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    Chapter 17   
 Spatiotemporal Monitoring of  134 Cs and  137 Cs 
in Ayu,  Plecoglossus altivelis , a Microalgae- 
Grazing Fish, and in Their Freshwater 
Habitats in Fukushima 

                           Jun-ichi     Tsuboi     ,     Shin-ichiro     Abe    ,     Ken     Fujimoto    ,     Hideki     Kaeriyama    , 
    Daisuke     Ambe    ,     Keishi     Matsuda    ,     Masahiro     Enomoto    ,     Atsushi     Tomiya    , 
    Takami     Morita    ,     Tsuneo     Ono    ,     Shoichiro     Yamamoto    , and     Kei’ichiro     Iguchi   

    Abstract     Ayu,  Plecoglossus altivelis , is a herbivorous fi sh that is an important fi sh-
ery resource and a key component of the food web in many Japanese streams. After 
the Fukushima Daiichi Nuclear Power Plant (FNPP) accident in March 2011, ayu 
were exposed to highly contaminated silt while feeding on benthic microalgae 
attached to riverbed stones. To understand the effects of radioactive contamination 
on ayu, radiocesium ( 134 Cs +  137 Cs) concentrations were analyzed in riverbed sam-
ples (microalgae and silt) and in the internal organs and muscle of ayu in fi ve river 
systems in the Fukushima Prefecture between summer 2011 and autumn 2013. The 
concentrations of radiocesium in both the internal organs and the muscles of ayu 
declined over time. The radiocesium concentrations in the muscle were correlated 
with, but much lower than, those in the internal organs. The concentrations in the 
internal organs were correlated with those in the riverbed samples. The concentra-
tions in the muscle were further correlated with ayu body size. Our results suggest 
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that ayu ingest radiocesium while consuming silt and microalgae from the riverbed, 
and that a small proportion (about 15 %) is assimilated into the muscle of the fi sh.  

  Keywords     Bioaccumulation   •   Soil contamination   •   Nuclear accident   •   Radioactive 
cesium   •   Ayu  

17.1         Introduction 

 Ayu ( Plecoglossus altivelis ) is a herbivorous fi sh that is distributed throughout the 
Japanese Archipelago (Iguchi et al.  1999 ) (Fig.  17.1 ). The species exhibits an amp-
hidromous and annual life cycle. After the winter juvenile stage in the sea, young 
ayu migrate into rivers and graze on benthic microalgae attached to the riverbed 
(Iguchi and Hino  1996 ). Ayu are also an important resource for humans and for 
avian species, such as the great cormorant  Phalacrocorax carbo  (Takahashi et al. 
 2006 ); therefore, the radionuclide contamination of ayu may have a signifi cant 
effect on both humans and aquatic and terrestrial ecosystems. In Fukushima 
Prefecture, Iguchi et al. ( 2013 ) reported high levels of radionuclide contamination 
in the riverbed sediments. Ayu ingest silt while grazing on benthic microalgae, 
exposing themselves to the radiation from the contaminated sediments, including 
the silt component.  

  Fig. 17.1    Ayu feed on benthic microalgae attached to the riverbed, grazing it off the rocks with 
their teeth       
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 The aerosol-bound Cs was deposited on land and became integrated into the 
surface soil within 2 months after the Fukushima Daiichi Nuclear Power Plant 
(FNPP) disaster (Masson et al.  2011 ; Hirose  2012 ; Yasunari et al.  2011 ). 
Radionuclides subsequently spread over central and northern Honshu, Japan. The 
rivers in Honshu typically have steep gradients and are subject to erosion during 
snowmelt and typhoons (Yoshimura et al.  2005 ). As a result, contaminated soils 
were transported by the rivers from the mountains to the plains in Fukushima 
Prefecture (Evrard et al.  2013 ). To understand the route by which herbivorous fi sh 
are exposed to radiocesium, we measured radiocesium concentrations in riverbed 
samples (microalgae and silt) and in the internal organs and muscle of ayu in 
Fukushima Prefecture.  

