2.5 cm)

Daishaku, G 50.5 ± 2.4 48.5 ± 2.3 1.0 ± 0.05 0.67 ± 0.03 6.9 ± 0.3 324 ± 12 1041 ± 31

Daishaku, F 57.4 ± 2.7 42.2 ± 2.1 0.4 ± 0.01 0.60 ± 0.03 5.3 ± 0.1 512 ± 20 1484 ± 38

Susuki, G 66.7 ± 2.9 31.7 ± 1.2 1.5 ± 0.04 0.57 ± 0.03 6.3 ± 0.2 979 ± 35 2815 ± 71

Susuki, F 61.3 ± 2.1 37.6 ± 1.1 1.1 ± 0.05 0.56 ± 0.02 6.7 ± 0.2 825 ± 27 2417 ± 59

Rokaku, G 51.0 ± 2.4 47.4 ± 2.1 1.6 ± 0.06 0.74 ± 0.04 7.0 ± 0.3 155 ± 7 489 ± 21

Rokaku, F 50.0 ± 2.0 49.2 ± 2.0 0.8 ± 0.02 0.63 ± 0.03 6.7 ± 0.2 274 ± 10 843 ± 42

Katsurashimizu, G 51.6 ± 1.7 47.9 ± 2.1 0.4 ± 0.01 0.64 ± 0.03 6.8 ± 0.3 543 ± 22 1616 ± 58

Katsurashimizu, F 63.3 ± 2.8 36.0 ± 1.7 0.6 ± 0.01 0.60 ± 0.02 7.7 ± 0.4 303 ± 14 905 ± 37

Snowmelt sediments Daishaku, G 31.9 ± 1.0 66.4 ± 2.4 1.7 ± 0.04 0.77 ± 0.04 7.4 ± 0.3 108 ± 4 283 ± 12

Rokaku, G 33.1 ± 1.3 65.0 ± 3.0 1.9 ± 0.09 0.65 ± 0.02 7.5 ± 0.3 95 ± 4 298 ± 11

Katsurashimizu, G 26.5 ± 1.1 71.5 ± 2.9 2.1 ± 0.09 0.60 ± 0.01 7.9 ± 0.4 170 ± 8 552 ± 21

G grassland, F forest
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and 0.31 ± 0.01 g cm−3 in the forest; the maximum
density occurred in early April (0.48 ± 0.01 and 0.52 ±
0.01 g·cm−3, respectively). As the depth of the snow
cover increased, the density of the snow also increased;
it was always higher in the forest area than in the open
grassland area. In late March, snow cover became
compacted, settled, temporarily melted, and partially or
completely saturated with water. On all slopes, the snow
density decreased from the upper to the lower parts of
the watershed. In elevated areas, the snow was usually
compacted by wind and snow breaks, and its depth
decreased. The snow density, together with the air tem-
perature and snow cover depth, affects soil freezing and
thawing. It is known that soft snow has low thermal
conductivity, which favors the protection of the soil
from freezing. Conversely, compacted snow has higher
thermal conductivity; therefore, compacted snow is
weaker at protecting soils from cooling. The high den-
sity of snow in areas of elevated relief is one of the
factors that increase the hazard of water erosion during
the snowmelt period.

The soil temperature decreased from November to
April and varied depending on exposition, soil proper-
ties, and protection of the soil by vegetation, i.e., the
presence or absence of grass and trees in the grassland
catchment and forest (Fig. 4). The lowest mean soil
temperature over the observation period (0.1 ±
0.003 °C) was at the soil surface of the Katsurashimizu
grassland. The lower temperatures in the surface soil
layers in the Rokaku and Katsurashimizu were appar-
ently related to the fact that the snow cover was
established 5–10 days later and was removed 15–
20 days later owing to the eastern and northern exposi-
tions. It should be noted that the soil did not freeze in
any of the studied catchments. According to Niu and
Yang (2006), and Ollesch et al. (2006), the soil freezing
depth is one of the most important factors for the for-
mation of surface runoff. A frozen soil layer generally
increases the amount of snowmelt runoff by decreasing
soil permeability and thereby impeding infiltration
(Bayard et al. 2005). This results in increased soil ero-
sion, reduced soil moisture recharge, and deep

Fig. 2 The specific activity (Bq kg−1) and distribution of total radiocesium (134Cs + 137Cs) in soil profiles at studied grasslands and forested
catchments; T top, M middle, B bottom part of slope
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percolation (Johnsson and Lundin 1991) and an in-
creased magnitude of the spring thaw (Unoki et al.
2003).

