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• Dissolved 137Cs concentration de-
creased by one order of magnitude be-
tween 2012 and 2017.

• Normalized dissolved 137Cs concentra-
tion well correlated with the building
area ratio.

• Topographic wetness index generally
predicted dissolved 137Cs concentration.

• High dissolved 137Cs concentration in
urban areas cannot be explained by
water quality.
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To investigate themain factors that control the dissolved radiocesium concentration in river water in the area af-
fected by the Fukushima Daiichi nuclear power plant accident, the correlations between the dissolved 137Cs con-
centrations at 66 sites normalized to the average 137Cs inventories for the watersheds with the land use, soil
components, topography, and water quality factors were assessed. We found that the topographic wetness
index is significantly and positively correlated with the normalized dissolved 137Cs concentration. Similar posi-
tive correlations have been found for European rivers becausewetland areaswith boggy organic soils thatweakly
retain 137Cs are mainly found on plains. However, for small Japanese river watersheds, the building area ratio in
the watershed strongly affected the dissolved 137Cs concentration. One reason for this would be because the high
concentrations of solutes, such as K+ and dissolved organic carbon, discharged in urban areas would inhibit 137Cs
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absorption to soil particles. A multiple regression equation was constructed to predict the normalized dissolved
137Cs concentration with the topography, land use, soil component, and water quality data as explanatory vari-
ables. The best model had the building land use as the primary predictor. When comparing twomultiple regres-
sionmodels inwhich the explanatory variables were limited to (1) the land use and soil composition and (2) the
water quality, the water quality model underestimated the high normalized dissolve 137Cs concentration in
urban areas. This poor reproducibility indicates that the dissolved 137Cs concentration value in urban areas can-
not be solely explained by the solid-liquid distribution of 137Cs owing to the influence of the water quality, but
some specific 137Cs sources in urban areas would control the dissolved 137Cs concentration.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
accident
River water
Topographic wetness index
Land use
Water quality
Multiple regression model
1. Introduction

Stock and flow of 137Cs in aquatic environments have been investi-
gated in many studies, mainly after the Chernobyl nuclear power
plant (CNPP) and FukushimaDaiichi nuclear power plant (FDNPP) acci-
dents. It is important to acquire data on 137Cs dynamics in aquatic envi-
ronments, integrate the data into our understanding of the behavior of
137Cs in aquatic environments, and clarify the fundamental phenomena
that drive 137Csmigration and accumulation to allow the 137Cs behavior
in disaster areas to be predicted and to prepare for future nuclear
disasters.

137Cs in water mainly exists in dissolved and particulate phases.
These two forms are conventionally distinguished by filtration, where
the material that remains on the filter of 0.45–1.0 μm pore size is the
particulate form and is the material contained in the filtrate is the dis-
solved form. Among the existing forms, dissolved 137Cs is the most mo-
bile and transferable, and understanding the dynamics of dissolved
137Cs can allow 137Cs contamination of crops and aquatic biota to be
evaluated and predicted. After the CNPP accident, the dissolved 137Cs
concentration in environmental water was monitored at many sites,
but quantification of the dissolved 137Cs concentration was difficult be-
cause of the cumbersome procedures. Methods for measuring the dis-
solved 137Cs concentration have been developed since the FDNPP
accident, and investigation of the behavior of dissolved 137Cs in river
water (Ueda et al., 2013; Ochiai et al., 2015; Eyrolle-Boyer et al., 2016;
Osawa et al., 2018), tributary and irrigation systems (Yoshikawa et al.,
2014; Iwagami et al., 2017), pond water (Wakiyama et al., 2017;
Konoplev et al., 2018), and seawater (Ramzaev et al., 2014; Fukuda
et al., 2017) has increased. The results of these studies clarified some
characteristic behaviors of dissolved 137Cs in river water. The dissolved
137Cs concentrationswere found to be significantly and positively corre-
lated with the 137Cs inventories for watersheds 1–2 years after the
FDNPP accident (Tsuji et al., 2015a, 2015b; Ochiai et al., 2015;
Yoshimura et al., 2015). In addition, the dissolved 137Cs concentrations
were found to increase in summer (Tsuji et al., 2016; Wakiyama et al.,
2017; Nakanishi and Sakuma, 2019) and be higher in river estuaries
than inland along the same rivers (Kakehi et al., 2016; Onodera et al.,
2017). The dissolved 137Cs concentrations even increase or decrease
after storms (Nagao et al., 2013; Tsuji et al., 2016).

Clarifying the factors that generally control the dissolved 137Cs con-
centration in river water would require water samples to be collected
from a wide area (to ensure that various terrains and geological charac-
teristics are represented) and in the same time period (to exclude the
effects of seasonal fluctuation and decay over time). Smith et al.
(1998) assessed the effect of land cover on the dissolved 137Cs concen-
trations in surface lake water in part of Great Britain for the same period
and found that bogs, open shrubmoors, and dense shrubmoors had rel-
atively strong explanatory powers for dissolved 137Cs concentrations.
Smith et al. (2004) assessed the factors that commonly affect the total
137Cs concentrations in European rivers. They found that the coverage
of the inland water area and the dominance of soils classed as sandy
soil for a watershed were significantly and positively correlated with
the total 137Cs concentration, assuming that 137Cs wasmostly in the dis-
solved form. However, these ratios cannot be used to predict the
dissolved 137Cs concentrations in rivers around the FDNPP because the
area around the FDNPP has higher annual precipitation, larger forest
area, smaller farmland area (because of the steep topography), and
higher degree of 137Cs absorption to soil particles than the area around
the CNPP, as mentioned in some reviews (Evrard et al., 2015; Konoplev
et al., 2016). For example, urban areas are expected to strongly affect the
dissolved 137Cs concentrations around the FDNPP because the same
amount of deposited 137Cs causes higher dissolved 137Cs concentrations
in urban rivers than in forest rivers (Yamashita et al., 2015).

