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Abstract: Even after 7 years of the nuclear accident that occurred in 2011 at the Fukushima Dai-ichi
nuclear power plant (F1NPP), high levels of 137Cs have been detected in ambient aerosols from some
polluted areas of Fukushima. Higher levels of radionuclides were often observed in the atmosphere
during and after rain events. We presume that biological processes such as fungal activity associated
with higher relative humidity may be involved with a possible emission of radioactivity to the
atmosphere, which was originally emitted from the F1NPP accident and was deposited over the
ground, forest, soil, etc. Here, we report, for the first time, relationships of 137Cs and organic tracers of
fungal spores (i.e., arabitol, mannitol and trehalose) in the aerosol samples collected from Fukushima,
Japan. Although we found twice-higher concentrations of 137Cs at nighttime than at daytime, fungal
spore tracers did not show a consistent trend to 137Cs, that is, organic tracers at nighttime were similar
with those at daytime or were even higher in daytime. This study has not clearly demonstrated
that fungal spores are the important source of high levels of 137Cs at nighttime. The current unclear
relationship is probably associated with the sampling strategy (four consecutive days with a sampling
on/off program for day/nighttime samples) taken in this campaign, which may have caused a
complicated meteorological situation.

Keywords: Fukushima nuclear accident; ambient aerosols; radioactive Cs; relation of 137Cs with
fungal organic tracers; arabitol; trehalose

1. Introduction

A severe nuclear accident (International Nuclear Event Scale: INES level 7 meltdown
of three reactors) occurred in March 2011 at the Fukushima Dai-ichi nuclear power plant
(F1NPP) operated by the Tokyo Electric Power Company (TEPCO) a few days after the
earthquake and subsequent tsunamis, causing serious contamination of radionuclides in the
environments over the wide areas of eastern Japan, covering Fukushima and surrounding
prefectures, and the adjacent western North Pacific. This nuclear accident was triggered by
the attack of powerful tsunami waves that reached as high as 40 m and up to 10 km inland,
following the strong earthquake (magnitude of 9.0) off the Pacific coast of northeast Japan
(373 km northeast of Tokyo) that happened at 14:46 JST on 11 March 2011 [1–5]. The nuclear
explosions at F1NPP (12–15 March) released significant amounts of radioactive elements to
the atmosphere; 133Xe (11,000 PBq), 131I (160 PBq), 134Cs (18 PBq), 137Cs (15 PBq), which
correspond to 1.69, 0.09, 0.38 and 0.18, respectively, of those from the Chernobyl nuclear
accident in 1986 (P: 1015, https://www.env.go.jp/chemi/rhm/h29kisoshiryo/h29kiso-02-0
2-05.html, accessed on 26 July 2021).
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Significant amounts of radionuclides have been deposited in the forest areas in
Fukushima and its surroundings [6–8]. The contaminated surface soils have been re-
moved from the human living areas by the Japanese Government, e.g., [9], but the majority
of the areas’ forest soils have not been treated for soil removal processing. Radioactivities
have been accumulated in the soils from Fukushima [10–13] and are remobilized/recycled
among trees, plant litters and soil microorganisms such as fungi in the forest surface. In the
forest soils, nuclear accident-emitted radiocesium is preserved in soils where particulate
organic matter was deposited [10]. In the biogeochemical cycles of radioactive elements
in the forest soil systems, fungal activities may play an important role in the emission of
radiocesium from the soil surface to the atmosphere based on the study of the Chernobyl
nuclear accident [14].

Igarashi et al. [15] reported the impacts from the F1NPP disaster over 3 years in
Tsukuba, Ibaraki (ca. 170 km southwest from the TEPCO’s F1NPP). The monthly at-
mospheric deposition fluxes of 90Sr and 137Cs in March 2011 reached approximately
5 Bq/m2/month and 23 kBq/m2/month, respectively, which are 3–4 and 6–7 orders of
magnitude higher than those before the accident, respectively. Even after 7 years from
the nuclear accident, high levels of 137Cs have been found in ambient aerosols from some
areas of Fukushima especially during rain events [16]. There are possible mechanisms for
the high levels of 137Cs; e.g., re-suspension of dust particles from soil surface [17,18], or
other pathways such as biological emission via fungal spore activity. Because the 137Cs
concentrations are often higher during rain, the soil resuspension is not likely. However, its
radioactivity levels are possibly associated with enhanced biological activity involved with
rainfall or humidity.