In Miyagi prefecture, snowmelt usually starts in mid-
March and ends in early April on the plains, and lasts
from mid-April to May in the mountainous areas. The
duration of snowmelt depends on snow depth, meteoro-
logical conditions, the elevation of the drainage basin,
and other geological features of the landscape. For ex-
ample, in Hokkaido, Japan, snowmelt generally starts in
mid- or late March and continues until sometime be-
tween early May and late June (Chikita 1995). The
meltwater produced on the snow surface will thus infil-
trate the snow mass and then discharge into a river
channel as subsurface flow (Kobayashi 1985). The sub-
surface flow produces sediment discharge by eroding
either the soil grains or the underlying bedrock debris in
the porous media (Kurashige 1993).

Snow cover begins to melt when the mean daily air
temperature increases past 0, and runoff usually begins
at 1 °C, or 4 °C for strongly frozen soil (Komissarov and
Gabbasova 2014). In any case, surface runoff begins
when the rate of snowmelt exceeds the infiltration ca-
pacity of the soil. Mean daily air temperatures greater
than 0 were observed by April 7, but the surface runoff
began 2 days later at the Daishaku grassland, when the
mean daily temperature reached 6.1 ± 0.1 °C (Fig. 5).
The results of our study show that the exposure of the
slope and its protection by plants (grass or trees) affect
the initiation and magnitude of surface flow and the
initiation of snow removal from slopes. Surface runoff
was only recorded in the grassland areas, where it ini-
tially began on the slopes with a southern aspect, then on
those with a western aspect, and finally on those with a
northern aspect. In the forests, the runoff was not re-
corded because most of the melt water sunk into the soil

under the snow owing to the particularly high perme-
ability of the soil (Fig. 6). This was due to the litter layer,
roots, and the looser soil texture (the soil bulk density in
the 0–20-cm layer varied from 0.67 ± 0.02 to 0.74 ±
0.02 g cm−3). This was delayed in the field slopes with
grassland, indicating that the soil texture was important.
Its values varied in the profile from 0.78 ± 0.02 to 0.91
± 0.02 g cm−3. The litter layer is also a factor that
reduces overland flow by inhibiting crust formation in
forests (e.g., Banzai 1997; Bissonnais et al. 1998). Plant
root development can improve soil physical properties
(e.g., soil strength, shear strength, structural stability,
and aggregate stability), which are closely related to soil
erodibility and can therefore limit soil losses through
erosion (Komissarov and Gabbasova 2017). The vol-
ume of surface runoff in the grassland catchments was
temporally variable and was dependent on air tempera-
ture and exposition. The most intensive runoff was
usually observed in the days with high air temperatures.
The runoff ended when the snow was completely re-
moved from the slopes by April 21, 22 and 30 for
Daishaku, Rokaku, and Katsurashimizu, respectively
(Fig. 5). Surface runoff was not observed at the Susuku
grassland; it was transformed to subsurface runoff be-
cause the soil did not freeze, had a good texture, and
high water permeability (Fig. 6); a potuscular transition
to groundwater also took place. According to data
pertaining to water permeability and runoff (Fig. 5),
surface runoff forms in the Miyagi mountain area when
the infiltration speed of snowmelt water into the soil
remains below 0.13 mm min−1 for 7 h. When the infil-
tration speed was higher than this value, no runoff was
observed.

The maximum water reserves in the snow before the
snowmelt in the grasslands at Daishaku, Rokaku, and
Katsurashimizu were almost similar: 75 ± 2, 82 ± 2, and