The studies of the dissolved 137Cs behavior in river water after the
FDNPP accident were conducted for limited areas and specific time pe-
riods, and the factors that affect the dissolved 137Cs concentration in
Japanese river water remain poorly understood. Therefore, in this
study,we assessed themain factors that control the dissolved 137Cs con-
centration in Japanese river water. We first measured the dissolved
137Cs concentrations and water quality, such as the coexisting solute
concentration, in rivers of eastern Japan centered at the FDNPP in Au-
gust and September 2017. The factors that are correlated with the dis-
solved 137Cs concentrations in the rivers were then investigated with
the water quality data and data from a geographic information system
(GIS) inwhich the relationship is expected. In addition, themain factors
that control the dissolved 137Cs concentration in riverwaterwere inves-
tigated by multiple regression analysis.
2. Materials and methods

2.1. Study site and watershed data

River water samples were collected from 66 points on 64 rivers
13–280 km from the FDNPP between 7 August and 13 September
2017 (Fig. 1). Some of the river watersheds were part of another river
watershed (i.e., they have the same river system, Table 1). The effect
of seawater mixing caused by the tide was negligible for each sample.
The altitude is high in the northwest and low in the southeast of the
study area. Spatially distributedmesh data andwatershed area segmen-
tation data were acquired using ArcGIS GIS software (version 10.5, ESRI,
Redlands, CA, USA). The watersheds containing the sampling points
were divided by tracing ridges using surface height grid data from the
National Institute of Advanced Science and Technology using the global
digital elevation model with spatial resolution of 10 m × 10 m. The 66
watersheds each covered between 3.2 and 3600 km2 (Table 1).

The average 137Cs inventory (137Cs storage per unit area; Bq m−2)
for each watershed in July 2011 was calculated to be between 4.7
× 103 and 1.7 × 106 Bq m−2 mainly using the 137Cs inventory distribu-
tion map reported by Kato et al. (2019). This dataset extends the 137Cs
inventory distribution of the third airborne survey by the Ministry of
Education, Culture, Sports, Science and Technology, Japan (MEXT),
based on the relationship between the measured value of the 137Cs in-
ventory and the air dose rate near the ground surface within 80 km ra-
dius from the FDNPP to the wider area for measurement of the fifth
airborne survey by theMEXT conducted on June 2012. The 137Cs inven-
tory data for near sites 1–3 were missing from this dataset, but they
were acquired from a 137Cs inventory distribution map of the airborne
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Fig. 1. Water sampling points (1–66) and watersheds. The watersheds were determined by the elevation map (National Institute of Advanced Science and Technology). The 137Cs
inventory on 2 July 2011 was a combination of Kato et al. (2019) and the fourth airborne survey of the MEXT (2011). The dataset values measured on October–November 2011 were
decay-corrected to July 2011.
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survey of each prefecture by the MEXT conducted in September 2011
and decay-corrected to July 2011.

2.2. Sampling and on-site processing

The 20–100 L river water sample was collected from a depth slightly
higher than half of the river depth of several tens of centimeters to sev-
eral meters using a Tempest DTW screw pump (Proactive Environmen-
tal Products, Bradenton, FL, USA) with a 2 mm screen or using a bucket
lowered froma rope from the center of a bridge. Precipitation before the
sampling days did not strongly affect the flow conditions, and the flow
of each river was regarded as the baseflow condition. In the field, each
water sample was passed through a 1 μmpolypropylene cartridge filter
(Tsuji et al., 2015a, 2015b) to remove particles and also through a sec-
ond cartridge filter containing a nonwoven fabric impregnated with
copper ferrocyanide with a pore size of 5 μm, which preferentially
sorbs dissolved Cs (Yasutaka et al., 2016). The particle size distribution
of the suspended solid (SS) in the riverwater samplewas separately an-
alyzed by laser diffraction (SALD3100, Shimadzu Co., Ltd., Tokyo, Japan).
Particles smaller than 1 μm were detected at only five points with vol-
ume ratio of at most 2.2%. Hence, at these five points, the SS concentra-
tion might be slightly underestimated, but most of the b1 μm particles



Table 1
Analyte concentrations in the river water samples and other characteristics of the samples. The double sign of the dissolved 137Cs concentrations are the counting errors of the detectors.

Site
No.

River
name

River
system

Sampled
date in
2017

Watershed
topographya

Land use ratio (%)b Averaged
137Cs
inventory
(kBq
m−2)c

Dissolved
137Cs
concentration
(Bq m−3)

Normalized dissolved 137Cs
concentration (×10−6 m−1)

Area
(km2)

Topographic
wetness
index

Building Forest Paddy
field

Cultivated
land

Inland
water

1 Kesen Kesen 09 Aug 510 7.3 2.3 91 2.3 2.1 0.4 4.7 0.79 ± 0.11 170
2 Oh Oh 10 Aug 61 7.2 1.9 70 12 13 0.0 18 1.0 ± 0.2 58
3 Tsuya Tsuya 10 Aug 28 8.1 0.9 87 6.7 5.1 0.0 11 0.4 ± 0.06 37
4 Arima Kitakami 09 Aug 19 8.1 2.3 63 21 4.3 0.1 44 8.4 ± 0.8 190
5 Jizoh Jizoh 07 Aug 11 7.9 2.4 73 7.6 4.1 0.4 74 11 ± 1 150
6 Koizumi Koizumi 07 Aug 14 8.5 8.2 55 22 7.2 1.6 75 5.3 ± 0.5 71
7 Niida Niida 23 Aug 190 7.7 0.9 77 10 9.5 0.3 890 32 ± 3 36
8 Ohta Ohta 23 Aug 46 7.1 0.1 96 0.8 0.8 1.5 1700 120 ± 12 70
9 Furumichi Ukedo 07 Aug 78 7.5 1.3 78 7.8 9.4 0.0 130 0.88 ± 0.18 6.6