We hypothesize that biological processes such as fungal activity may be associated
with the soil-to-air emission of radionuclides deposited over the soil surface from the F1NPP
accident [3,16,19]. Fungi can uptake various nutrient metal ions including potassium and
radioactive Cs from soil surface using the fungal network system [20–22]. Fungi accumulate
radioactive Cs due to the uptake similar to potassium, which is known because of the
experiences of contaminations by weapon tests’ global fallout and because of the Chernobyl
accident [14,23]. Cs and K are categorized as Group 1 in the periodic table of chemical
elements, suggesting the similar chemical properties and thus similar behaviors in the
environment. Cs is an analogue of K and is taken up by plants as a nutrient [24]. Although
there is only a single data point, Yamaguchi et al. [25] reported a very high radioactive
Cs concentration (629 Bq g−1 dry) in fungal spores from Fukushima. Fungal spores are
also known to often dominate bioaerosol mass in the mid-latitudinal forest from East
Asia [26,27].

Zhu et al. [28] reported that concentration levels of arabitol and mannitol (tracers of
fungal spores) are higher at nighttime than at daytime in the Wakayama Research forest
although pinic acid (photochemical oxidation product of α-pinene emitted from plants)
showed an opposite trend. Their study, together with the high levels of 137Cs in Fukushima
areas [15], stimulated our scientific interest in a possible biological emission of 137Cs to the
atmosphere of Fukushima at nighttime and led us to a hypothesis of fungi as a possible
emitter of 137Cs from the soil surface to the atmosphere. Sugar compounds in aerosols have
been reported as the source of biological organic materials emitted from the ground surface
(soil) to the atmosphere [29–32]. In particular, selected sugar compounds such as arabitol,
mannitol and trehalose have been used as organic tracers to discuss the nighttime emission
of fungal spores from the forest area in Japan [28]. However, there is no reported study so
far for the simultaneous measurements of 137Cs and fungal spore tracers.

In this study, to examine the above hypothesis, we used ambient aerosols (day and
night samples, separately) collected at Namie, Fukushima, Japan. Aerosol sampling was
conducted during summer to autumn in 2017 for the measurements of 137Cs and sugar
compounds including arabitol, mannitol and trehalose, which have been considered as
fungal spore tracers in aerosol particles [29]. Here, we compare the concentration levels
of sugar compounds with those of 137Cs to discuss the correlations among the organic
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tracers and radioactivity in the ambient aerosols collected from Fukushima and to better
understand a possible biological emission of 137Cs from forests to the atmosphere.

2. Samples and Methods

The present sampling point (Namie-cho, Fukushima Prefecture, Japan) has been de-
scribed in detail elsewhere [4,15–17,19]. Briefly, the site is located 8 km north-northwest of
the F1NPP (see Figure 1 for the sampling site) and surrounded by forests in the evacuated
zone; therefore, most of the forest areas remained contaminated. Major tree species in
the forest are Japanese ceder (Cryptomeria japonica) and beech (Fugas crenata). The hu-
man activity in the area was rare except for a decontamination work. Ambient aerosol
samples (total suspended particles, TSP) were collected during the period of 3 August to
26 October 2017 using pre-combusted (500 ◦C) quartz fiber filters (Pallflex, 2500QAT-UP,
20 × 25 cm, Avantor, Radnor, USA) and a high-volume air sampler (Shibata, Tokyo, Japan,
HV-1000RW) at a flow rate of 1 m3 per min. We operated four air samplers that were placed
on the ground of a school campus (1.2 m above the ground) with a time program to collect
daytime (6:00–18:00) and nighttime (18:00–6:00) aerosols separately for four consecutive
days (12 h × 4 d = 48 h). In total, 29 daytime (n = 15) and nighttime (n = 14) samples
were collected. Blank filters (n = 4) were taken at the site without air sucking. The TSP
samples were stored in a freezer at −20 ◦C until the analysis. Aliquots of aerosol samples
were analyzed for the measurement of 137Cs using a Ge-semiconductor detector at the
MRI laboratory (Meteorological Research Institute, Tsukuba, Japan) using the method of
Igarashi et al. [15].
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Figure 2 shows ambient temperature and relative humidity (RH) during the sampling
periods. The ambient temperature ranged from 18 ◦C to 25 ◦C, with an average of 21 ◦C
in daytime and from 13 ◦C to 21 ◦C with an average of 17 ◦C in nighttime. RH is clearly
higher in nighttime (range: 80–100%, av. 96%) than daytime (73–98%, av. 85%) although
the temperature showed an opposite trend. Figure 3 gives a wind direction/speed. The
major winds came from the northeast and the east in nighttime and from the northeast
in daytime.
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Figure 3. Relative frequency of wind directions at Namie-cho in Fukushima during (a) nighttime and
(b) daytime during the sampling campaign (August to October 2017). Color code labels (0–2, 2–4,
etc.) indicate the recorded wind speed in m/s. The meteorological data were obtained from the Japan
Meteorological Agency, Tsukuba, Japan.