Fig. 3 Dynamics of the snow cover depth at Daishaku (D), Susuki (S), Rokaku (R), and Katsurashimizu (K); G grassland, F Forest (left);
and a photograph of a building near the Susuki catchment in the middle of January (right)
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73 ± 2 mm, respectively; the total volume of the surface
runoff in the same catchments was 37 ± 2, 31 ± 2, and
52 ± 2 mm, respectively (Fig. 5). Thus, approximately
50% (runoff coefficient 0.49 ± 0.02, 0.38 ± 0.02, and
0.71 ± 0.02) of the surface melt water from grassland
slopes could fall through the hydrographic system to the
final links of the erosion channel system (rivers, lakes,
and ponds) and remove solid phase soil and many
soluble chemical elements and pollutants. The spring
water is insufficient for the replenishment of the soil
reserves. At the same time, the forest litter layer remain-
ing on the surface of the soil retains the solid runoff and
preserves the accumulated water, which largely facili-
tates the functioning of terrestrial geosystems. It is in-
teresting to note that in 2014, for the summer-fall period
at Daishaku site, the total surface liquid runoff was
237 mm or six times higher than that in snowmelt. But
the runoff coefficient for the warm season (0.22) was
two times lower than that in spring. Such differences are
related with terms of soil conditions, e.g., water perme-
ability. The infiltration capacity of soil during the snow-
melt period was therefore lower (p ˂ 0.01) than in
summer as the soil was already saturated with water at
the start of winter (Komissarov and Ogura 2020). Fur-
thermore, the vegetation cover, root network, and sward

were weakly developed in spring, contributing to in-
creased flow.

The highest runoff rate (42 ± 1 L s−1 ha−1) was ob-
served in the Katsurashimizu grassland at 1:00 p.m. on
April 27when the air temperature reached 21.8 ± 0.4 °C.
Suspended sediment contents in this case constituted
4.1 ± 0.1 mg L−1. The highest water flow turbidity,
6.1 ± 0.2–10.5 ± 0.2 NTU (3.5 ± 0.1–6.1 ± 0.1 mg·L−1),
was recorded in the Daishaku grassland on April 16–17.
The content of suspended sediments in all catchments
was insignificant in the first days of the snowmelt but
abruptly increased by the end of the snowmelt period
after the appearance of thaw patches. It varied propor-
tionally to the runoff rate, i.e., most of the fertile soils
were removed in the last days of the snowmelt. This is
due to the fact that the nearly or disappeared (melted)
snow no longer filters suspended sediments, and when
the runoff is formed on the soil surface, the micro-rills
appear, then the snowmelt flow easily detached/
transported the soil particles. Similar results were ob-
tained in the other climatic conditions (Ollesch et al.
2006; Tanasienko et al. 2009; Meusburger and Alewell
2014; Komissarov and Gabbasova 2014). It should be
noted that soil erosion decreased with increasing content
of suspended sediments in the water flow. The reason

Fig. 4 Temperature of the soils in the different catchments from December 2013 to April 2014
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for this is related to the silting of the interaggregate pores
with sediments increasing adhesion between the aggre-
gates (Larionov et al. 2008).

On December 22, 2011 the Japanese government
announced new limits for radioactive cesium in foods
and drinking water, which have been enforced since
April 2012 (MHLW 2011). The new standard limits
for radioactive cesium are established so that effective
doses of radionuclides (including Sr-90, Ru-106, and
Pu) do not exceed 1mSv year−1. According to these new
standards, the maximum concentration of cesium (the
sum of 134Cs and 137Cs) allowed in drinking water is
10 Bq kg−1 (L−1) (100 Bq·kg−1 in food vegetation). By
comparison, the US Environmental Protection Agency
(EPA) sets a maximum of 3700 Bq m−3 (3.7 Bq kg−1

(L−1)) in drinking water (international standards).
Whereas the surface soil is highly polluted by r-Cs

(Table 2), the total Cs (total Cs = 134Cs + 137Cs) concen-
tration in runoff samples, which were taken throughout

the flow depth every day during the snowmelt period
from all catchments, did not exceed 10 Bq L−1 (varying
from 0.1 ± 0.1–8.4 ± 0.1 Bq L−1) and can therefore be
considered ecologically safe. This is consistent with the
findings from a previous study that after an initial runoff
following deposition, less than 0.1% of the 137Cs dis-
solves into solution per year (Ritchie 1998). In a labo-
ratory study, Dalgleish and Foster (1996) showed that
137Cs can be adsorbed by particles already entrained in
the runoff. Up to 10% of applied 137Cs was lost from
compacted soil in eroded sediments, whereas a maxi-
mum of 2.03%was contained in solution in the runoff. It
should be noted that in the snow, which was sampled
every month, the total Cs concentration was also low
(0.7 ± 0.1–7.4 ± 0.1 Bq L−1). And in the summer-fall
period for Daishaku site, it also did not exceed
10 Bq L−1, even in extreme events with high intensity
of rainfall: in October 2014, about 200 mm of rainfall
was recorded over almost 2 weeks with highest runoff

Fig. 5 The runoff and mean daily air temperature during the active snowmelt period (from April 6 to 30)

Fig. 6 Water permeability (average over 7 h) of the soil during the
active snowmelt period (April 11, 2014 at Daishaku (D) and
Susuki (S); April 18 at Rokaku (R), and April 22 at

Katsurashimizu (K); G grassland, F forest) (left); and measuring
process by cylinder (right)
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(70 mm) (Komissarov and Ogura 2020). This may be
because r-Cs is adsorbed onto soil particles, and, in this
case, surface runoff can be partially delayed by sods.