10 Takase Ukedo 23 Aug 260 7.4 1.4 83 6.6 6.5 0.4 730 29 ± 3 39
11 Kawauchi Kido 07 Aug 3.2 7.2 0.0 93 0.8 0.2 0.0 140 1.0 ± 0.1 7.2
12 Asami Asami 07 Aug 25 7.3 1.5 92 5.0 1.4 0.0 210 4.7 ± 0.5 23
13 Kohisa Oh-hisa 07 Aug 10 7.6 1.9 75 8.3 3.7 0.4 120 11 ± 1 93
14 Natsui Natsui 14 Aug 150 7.8 3.6 73 11 11 0.1 49 0.44 ± 0.10 8.9
15 Natsui Natsui 07 Aug 650 7.6 4.4 81 7.2 4.7 0.5 74 2.0 ± 0.2 27
16 Yoshima Natsui 07 Aug 86 7.4 1.0 92 5.2 0.5 0.0 57 1.1 ± 0.2 19
17 Fujiwara Fujiwara 14 Aug 45 8.1 19 64 7.4 1.0 0.3 46 6.7 ± 0.7 150
18 Same Same 22 Aug 440 7.3 1.1 87 5.9 5.0 0.2 49 2.2 ± 0.2 45
19 Shitoki Shitoki 22 Aug 92 7.1 0.3 93 1.9 1.4 0.0 57 1.0 ± 0.2 18
20 Yanta Abukuma 18 Aug 14 9.3 47 23 12 10 0.6 100 8.7 ± 0.9 84
21 Yashiro Abukuma 23 Aug 130 8.3 8.3 61 18 7.2 1.0 83 3.7 ± 0.4 45
22 Imade Abukuma 29 Aug 190 7.7 2.6 69 12 14 0.5 42 2.5 ± 0.2 58
23 Shakadoh Abukuma 09 Aug 290 8.1 4.0 65 22 6.2 1.0 150 8.1 ± 0.8 54
24 Sasahara Abukuma 07 Aug 97 9.0 14 44 35 2.6 1.8 130 5.7 ± 0.6 43
25 Yata Abukuma 07 Aug 130 7.9 7.2 61 15 15 0.5 42 2.8 ± 0.3 66
26 Ohtakine Abukuma 29 Aug 160 7.8 6.0 64 11 17 0.1 73 1.3 ± 0.2 18
27 Ohse Abukuma 09 Aug 76 8.9 21 44 28 2.3 0.3 120 18 ± 2 150
28 Gohyaku Abukuma 07 Aug 190 7.7 3.1 80 12 2.4 0.4 79 5.6 ± 0.6 70
29 Kuchibuto Abukuma 09 Aug 39 7.7 1.1 70 7.5 20 0.0 420 4.4 ± 0.4 11
30 Utsushi Abukuma 07 Aug 240 7.5 2.1 59 10 27 0.1 190 0.85 ± 0.09 4.5
31 Mizuhara Abukuma 13 Sep 42 8.3 6.0 61 15 10 0.9 120 5.6 ± 0.6 45
32 Megami Abukuma 13 Sep 30 7.7 7.1 51 16 24 0.1 190 3.0 ± 0.3 16
33 Nigori Abukuma 10 Aug 35 8.5 16 57 13 8.0 0.3 140 11 ± 1 75
34 Ara Abukuma 10 Aug 180 8.4 5.9 70 4.4 11 1.5 30 5.2 ± 0.5 170
35 Hattanda Abukuma 10 Aug 23 9.4 17 42 11 23 0.7 190 13 ± 1 69
36 Surikami Abukuma 10 Aug 240 7.0 0.4 95 0.3 2.0 1.7 40 1.7 ± 0.4 43
37 Abukuma Abukuma 10 Aug 3600 8.2 8.0 59 16 12 1.4 110 4.3 ± 0.5 39
38 Oguni Abukuma 08 Aug 40 7.6 3.8 65 8.8 20 0.1 350 7.3 ± 0.7 21
39 Kuji Kuji 23 Aug 150 7.3 2.9 82 7.7 4.7 0.5 78 1.7 ± 0.2 22
40 Agano Agano 07 Aug 12 7.4 2.2 84 7.8 3.3 2.0 9.2 0.72 ± 0.07 78
41 Nigori Agano 07 Aug 160 7.7 2.7 80 11 3.2 2.0 5.4 0.80 ± 0.23 150
42 Tadami Agano 07 Aug 2800 7.1 0.5 93 1.5 0.7 1.6 6.0 0.10 ± 0.05 16
43 Su Agano 07 Aug 80 7.6 0.9 90 2.1 2.2 0.3 38 3.3 ± 0.3 86
44 Funatsu Agano 11 Aug 63 7.4 1.9 85 10 2.6 0.6 37 0.19 ± 0.07 5.3
45 Sakura Tone 10 Aug 12 7.1 0.0 98 0.0 0.0 0.0 47 2.7 ± 0.3 57
46 Agatsuma Tone 10 Aug 1400 7.6 2.3 81 1.6 10 0.7 17 1.8 ± 0.2 100
47 Nagai Tone 10 Aug 10 7.6 1.7 74 1.2 23 0.0 24 2.1 ± 0.2 88
48 Kabura Tone 10 Aug 190 7.0 1.8 90 0.2 6.5 0.8 17 0.76 ± 0.21 45
49 Koguro Tone 10 Aug 16 7.2 0.1 99 0.0 0.2 0.0 53 1.4 ± 0.2 26
50 Kuro Naka 09 Aug 96 8.4 2.7 67 12 14 0.7 96 5.8 ± 0.6 61
51 Hohki Naka 09 Aug 130 7.4 1.2 93 0.7 2.5 0.5 44 1.4 ± 0.3 33
52 Hohki Naka 09 Aug 220 8.4 5.7 73 14 3.5 2.0 60 1.9 ± 0.3 32
53 Itaana Tone 09 Aug 85 7.3 0.7 89 3.8 1.0 1.3 89 1.2 ± 0.2 13
54 Oh-ashi Tone 09 Aug 150 7.3 2.2 86 6.2 2.8 1.1 37 0.88 ± 0.22 24
55 Watarase Tone 09 Aug 650 7.1 5.6 87 0.6 1.6 1.2 33 1.5 ± 0.2 45
56 Satone Satone 10 Aug 7.3 7.0 0.0 97 0.3 0.0 0.0 75 0.88 ± 0.29 12
57 Hanazono Hanazono 10 Aug 59 7.4 2.0 89 5.7 0.9 0.6 63 5.4 ± 0.1 86
58 Ohkita Ohkita 10 Aug 28 7.3 0.2 97 1.3 0.6 0.0 53 0.61 ± 0.14 12
59 Kuji Kuji 10 Aug 390 7.1 2.3 83 5.6 6.6 0.9 20 1.1 ± 0.1 55
60 Naka Naka 10 Aug 2200 8.5 6.3 63 18 7.8 2.0 43 1.6 ± 0.2 38
61 Hokota Tone 10 Aug 45 10.5 6.3 18 11 62 0.0 29 9.8 ± 1.0 340
62 Seimei Tone 08 Aug 21 10.2 27 21 18 23 1.8 51 16.0 ± 1.6 320
63 Kinu Tone 07 Aug 1800 9.4 10 62 16 4.6 4.5 22 2.2 ± 0.4 96
64 Ohori Tone 08 Aug 27 11.5 73 6.3 0.0 7.6 0.3 46 100 ± 10 2200
65 Moroto Tone 08 Aug 15 10.1 15 24 17 24 0.9 15 15 ± 1 970
66 Kokubu Tone 07 Aug 10.9 10.9 4.8 1.6 13 0.8 0.8 19 25 ± 3 1400

a Calculated from the elevation map by National Institute of Advanced Science and Technology.
b Calculated from land use map by Ministry of Land, Infrastructure and Transport and Tourism, Japan.
c Kato et al. (2019) and Ministry of Education, Culture, Sports, Science and Technology, Japan.
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would not be trapped in the second cartridge filter because of its larger
pore size. Therefore, we regarded the 137Cs contained in the second car-
tridge filter as the dissolved fraction in the riverwater. The pH, electrical
conductivity (not corrected for temperature), and water temperature
were measured in the field using handheld meters (D-70, (Horiba,
Kyoto, Japan) and Pro1030 (YSI, Yellow Springs, OH, USA)). A separate
river water sample was passed through a membrane filter and the fil-
trate was used for measurement of the main cations (Ca2+, K+, Mg2+,
Na+, andNH4