For organics, aliquots of filter samples (10 cm2) were extracted with a dichloromethane/
methanol (2:1) mixture (7 mL × 3) under ultrasonication for 10 min. The solvent extracts
were passed through quartz wool packed in a Pasteur pipette, and then concentrated
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using a rotary evaporator under vacuum. The extracts were then reacted with 50 µL of
N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% trimethyl chloride and
10 µL pyridine at 70 ◦C for 3 h. During the reaction with BSTFA, OH-functional groups of
sugar compounds including fungal spore tracers (arabitol, mannitol and trehalose) were
converted to trimethylsilyl (TMS)-ether derivatives. The derivatives of sugar compounds
were measured using gas chromatography (GC)/mass spectrometer (MS) (Hewlett-Packard
model 6890 GC coupled to Hewlett-Packard model 5973 MSD, Agilent, Santa Clara, USA).
More details of the analytical procedures can be found in previous publications [27–29].
The recoveries of organic tracers were 80–90%. Very small peaks of target compounds (<3%
of real samples) were detected in the field blanks. However, no peaks were detected in the
laboratory blank. The data were corrected for the field blanks.

3. Results and Discussion

The radioactivities of 137Cs were found to range from 0.07 to 0.27 (av. 0.17 ± 0.05)
milli Bq (mBq) m−3 in daytime and 0.12 to 0.55 (av. 0.36 ± 0.10) mBq m−3 in nighttime
during the campaign period (August to October 2017) at Namie, Fukushima (see Table 1).
It is of interest to emphasize that the atmospheric 137Cs radioactivity at nighttime was
twice as high as at daytime. These levels are significantly higher (>an order of magnitude)
than the average concentration of 0.012 mBq m−3 reported in Tsukuba, Ibaraki (170 km
southwest from the F1NPP) during March-August in 2014 [15]. This value is several orders
of magnitude higher than those reported before the F1NPP disaster in the same site [15]. We
confirmed that radioactivity levels of 137Cs in Namie, Fukushima were still high compared
with those obtained six and a half years after the nuclear accident. Our finding that
concentrations of 137Cs in aerosol samples at nighttime were twice as high as at daytime
(on average 0.36 vs. 0.17 mBq m−3, respectively, see Table 1) raised a big question on the
mechanism that controls the atmospheric levels of 137Cs in the forest area of Fukushima
between daytime and nighttime. As a possible process, we examined atmospheric behavior
of spores emitted from fungi that are grown on the forest surface by analyzing fungal
spore tracers.

Table 1. Summary of concentrations of 137Cs and sugar compounds in Fukushima aerosols (August
to October, 2017).