The surface soil at the sampling site is a silty sandy
loam (Table 2) according to the Unified Soil Classifica-
tion System of Japan, and the sediments were classified
as organic silt. The organic matter in the surface soil had
a high humus content. Soil with higher silt and organic
matter content can have increased soil infiltration and
soil aggregates, resulting in good structural stability and
leading to reduced runoff and erosion (Komissarov and
Gabbasova 2017). Humus is responsible for soil struc-
ture formation and stability against erosion and accounts
for the low proportion of solid compounds in the runoff
(Elliott 1986). Humus is known to stabilize aggregates,
as organic functional groups bind to highly reactive
sesquioxides and clays and contribute to soil structure
formation (Bogdanov 1964).

Following deposition on the soil surface, r-Cs is
strongly fixed by colloidal clay fraction and organic
particles (He and Walling 1996; Ritchie 1998). The
absorption intensity of r-Cs to soil is dependent on a
number of factors, including clay structure (presence of
illite and vermiculite), concentrations of Cs and com-
peting ions such as K+, Ca2+, Mg2+, and NH4 and
solution pH (Fuller et al. 2015). The concentration of
r-Cs in the sediments was lower compared to the slope
surface soil (Table 2) but higher than permissible level
values (100 Bq kg−1); thus, a potential contamination of
grass on pastures occurred, which depends from many
factors (meteorological conditions, soil properties, root
uptake, weathering etc. (Burger and Lichtscheidl 2018)
and required the extra research on studied sites. Satura-
tion of sediments by r-Cs is due to the fact that, while
moving along the surface of slopes, snowmelt runoff
leaches fine Cs-rich particles from the soil. During the
erosion phase, the fine and Cs-rich particles are more
easily transported, while a larger proportion of coarse
particles, with low r-Cs content, will settle when the
carrying capacity of the runoff is reduced or exceeded
(He and Walling 1996).

The trapped sediments had a slightly higher organic
matter content than the surface soil, on average 0.4%
higher (Table 2). The surface runoff was accompanied
by the selective removal of small, fine soil particles (silt
and clay), which have high organic matter content
(Komissarov and Klik 2020). Small-sized soil particles
contain more organic matter than larger aggregates
(Rumpel et al. 2006). It should be noted that drift soils

rich in humus and nutrients are formed at the deposition
of sediments in the lower parts of the slopes. Their
humus reserves are often several times larger than those
in the non-eroded soil. However, Gabbasova et al.
(2016) considered that the excessive depth and humus
content of drift soils cannot be completely utilized by
plants and forms a sort of dead preserved humus reserve.

The highest soil losses during the snowmelt period
were observed on the southern slope in the Daishaku
grassland (according to calculated turbidity measure-
ments and sediment weights from the accumulation
tank) and consisted of approximately 6–9 kg ha−1. From
Rokaku (eastern slope) and Katsurashimizu (northern
slope) grasslands, losses were approximately 2–4 and
6–7 kg ha−1, respectively, indicating that the amount of
removed material primarily depended on exposure. It
should be noted that the rate of soil formation on a
global scale is 370–1290 kg ha−1 year−1 (mean = 700)
(Wakatsuki and Rasyidin 1992); thus, snowmelt erosion
rates on grassland slopes can be considered as harmless
(excluding deflation and rainfall erosion). Even with
adding the soil loss caused by rainfalls from Daishaku
pasture catchment slope, which amounted to 23 kg ha−1

(Komissarov and Ogura 2020), the total erosion rates
(~32 kg ha−1 year−1) are characterized as low. On the
other grassland slope expositions, the soil losses caused
by rainfalls were ~ 9 (Rokaku) and ~ 18 kg ha−1