+) and anions (Cl−, NO2
−, NO3

−, PO4
3−, and SO4

2−) in the lab-
oratory using an ICS-1600 high-performance liquid chromatograph
(Thermo Fisher Scientific, Waltham, MA, USA). The dissolved organic
carbon (DOC) concentration was measured using a TOC-L total organic
carbon analyzer (Shimadzu, Kyoto, Japan). Another separatewater sam-
ple was passed through a Whatman GF/F filter (GE Healthcare Life Sci-
ences, Chicago, IL, USA) with 0.7 μm pores in the laboratory to
determine the SS concentration. The GF/F filter with the SS attached
was dried at 105 °C in an oven for N4 h, and the mass of SS attached to
the filter was then calculated by subtracting the dry weight of the
used filter from the dry weight of the unused filter.

2.3. Analysis of the 137Cs radioactivity

The 137Cs radioactivity in the cartridge filters used to trap dissolved
radiocesium were determined using GC2520-7500SL, GC4020-7500SL,
and GC4020 coaxial high-purity germanium detectors (Canberra
Japan, Tokyo, Japan) and Spectrum Explorer software (Canberra
Japan). The instruments were calibrated using MX033U8PP (The Japan
Radioisotope Association, Tokyo, Japan) as a standard volume radioac-
tivity source. The 137Cs radioactivity of each sample was decay-
corrected to the sampling day. The relative uncertainty for themeasure-
ments using the instruments was 3.8%, and this was confirmed by pro-
ficiency tests conducted by the Japanese National Institute of Advanced
Science and Technology. The detection limit was defined as three times
the standard deviation (i.e., 3σ) of themeasured 137Cs radioactivity. The
134Cs concentrations were also measured, but they were below the de-
tection limit for 63 of the 66 cartridge filters.

2.4. GIS dataset and analysis

The factors that are highly correlated with 137Cs_dis_norm were ex-
tracted by single correlation analysis. As factors that are expected to
be correlated with the dissolved 137Cs (137Cs_dis) concentration, the to-
pography, land use, and soil characteristics were chosen as candidate
factors. As topographic data, the wetness of the watershed can affect
the 137Cs_dis concentration because extension of the flooding area
would promote dissolution of 137Cs from 137Cs-containing particles on
the surface. Accordingly, the average wetness of each watershed of the
observation point was assessed using the topographic wetness index
(TWI) calculated using the elevation data from the global digital eleva-
tion model using the equation (Moore et al., 1991).

TWI ¼ ln FA= tan slopeð Þð Þ ð1Þ

where FA is the watershed area (km2) and slope is the slope determined
from the difference between the elevation values for the relevant mesh
data. A higher TWI indicates a wetter condition of the surface by a shal-
low groundwater level and also that the terrain is flatter. The distribu-
tion of the TWI values was calculated with the same resolution as the
elevation data, and the average value for eachwatershedwas calculated
to be between 7.0 and 11.8 (Table 1).

The land use was considered as a candidate factor because the main
137Cs sourcewould bedifferent dependingon the land use, and drainage
from urban and farming activities also has a significant effect on the
river water quality. As an index of the land use, we calculated the land
use area ratios of the percentage of the total area coverage of major
land use (forest, buildings, cultivated land, paddy fields, and inland
water) in the watershed to the complete watershed area (Table 1)
using the land use segmentation mesh data with a resolution of 100 m
× 100 m from the Japanese Ministry of Land, Infrastructure, Transport,
and Tourism.

Some characteristics of the soil data were also considered, because
the soil particle size and soil organic carbon content can affect the ad-
sorption capacity of 137Cs to soil particles. The cation exchange capacity
(CEC) of soil can also influence the 137Cs_dis concentration because it in-
dicates the absorptivity of 137Cs ions to soil particles. Accordingly, the
watershed-averaged carbon contents, sand contents, clay contents,
and CEC for the top 5 cm soil layer were calculated using Soilgrids
data (World Soil Information database) with a resolution of 250 m
× 250 m.

When comparing the 137Cs_dis concentrations at many points, it is
common to normalize the 137Cs_dis concentration by dividing these
values by the 137Cs inventory in the watershed to eliminate the differ-
ence of the magnitude of 137Cs deposition in each watershed. This nor-
malized value is known as the entrainment coefficient (Garcia-Sanchez
and Konoplev, 2009; Konoplev et al., 2016). Delmas et al. (2019)
showed that averaged 137Cs inventory in the whole watershed is effec-
tive for predicting the dissolved 137Cs concentration. In this study, the
137Cs_dis concentration was normalized by dividing it by the averaged
137Cs inventory in each watershed on June 2011 (Kato et al., 2019),
and this concentration is defined as the normalized dissolved 137Cs con-
centration (137Cs_dis_norm). This 137Cs inventory dataset was used for
normalization because no dataset was available for the 137Cs inventory
after 2011 and this dataset is based on the actual 137Cs inventory and
covers the range of this study area. Area-wide decontamination mainly
performed after 2012 reduced the 137Cs inventory faster than natural
nuclear decay in the agricultural land and residential area near the
FDNPP. However, we considered that decontamination would not sig-
nificantly affect comparison of 137Cs_dis_norm among the locations be-
cause the proportion of agricultural and residential land in the
decontaminated watershed was not higher than that of forests
(Table 1). In addition, the 137Cs inventory of the non-decontaminated
location within an 80 km region from the FDNPP in 2016 was found to
have decreased from that in 2011 at almost the same speed as natural
nuclear decay regardless of the location (Mikami et al., in press).

2.5. Multiple regression equation

We analyzed the main controlling factors and their contribution to
the 137Cs_dis concentration by the generalized linear model (GLM). We
constructed three types of equations.

For the first equation, all of the variables shown in Table 1 and Sup-
plemental Table 1 (topography, land use, soil characteristics, and water
quality data) were nominated as candidate explanatory variables. Some
variables were excluded in advance if they were highly correlated with
another variable (r N 0.7) or have a mechanism that is highly substitut-
able for other variables. Specifically, the excluded data from the candi-
date variables were the TWI (substituted by the building area ratio),
forest area ratio (substituted by the building area ratio), and cation/
anion concentrations (substituted by the electrical conductivity (EC)).
We call this model the “all parameter model”.