(milli Bq m−3) (ng m−3)
137 Cs Levoglucosan Arabitol Fructose Glucose Mannitol Inositol Sucrose Trehalose

Nighttime (n = 15)

Av. 0.36 2.9 54 16 18 82 4.2 0.34 48

Stdev. 0.10 5.0 32 22 17 65 6.1 0.37 82

Min. 0.12 0.00 14 0.61 0.81 17 0.42 0.00 1.0

Max. 0.55 17 124 88 66 236 22 1.3 316

Daytime (n = 14)

Av. 0.17 3.0 53 40 40 103 12 0.52 40

Stdev. 0.05 4.6 62 72 56 206 25 0.46 47

Min. 0.07 0.0 0.07 0.0 0.0 0.0 0.0 0.0 0.0

Max. 0.27 16 260 254 215 802 73 1.4 176

In the same aerosol samples, we detected homologues of sugar compounds including
arabitol, fructose, glucose, mannitol, inositol, sucrose, and trehalose. Their GC/MS trace
is shown in Figure 4; their concentrations are summarized in Table 1. We also detected
levoglucosan, anhydrosugar that is not present in biomass but is produced by biomass
burning via the thermal conversion of cellulose and hemicellulose [33]. Levoglucosan has
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often been used as a specific biomass burning tracer [30]. However, the concentrations of
levoglucosan were significantly low in the present aerosol samples compared to previous
studies from China and other Asian countries [29,34], suggesting that biomass burning
is not the major source of organic aerosols containing sugar compounds in the ambient
aerosols studied.
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aerosol sample (sampling dates, 9 to 13 September 2017) from Namie-cho, Fukushima.

The sugar compounds detected in this study have been abundantly reported in ambi-
ent aerosols previously studied from different locations including forest, rural and marine
sites [29,31,35,36]. We detected high levels of fungal tracers (i.e., arabitol, mannitol and
trehalose) in the aerosol samples from Fukushima, together with other sugars (e.g., fructose,
glucose, inositol, see Figure 4). However, we did not find a large difference between night-
time and daytime samples, e.g., arabitol levels were similar, trehalose was more abundant
in nighttime but mannitol showed an opposite trend (Table 1). The results of concentration
levels of fungal spore tracers were not consistent with 137Cs, which clearly showed the
nighttime predominance (Table 1). Figure 5 presents timeseries plots of 137Cs and organic
tracers for nighttime and daytime. There are no clear covariations between 137Cs and sugar
compounds, including fungal tracers (arabitol, mannitol and trehalose). These results do
not clearly support the fungal spore hypothesis.

Although correlation coefficients are relatively low (R2 = 0.012–0.056), we found posi-
tive correlations between fungal spore tracers and 137Cs in nighttime especially for trehalose
and arabitol (Figure 6a,b). Meanwhile, there was no correlation between mannitol and
137Cs; the correlation coefficient was very low (0.0007, Figure 6c). We did not detect any pos-
itive correlations between the organic tracers and 137Cs for daytime samples (Figure 6d–f).
The weak positive correlations between some fungal spore tracers and 137Cs in nighttime
did support, at least partially, our working hypothesis, that is, soil-to-air emission of 137Cs
via the fungal activity was likely in the sampling site of Fukushima. In contrast, we did not
find any positive correlations of 137Cs with RH, ambient temperature and major carbohy-
drates for both daytime and nighttime. However, we detected negative correlations of RH
with levoglucosan (R2 = 0.47) and sucrose (R2 = 0.44) at nighttime.

Fungi are known to have a sensitive strategy toward rain events and high relative
humidity in terms of the emission of fungal spores. Zhu et al. [26] reported, based on the
one-year observation of sugar alcohols at Cape Hedo, Okinawa, a remote island in the
western North Pacific, that higher relative humidity (91% for weekly mean) resulted in
more emissions of fungal spores under heavy rain and subsequent humid conditions. In
our day/night sampling conditions, higher RH was always recorded at nighttime rather
than daytime as discussed above. The enhanced nighttime RH could have promoted
the activation of fungi, thus resulting in more emission of fungal spores to the air. We
analyzed fungal spore samples collected near the sampling site and detected various
sugar compounds in the water-extracts of the spore sample (Table 2). Although fungal
spore tracers such as trehalose, arabitol and mannitol were detected, they did not show a



Atmosphere 2022, 13, 413 7 of 11

clear positive relationship with 137Cs in the ambient aerosol samples collected at night as
described above. We consider several reasons why the correlations between fungal tracers
and 137Cs were not clearly observed, as discussed below.
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Table 2. Sugar compounds detected in water-extracts from fungal spore (171012 Fungi, Fukushima).