(Katsurashimizu), with total erosion ~ 12 and
24 kg ha−1 year−1, respectively. Under forest sites and
grassland covered by Miscanthus sinensis (Japanese
silver grass) there is no soil erosion were observed.
Thus, for the dominant grasslands (in the study area),
the snowmelt soil loss is about 3 times lower than that
caused by rainfalls. For example, in the Cis-Ural region
of Russia, the soil loss caused by snowmelt on grass-
lands with gentle slopes averages 20 kg ha−1 year−1

(Komissarov and Gabbasova 2014). The sediments
from the Katsurashimizu grassland contained higher
levels of r-Cs, clay, and organic matter because the rate
of the runoff was low. In the Daishaku and Rokaku
catchments, when runoff rates were high, the snowmelt
also leached sand particles with low levels of r-Cs and
organic matter.

For the Miyagi prefecture, the average, maximum,
and minimum dose rates were estimated to be 0.15,
0.25, and 0.10 μSv h−1, respectively (Satho 1987). In
the Oshika Peninsula and neighboring areas that com-
prise Paleozoic-Mesozoic sedimentary rocks, the dose
rate is relatively higher than in other parts of the
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prefecture (Furukawa and Shingaki 2012). Bruno
(2011) measured the air dose rate (1 m above ground
level) from May 24 to June 3, 2011. Approximately
60 km north of the Fukushima Daiichi NPP, the air dose
rate in Marumori (Miyagi prefecture) was found to be
0.47 μSv h−1.

Our measurements suggest that the air dose rate
was always lower than the maximum permissible
concentration (0.2 μSv h−1) and varied from 0.02 ±
0.001 to 0.09 ± 0.003 μSv h−1 in winter and from
0.08 ± 0.002 to 0.13 ± 0.004 μSv h−1 at the times of
the year without snow (May–October 2014). During
periods of stable snow cover, the air dose rate in-
creased with decreasing snow thickness (Fig. 7). This
is due in the changing of the measurement distance
from the soil surface and the Aloka γ survey meter
(due to changes in snow height), and on the other
hand, snow absorbs radioactive emissions and acts as
a protective screen, as previously suggested by
Komissarov and Ogura (2017). In the forest catch-
ments, the air dose rate was always slightly higher
compared with those from open areas in all seasons.
This is probably due to the understanding that conif-
erous forests are known to be very efficient filters of
airborne 131I and r-Cs under conditions of dry depo-
sition (e.g., Bunzl et al. 1989; Livens et al. 1992).
Bunzl et al. (1989) observed 20% higher r-Cs depo-
sition in a spruce forest compared with a nearby
grassland.

Conclusions

The period of spring snowmelt can be subdivided
into two stages depending on the snow cover area

in the catchment and the presence of thaw patches.
The first stage of the snowmelt period in all catch-
ments, i.e., when the runoff of melt water passed, was
filtered through the snow layer, flowed on the surface
of the non-frozen soil with sandy loam texture, and
was characterized by similar concentrations of
suspended sediments. During the second stage, the
surface runoff began to detach soil particles from the
thawed surface areas when melt water flowed over
the wet surface; the content of the suspended sedi-
ments significantly increased with higher runoff vol-
umes and rates. Thus, the greatest soil losses are
observed in the last days of snowmelt; this phenom-
enon is obvious and in correspondence with other
studies. In the final stage of snowmelt, the removal
of particles of 2–50 μm was most dominant. The
suspended sediment consisted of up to 68–73% of
fine particles, represented mostly by silt. The r-Cs
concentration in sediments was up to 60% of the r-Cs
concentration in soils on adjoining slopes; thus, there
is considerable lateral r-Cs migration during snow-
melt. However, the r-Cs concentration in runoff sam-
ples was below the permissible level (10 Bq L−1).

Soil loss in grasslands induced by snowmelt
runoff is low (2–9 kg ha−1) and depends on slope
exposition. There was no surface runoff (snowmelt
erosion) in forested areas and grasslands covered by
Miscanthus sinensis (Japanese silver grass). The
leaf litter layer and vegetation protect the soil sur-
faces, increase soil surface roughness, impede over-
land flow, and increase infiltration. Preliminarily,
we can conclude that the spring snowmelt
accounted for about 15% of liquid runoff and
30% of sediment runoff at grasslands on the moun-
tain slopes of Miyagi Prefecture.

Fig. 7 Relationship between the
air dose rate and the depth of
snow (p < 0.001, n = 122); solid
and dashed—linear trends for
grasslands and forests sites,
respectively
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