For the second equation, the candidates explanatory variable were
limited to only the GIS data of the topography, land use, and soil charac-
teristics. This equation mainly reflects the contribution of the 137Cs
source in the watershed to the 137Cs_dis concentration. We call this
model the “GIS model”.

For the third equation, the candidate explanatory variables were
limited to the water quality with the solute concentration data. This
equation reflects the influence of the distribution process between the
solid and liquid phases of 137Cs affected by the water quality. We call
this model the “water quality model”.

Because the ranges of the variables were different, each variable was
standardized to an average of 0 and variance of 1 as pre-processing to



Fig. 2. Dissolved 137Cs concentrations in river water plotted against the average 137Cs
inventories for the watersheds (log–log scale). The error bars indicate the detector
counting errors. The dashed lines indicate the upper and lower 95% confidence intervals.
Note that the graph is displayed in a logarithmic axis, but the approximate equation is a
proportional equation and the correlation coefficient value (r) is based on linear
regression analysis.
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compare each contribution by the coefficients. Multiple regression
models were generated with all term combination subsets, and the
best model was selected by the Akaike information criterion (AIC).
The smaller the AIC score, the better the balance between the goodness
of fit of the model and the small number of parameters. Therefore, the
equation with the lowest AIC score was considered to be the “best”
model.

To identify the multiple regression equation of 137Cs_dis_norm,
137Cs_dis_norm was logarithmically converted to the objective variable
considering that the distribution of the 137Cs_dis_norm values (Table 1)
was significantly different from a normal distribution. Therefore, the
multiple regression equation has the following structure:

ln 137Cs dis norm
� � ¼ Σi

a･xi þ b ð2Þ

where 137Cs_dis_norm is the normalized dissolved 137Cs concentration
[m−1], xi is an explanatory variable, ai is the coefficient of variable xi,
and b is the intercept. The GLM analysis was performed with R (version
3.5.2, R Core Team, 2018) using theMuMIn package formodel selection.

3. Results and discussion

3.1. Dissolved 137Cs concentration and water quality

The 137Cs_dis radioactivity concentrations (Bqm−3; hereafter,merely
describe as “137Cs_dis concentrations”) in the river water samples were
0.40–120 Bq m−3 (Table 2) and the concentrations tended to be higher
near the FDNPP than farther from the FDNPP. The 137Cs_dis concentra-
tions at the 66 sampling sites were plotted against the average 137Cs in-
ventories for the watersheds, and a significant positive correlation (R2

= 0.48, slope 5.8 × 10−5 m−1 with 95% confidence interval of 4.6–7.0
× 10−5 m−1) was found using the least squares method (Fig. 2). Each
measured 137Cs_dis concentration was therefore normalized and the
137Cs_dis_norm concentrations were calculated to be 4.5 × 10−6 to 2.2
× 10−3 m−1. The data points deviating from the regression line at the
upper left part of Fig. 2 (watersheds 64–66) had relatively high building
area ratios. The data points deviating from the regression line at the
lower left are watersheds 42 and 44, which were dominated by forest.
Table 2
Correlation coefficients of the relationships between the normalized dissolved 137Cs concentrat
symbols are: * significant at the 5% level; ** significant at the 1% level.

Parameter Japanese rivers (

Range in parame

Water quality Water temperature, °C 17–
Electrical conductivity, mS m−1 4.6–
pH 2.8–
Suspended solid concentration, g m−3 2.1–
NH4

+ concentration, g m−3 0–
K+ concentration, g m−3 0.52–
Na+ concentration, g m−3 2.4–1
Mg2+ concentration, g m−3 0.56–
Ca2+ concentration, g m−3 3.6–
Cl− concentration, g m−3 1.3–1
NO3

− concentration, g m−3 0.51–
SO4

2− concentration, g m−3 1.9–3
Dissolved organic carbon concentration, g m−3 0.6–

Land usea % of forest areas in watershed 4.8–
% of building area in watershed 0–
% of inland water in watershed 0–
% of paddy field in watershed 0–
% of cultivated land in watershed 0–

Soil Mean % carbon content of soils 15–
% of soils classed as sandy 36–
% of soils classed as clay 14–
Cation exchange capacity of soil, meq kg−1 25–

Topography Watershed area, km2 3.2–3.6 × 1
Topographic Wetness Index 7.0–

a Smith et al. (2004).
The latter data points had quite high levels of uncertainty because the
137Cs concentrations were low, meaning that the counting errors (rela-
tive errors) were large. The 137Cs_dis_norm concentrations were less than
those observed around the CNPP a few years after the accident (1.0
× 10−3 to 6.6 × 10−3 m−1) (Konoplev et al., 2016). This difference indi-
cates that the proportion of discharged 137Cs as the dissolved form to
the 137Cs storage in the watershed was less in areas around the FDNPP
compared with areas around the CNPP.

In previous studies, the lines describing the relationship between the
137Cs_dis concentration and 137Cs inventory had slopes of 4.8
× 10−4 m−1 (Tsuji et al., 2015a, 2015b), 2.7 × 10−4 m−1 in summer
ions and characteristics of water from Japanese and European rivers. The meanings of the

this study), n = 66 European rivers, n = 12a

ter Correlation coefficient Range in parameter Correlation coefficient

35 0.42⁎⁎

95 0.38⁎⁎

8.5 −0.05
37 0.22
1.6 0.06
10 0.47⁎⁎

40 0.26⁎

14 0.30⁎

84 0.25⁎

60 0.30⁎

31 0.22
30 0.05
6.3 0.42⁎⁎

99 −0.63⁎⁎ 9.3–90 0.46
73 0.82⁎⁎ no data
4.4 0.004 0–23 0.75⁎⁎

37 −0.09 no data
62 0.17 0.2–89 −0.41
32 −0.32⁎⁎ 1.4–23 0.53⁎

45 −0.17 5.0–91 0.78⁎⁎

24 0.52⁎⁎ 0–14 0.08
51 −0.37⁎⁎ no data
03 −0.10 4.0 × 103–1.8 × 105 −0.22
12 0.74⁎⁎ 3.2–8.2 0.30