Sugar Compounds Concentration (ng/mL)

arabitol 88.2

α-fructose 9.4

α-glucose 67.5

mannitol 43.4

inositol 44

sucrose 56.4

trehalose 17.8
Spores released from a few mushrooms of the genus Suillus, which grew in grove of Japanese red pine adjacent
to the sampling site, were collected on a quartz-fibre filter sheet (Pallflex, 2500QAT-UP, Avantor, Radnor, PA,
USA) in a laboratory. Some of the collected spores were put into 1 mL of phosphate-buffered saline solution
(0.0067 M, GE Healthcare life science) with 1 mL of Tween 20 (Kanto Kagaku, Tokyo, Japan) and were mixed well.
Number density of spores in this solution was measured with a microscope; 137Cs radioactivity of this solution was
measured with a Ge detector in MRI. Median radioactivity per spore was estimated as 3.7 ± 0.6 × 10−9 (Bq/spore).
After these measurements, spores were filtered and stored in a freezer at −20 ◦C prior to chemical analysis.

In the present campaign, we collected the ambient aerosols for 4 consecutive days
with an on/off program for daytime/nighttime aerosol samplers, during which there were
variable changes in the meteorological parameters (e.g., ambient temperature, relative
humidity, rain events). We initially expected to have a strong contrast of RH during the
present day/nighttime intervals, which could largely affect fungal activity in the forest.
Due to the 4-day sampling periods, the collected aerosol samples experienced complicated
meteorological situations; thus the correlations between the organic tracers and 137Cs
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cannot be straightforward. We examined the relationship between organic tracers (arabitol
and trehalose) and 137Cs in nighttime aerosols, with precipitation of >1 mm. The high
levels of organic tracers and 137Cs were not consistent with the rain events, that is, some
data points with a rain event showed high levels of organic tracers and 137Cs in aerosols,
however, not always in this campaign.

Based on these results, we considered that the sampling periods of four days are too
long to have a snap-shot of good correlation between fungal spore tracers and 137Cs. Hence,
we believe that a shorter sampling period is needed to better understand the emission
processes of 137Cs together with fungal spores whose biological activities are mainly in-
volved with meteorology-oriented parameters to avoid the complicated meteorological
situations that may happen during long sampling periods of four days. We suspect that the
sampling strategies used in this campaign may have caused an obscure observation on the
hypothesis of fungal spores as an emitter of 137Cs. We plan to collect day/night samples
of ambient aerosols from Fukushima with 12 h periods to better support our fungal spore
hypothesis for the emission of 137Cs in the Fukushima area.

4. Summary and Conclusions

Here, we report, for the first time, on the simultaneous measurements of radioactive
137Cs and organic tracers of fungal spores in ambient aerosols from Fukushima, East Japan,
to evaluate the potential importance of fungi to the soil-to-air emission of 137Cs originally
emitted from the nuclear accident in 2011. Based on day/night (four days) data of ambient
aerosols, we discussed a hypothetical mechanism of soil-to-air emission of radiocesium via
fungal spore activity. We found that the levels of radioactive 137Cs in the ambient aerosols
were twice as high at nighttime as at daytime. Although we could not clearly detect a good
correlation between the 137Cs and fungal spore tracers partly due to the sampling strategy
taken in this campaign (four-day sampling with day/night on/off program), we found
a weak correlation between fungal tracers (arabitol and trehalose) with 137Cs, partially
supporting the fungal spore hypothesis as an emission source of radio 137Cs. However,
the correlation coefficients were much smaller than we initially expected. During the
rather long time periods of sampling, we may have missed the opportunity to catch a
clear correlation between 137Cs and fungal spore tracers, probably due to the complicated
meteorological conditions that the aerosols experienced during the 4-day sample collection
periods. We need to use a sampling strategy for shorter time periods for daytime and
nighttime sampling in the future to re-examine the hypothesis of fungal spores as coemitter
of 137Cs from the soil surface to the atmosphere.
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