Fig. 3. Relationships between the normalized dissolved 137Cs concentration and the
(a) building area ratio and (b) topographic wetness index.
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2012 (Ochiai et al., 2015), 1.3 × 10−4 m−1 in early winter 2012
(Yoshimura et al., 2015), and 2.1 × 10−4 m−1 in summer 2013 (Ochiai
et al., 2015). The data used to give these slopes were all for measure-
ments made within 100 km of the FDNPP. Plotting only the data for
the 42 watersheds within 100 km of the FDNPP in this study gave a
slope of 6.3 × 10−5 m−1, which was almost the same as the slope for
all 66 watersheds (R2 = 0.51, slope 5.8 × 10−5 m−1 with 95% confi-
dence interval of 4.9–6.7 × 10−5 m−1). The relationship between the
137Cs inventory and 137Cs_dis concentration was therefore applicable
further than 100 km from the FDNPP. The changes in the slope over
time indicated that the dissolved 137Cs concentrations in the river
water decreased by one order of magnitude between 2012 and 2017.
This decrease was faster than that predicted by the 137Cs half-life
(30.1 years). However, it has been reported that the annual runoff pro-
portion of 137Cs to the 137Cs storage in the watershed after the FDNPP
accident was at most 0.1% order of magnitude (Ueda et al., 2013; Tsuji
et al., 2019), so 137Cs storage did not remarkably change from the initial
137Cs fallout. Accordingly, this decrease indicates that the proportion of
137Cs that is easilywashed away or 137Cs that supplies dissolved 137Cs to
the land decreased over the 5 years.

The individual data of the water quality along with the solute con-
centrations are given in Supplemental Table 1. The NO2

− and PO4
3− con-

centrations were below the detection limits (0.01 g m−3 for both) at all
of the sampling points. The NH4

+ concentrations were below the detec-
tion limit (0.006 g m−3) at 24 sampling points. The SS concentrations
were 2.1–33 g m−3. The pH values at most of the sampling sites were
5.7–8.5, which can be regarded as approximately neutral. However,
the river Su water (site 43 in Fig. 1) was acidic (pH 2.8). The electrical
conductivities were 5.1–95 mS m−1, and they were higher in urban
areas (e.g., sites 17 and 66) and at the coast (site 13) than elsewhere.
The water temperatures were 17–35 °C, and they were higher in the
southern lowland area than elsewhere.

3.2. Relationships between the normalized dissolved 137Cs concentrations
and environmental factors

3.2.1. Water quality
The water temperature was significantly and positively correlated

with the 137Cs_dis_norm concentration (Table 2). An increase in the
water temperature can increase the 137Cs_dis_norm concentration by
shifting the equilibrium between 137Cs in the solid and dissolved phases
towards the dissolved phase (Tertre et al., 2005; Wu et al., 2009).

The K+ and DOC concentrations were significantly and positively
correlated with the 137Cs_dis_norm concentration at the 1% level, the
Na+, Mg2+, Ca2+, and Cl− concentrations were significantly correlated
with the 137Cs_dis_norm concentration at the 5% level, and the NH4

+,
NO3

−, and SO4
2− concentrations showed almost no correlation with the

137Cs_dis_norm concentration. Generally, K+ and NH4
+ promote elution

of 137Cs from river sediment because they readily exchange with 137Cs
at the frayed edge sites on soil particles (Wauters et al., 1996;
Staunton and Roubaud, 1997). The poor correlation between the
137Cs_dis_norm concentration and NH4

+ concentration was probably be-
cause the NH4

+ concentrations were low compared with those of other
ions, such as K+. The 137Cs_dis_norm concentration was well correlated
with the DOC concentration, probably because DOC can increase the
137Cs_dis concentration by inhibiting sorption of dissolved 137Cs to soil
particles (Staunton et al., 2002). The concentrations of ions that can in-
hibit 137Cs sorption can be represented by the electrical conductivity. It
has been found that the 137Cs_dis concentration increases as the electri-
cal conductivity increases in agricultural water systems near the FDNPP
(Tsukada et al., 2017; Eguchi, 2017).

There was almost no correlation between the 137Cs_dis_norm concen-
tration and pH value because thewater samples frommost of the rivers
were almost pH neutral. There was also no significant correlation be-
tween the SS concentration and 137Cs_dis_norm concentration. However,
the SS concentration has been found to affect the behavior of dissolved
137Cs in previous studies. Eyrolle-Boyer et al. (2016) found that the
137Cs_dis concentration to 137Cs concentration in the SS ratio increased
as the SS concentration increased. Tsuji et al. (2016) found that the
137Cs_dis concentration increased as the SS concentration increased in
a forest river. Naulier et al. (2017) found that there was a change in
the main SS components from organic matter to soil minerals and the
137Cs_dis concentration was affected by this shift. Different 137Cs_dis con-
centrations under storm runoff conditions and baseflow conditions
have been found (Nagao et al., 2013; Tsuji et al., 2016), meaning that
the SS concentration could affect the 137Cs_dis concentration when a
river becomes turbid after rain.

3.2.2. Land use
The building area ratio was significantly and positively correlated

with the 137Cs_dis_norm concentration and had a higher correlation coef-
ficient (r = 0.82, Fig. 3a) than the correlations with the other factors.
The forest area ratio and 137Cs_dis_norm concentration were negatively
correlated. Accordingly, the 137Cs_dis_norm concentrations were higher
in urban areas than forest areas.

The correlation between the 137Cs_dis_norm concentration and the
building area ratio would have been caused by the high water temper-
atures in urban areas and the concentrations of solutes in water
discharged into rivers in urban areas (Table 3). This phenomenon
where the temperature peculiarly increases in the urban area compared
with the peripheral part is called the “urban heat island phenomenon”,
which occurs because of human activities in the urban area. As another
possible factor, road dust is an important contributor of SS in urban



Table 3
Correlationmatrix of the relationships between the factors. The abbreviationsmean:WT, water temperature; EC, electrical conductivity; SS, suspended solid; DOC, dissolved organic carbon; CEC, cation exchange capacity; and TWI, topographic wet-
ness index. The symbols mean: *, significant at the 5% level; **, significant at the 1% level; †, positively correlated with the normalized dissolved 137Cs concentration at the 1% level; §, negatively correlated with the normalized dissolved 137Cs con-
centration at the 1% level.

WT† EC† pH SS conc. NH4
+ conc. K+

conc.†
Cl−

conc.
DOC
conc.†

Forest area
ratio§

Building area
ratio†

Inland
water
area
ratio

Paddy
field
area
ratio

Cultivated
land
area ratio

Carbon
content§

Sandy soil
ratio

Clay soil
ratio†

CEC of
soil§

Watershed
area

TWI†

WT† 1
EC† 0.44⁎⁎ 1
pH 0.10 0.05 1
SS conc. 0.20 0.22 −0.07 1
NH4

+ conc. 0.23 0.10 0.17 0.21 1
K+ conc.† 0.49⁎⁎ 0.69⁎⁎ −0.08 0.45⁎⁎ 0.27 1
Cl− conc. 0.26⁎ 0.84⁎⁎ −0.09 0.19 0.11 0.65⁎⁎ 1
DOC conc.† 0.27⁎ 0.34⁎⁎ 0.13 0.27⁎ 0.27 0.57⁎⁎ 0.21 1
Forest area ratio§ ｰ0.54⁎⁎ ｰ0.54⁎⁎ 0.00 ｰ0.38⁎⁎ −0.17 ｰ0.77⁎⁎ ｰ0.42⁎⁎ ｰ0.46⁎⁎ 1
Building area
ratio†

0.47⁎⁎ 0.54⁎⁎ 0.03 0.16 0.12 0.56⁎⁎ 0.47⁎⁎ 0.35⁎⁎ ｰ0.78⁎⁎ 1

Inland water
ratio

0.41⁎⁎ 0.02 −0.06 −0.06 0.09 0.02 −0.01 −0.07 −0.11 0.07 1

Paddy field area
ratio

0.35⁎⁎ 0.11 0.02 0.14 0.07 0.35⁎⁎ 0.08 0.21 ｰ0.52⁎⁎ 0.10 0.28⁎ 1

Cultivated land
area ratio

0.18 0.24 −0.02 0.47⁎⁎ 0.10 0.60⁎⁎ 0.13 0.29⁎ ｰ0.60⁎⁎ 0.14 −0.15 0.22 1

Carbon content
of soil§

ｰ0.49⁎⁎ ｰ0.55⁎⁎ −0.16 −0.10 −0.18 ｰ0.49⁎⁎ ｰ0.36⁎⁎ ｰ0.49⁎⁎ 0.55⁎⁎ ｰ0.44⁎⁎ −0.20 ｰ0.34⁎⁎ −0.17⁎⁎ 1

Sandy soil ratio −0.13 0.00 0.22 0.00 0.36⁎ −0.01 0.02 0.16 0.33⁎⁎ ｰ0.34⁎⁎ −0.14 ｰ0.32⁎⁎ 0.03 0.10 1
Clay soil ratio† 0.54⁎⁎ 0.57⁎⁎ 0.01 0.16 −0.20 0.45⁎⁎ 0.37⁎⁎ 0.26⁎ ｰ0.64⁎⁎ 0.66⁎⁎ 0.26⁎ 0.27⁎ 0.14 ｰ0.69⁎⁎ ｰ0.56⁎⁎ 1
CEC of soil§ ｰ0.46⁎⁎ ｰ0.54⁎⁎ 0.06 ｰ0.29⁎ −0.03 ｰ0.59⁎⁎ ｰ0.43⁎⁎ −0.21 0.77⁎⁎ ｰ0.54⁎⁎ −0.05 ｰ0.53⁎⁎ ｰ0.40⁎⁎ 0.59⁎⁎ 0.28⁎ ｰ0.56⁎⁎ 1
Watershed area 0.09 −0.09 −0.07 0.37 −0.09 −0.08 −0.08 −0.02 0.07 −0.08 0.49⁎⁎ 0.06 −0.08 0.03 −0.06 0.05 0.15 1
TWI† 0.53⁎⁎ 0.51⁎⁎ −0.06 0.33⁎⁎ 0.21 0.76⁎⁎ 0.41⁎⁎ 0.44⁎⁎ ｰ0.93⁎⁎ 0.80⁎⁎ 0.23 0.41⁎⁎ 0.48⁎⁎ ｰ0.54⁎⁎ ｰ0.34⁎⁎ 0.65⁎⁎ ｰ0.69⁎⁎ −0.04 1
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Table 4
Summary of the multiple regression model: effect of each variable on the normalized dis-
solved 137Cs concentration. Identified multiple regression model for (a) all variables (all
parametermodel), (b) variables limited to the GIS data (GISmodel), and (c) variables lim-
ited to the water quality data (water quality model). The estimated parameters for the
best model are listed in order of absolute size of the effect. AIC is the Akaike information
criterion, R2 is the determination coefficient, and CI is the 95% confidence interval of each
variable.

(a) All parameter model : AIC = 177.7, R2 = 0.67

Predictor Coefficient (CI) p-value

Intercept −2.99 (−3.20, −2.78)
Building area ratio 1.16 (0.68, 1.64) 1.4 × 10−5

Carbon content in soil −0.66 (−1.15, −0.16) 9.8 × 10−4

pH −0.48 (−0.91, −0.04) 0.036
SS concentration 0.34 (−0.09, 0.78) 0.13

(b) GIS model : AIC = 181.1, R2 = 0.61

Predictor Coefficient (CI) p-value

Intercept −2.99 (−3.21, −2.77)
Building area ratio 1.02 (0.43, 1.62) 1.4 × 10−3

Clay soil ratio 0.71 (0.11, 1.31) 0.022

(c) Water quality model : AIC = 192.0, R2 = 0.54

Predictor Coefficient (CI) p-value

Intercept −2.99 (−3.23, −2.75)
EC 0.75 (0.20, 1.30) 9.6 × 10−3

Water temperature 0.61 (0.07, 1.15) 0.031
DOC concentration 0.54 (0.02, 1.05) 0.046
pH −0.53 (−1.01, −0.05) 0.035
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rivers (Carter et al., 2003), and it is also an important source of dissolved
137Cs in riverwater because 137Cs in road dust is generally relatively sol-
uble. Yamashita et al. (2015) found that road dust was amajor source of
particulate 137Cs in an urban river inwatershed 64. However,Murakami
et al. (2017) found that road dust made limited contributions to the
137Cs_dis_norm concentrations in the rivers in watersheds 27, 28, and
34. The building area ratioswere smaller in the rivers of the latter report
than in the river of the former report (Table 1), indicating that road dust
is likely to be an important source of dissolved 137Cs only when build-
ings occupy a large proportion of the watershed.

The negative correlation between the forest area ratio and
137Cs_dis_norm concentration can be explained in the opposite way to
the positive correlation between the building area ratio and
137Cs_dis_norm concentration, which could also be explained by the rela-
tively low electrical conductivity of the water in watersheds dominated
by forest.

The agricultural area (paddyfields and cultivated land) ratio showed
a poor correlationwith the 137Cs_dis_norm concentration, because the ag-
ricultural area occupied much less area than forest. The cultivated land
area ratio was significantly correlated with the K+ and DOC concentra-
tions, probably because of fertilizer discharge, but the effect of agricul-
tural activities on the 137Cs_dis concentration was small compared with
the effect of urban areas. However, in some paddy fields near the
FDNPP, the paddy fields have been found to behave as sinks for dis-
solved 137Cs because 137Cs sorbs to the decontaminated soil when irri-
gation water is applied (Shin et al., 2019).

The inland water area ratio was poorly correlated with the
137Cs_dis_norm concentration, which differs from European rivers
(Smith et al., 2004). This difference is because some watersheds in
Finland (where the inland water area ratios are relatively high, up to
23%) were used in the study of European rivers, but the water area
ratiowas relatively low in our study area (up to 4.5%) because of the rel-
atively steep topography and the buildings mainly being in lowland
areas.

3.2.3. Soil components
The carbon content and CEC of soil were negatively correlated with

the 137Cs_dis_norm concentration. The correlation between the carbon
content and the 137Cs_dis_norm concentration was unexpected because
organic soil generally weakly retains 137Cs (Hilton et al., 1993). A posi-
tive correlation between organic-rich boggy soil and the 137Cs_dis_norm
concentration was found in Great Britain (Smith et al., 1998). This dis-
crepancy can bemainly explained by the soil with high carbon contents
in our study area mostly being in forested mountainous areas, meaning
that the forest (a weak supplier of dissolved 137Cs) characteristics were
more important than the carbon content of the soil.

The clay soil ratio was positively correlated with the 137Cs_dis_norm
concentration. This was also unexpected because fine soil particles gen-
erally strongly sorb 137Cs (He and Walling, 1996), so the 137Cs_dis_norm
concentrations in riverwater containing large amounts of clay SS should
have been lower than those in river water containing large amounts of
sandy SS, as found by Smith et al. (2004). This correlation would have
been caused by the clay soils mainly being on the plains, where build-
ings were concentrated, and because volcanic ash soils containing very
extractable 137Cs are mainly found on the southern plain (Takeda
et al., 2013).

3.2.4. Topographic factors
The TWI was significantly and strongly and correlated with the

137Cs_dis_norm concentration (r = 0.74, Fig. 3b). Considering the hydro-
logical discharge process, this seems to suggest that dissolved 137Cs
was supplied by flooding, because some studies have shown that 137Cs
is weakly bound to wetland soil (Valcke and Cremers, 1994) and
could be the source of dissolved 137Cs in the flooding area. However,
the boggy area or inlandwater area barely covers this study area. Rather
than this mechanism, this correlation is probably because buildings are
mainly on the plain area and forest ismainly on steeply sloping land, be-
cause TWI is also an index of the flatness of the watershed.

Smith et al. (2004) also found that for Europeanwatersheds, the cor-
relation between the 137Cs_dis_norm concentration and TWI became
stronger as the proportion of the area with a high TWI value increased.
The trends in Japan and Europe were similar because wetlands are
mainly on plains in Europe. The main land uses on plains are different
in Japan and Europe, but plains in both Japan and Europe are important
sources of dissolved 137Cs. Accordingly, the tendency for the
137Cs_dis_norm concentration in river water to be relatively high in flat
areas is probably a general phenomenon, and the TWI could be a global
predictor of the 137Cs_dis_norm concentration. This could be applied to
rivers of various sizes because the watershed area is poorly correlated
with the 137Cs_dis_norm concentration.

3.3. Multiple regression equations

The estimated parameters of the all parameter model, GIS model,
and water quality model are given in Table 4. For most of the plots,
the difference between the observed and predicted values was within
±1 order of magnitude (Fig. 4). For each variable, the positive and neg-
ative values of each coefficient were consistent with those in the single
correlation with 137Cs_dis_norm (Table 2).

In the best GIS model, the AIC value was 181.1 and the building area
ratio was the primary predictor, and the clay soil ratio was selected as
the second predictor. For the best water quality model, the AIC value
of 192.0 was larger than that of GISmodel. In this model, the EC was se-
lected first (p b 0.01), and then the water temperature, DOC concentra-
tion, and pH value were selected. The best all parameter model had the
smallest AIC value among the threemodels (AIC= 177.7). The building
area ratio was selected as the primary predictor (p = 1.4 × 10−5). The
following parameters were the soil carbon content and pH. Accordingly,
the building area ratio had the greatest influence on 137Cs_dis_norm
among the investigated candidate factors.

By comparing the AIC value of the GIS model with that of the water
quality model, the GIS model had higher explanatory power than the



Fig. 4. Correlation between the predicted and observed normalized dissolved 137Cs
concentration values on the log–log scale.
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water quality model, and building area ratio was the most explanatory
factor overall. In addition, thewater qualitymodels could not reproduce
the plots with high 137Cs_dis_norm values (Fig. 4). This suggests that the
high 137Cs_dis_norm concentration in urban areas cannot be solely ex-
plained by the solid–liquid distribution of 137Cs owing to the influence
of the water quality, but some specific sources of 137Cs would result in
a relatively high 137Cs_dis_norm concentration. Dissolution of 137Cs from
road dust or volcanic ash soil are significant factors, but identifying the
main contributor is the subject of future investigation.

4. Conclusions

The dissolved 137Cs concentrations in water from 66 rivers in east
Japan in summer 2017 are significantly and positively correlated with
the average 137Cs inventories for the watersheds, and the slope of the
line describing the relationship is 5.8 × 10−5 m−1. By comparing with
the slope values in some references, this value indicates that the dis-
solved 137Cs concentrations in rivers around the FDNPP decreased by
one order of magnitude between 2012 and 2017.

By investigating the factors that are correlated with the dissolved
137Cs concentrations in the rivers, the forest area ratio shows a signifi-
cant negative correlation (r = −0.63) and the building area ratio
shows a significant positive correlation with the normalized dissolved
137Cs concentration (r = 0.82). The TWI is also significantly and posi-
tively correlated with the normalized dissolved 137Cs concentration (r
= 0.74), and a similar result has been found for European rivers. The
TWI could therefore be a global predictor of the dissolved 137Cs concen-
tration. However, the underlying mechanisms for the similar relation-
ships are different. In Europe, inland water and bogs on plains release
137Cs because 137Cs weakly sorbs to organic soil, but in Japan, urban
area on plains have some soluble 137Cs sources or maintain the dis-
solved 137Cs concentration by causing high concentrations of K+ and
DOC to be discharged into rivers, which can inhibit 137Cs sorption to
soil particles.

By constructing a multiple regression model, the building area ratio
is the most important explanatory variable among the land use, soil
component, and water quality data. The best regression model using
the land use and soil component data has a higher determination coef-
ficient than that using the water quality data. This indicates that the
high normalized dissolved 137Cs concentration value in the urban area
cannot be solely explained by the solid–liquid distribution of 137Cs
owing to the influence of the water quality, but some specific 137Cs
sources in the urban area would control the dissolved 137Cs
concentration.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.134093.
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