17.2     Relationship Between the Radiocesium Concentrations 
in Ayu Internal Organs and Muscle 

 Ayu ( n  = 166; fork length, 68–206 mm) were collected from fi ve rivers in the 
Fukushima Prefecture by casting nets (periphery, 16 m; mesh size, 9 mm) between 
9 July 2011 and 14 October 2013 (Fig.  17.2 ). The Niida and Kido Rivers were not 
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  Fig. 17.2    Location of collection sites for ayu and riverbed samples ( NI  Niida River,  KD  Kido 
River,  AK  Abukuma River,  SM  Same River,  OK  Okawa River). The symbol for each site corre-
sponds to those in Figs.  17.4  and  17.5        
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sampled before May 2012 because of concerns about radiation safety in those areas. 
Collections of water, sediment, and riverbed samples, consisting primarily of ben-
thic microalgae and silt, were made simultaneously at each site (Fig.  17.3 ) [see 
Tsuboi et al. ( 2015 ) for more details]. Radiocesium was detected in all 36 water and 
muddy sediment samples, 34 of 36 riverbed samples, and 119 internal organs and 
98 muscle samples from 166 fi sh.   

 In 2013 the median  134 Cs/ 137 Cs ratio was 0.46 in all analyzed samples, which is 
identical to the value 2 years after the fallout from the FNPP. Radiocesium was 
detected in both the internal organs and the muscle of 84 individuals. Although there 
was a positive correlation between the concentrations of radiocesium in the internal 
organs and the muscle of ayu ( r  = 0.746,  p  = 0.006), the median concentration in the 
muscle was 14.5 % that of the median concentration in the internal organs ( n  = 84, 
 p  < 0.001). Thus, a small proportion (about 15 %) of the radiocesium ingested from 
the riverbed appears to be transferred to the muscle. Cesium strongly interacts with 
clay minerals, especially vermiculite and illite minerals (Comans 
and Hockley  1992 ). Furthermore, leaching experiments have demonstrated that 
 radiocesium is relatively insoluble in the river suspended sediment in Fukushima, 
and that the adsorption of radiocesium to the suspended sediment was irreversible 
(Tanaka et al.  2013 ). Therefore, most of the radiocesium in the silt ingested by ayu 
is unlikely to be absorbed but will instead be excreted.  

  Fig. 17.3     1  River water,  2  muddy sediment,  3  riverbed samples, and  4  ayu were sampled in fi ve 
rivers between 2011 and 2013       
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17.3     Biological and Environmental Factors Involved 
in the Temporal Pattern of Radiocesium Contamination 

 To evaluate temporal changes in  134 Cs and  137 Cs concentrations in water, muddy 
sediment, and ayu, we fi tted a generalized linear mixed model (GLMM) with a 
Gaussian distribution of errors. The GLMM results suggest that the radiocesium 
concentrations in the muddy sediment but not river water have declined through 
time (river water:  t  = −1.016,  p  = 0.318; muddy sediment:  t  = −3.131,  p  = 0.004) 
(Figs.  17.4  and  17.5 ). The radiocesium concentrations have declined through time 
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  Fig. 17.4    Time-series of radiocesium concentrations in the river water. Symbols correspond to the 
collection sites in Fig.  17.2  ( NI  Niida River,  KD  Kido River,  AK  Abukuma River,  SM  Same River, 
 OK  Okawa River)       
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  Fig. 17.5    Time-series of radiocesium concentrations in muddy sediment. Symbols correspond to 
the collection sites in Fig.  17.2  ( NI  Niida River,  KD  Kido River,  AK  Abukuma River,  SM  Same 
River,  OK  Okawa River)       
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in both the internal organs and muscle of ayu (internal organs:  t  = −3.855,  p  < 0.001; 
muscle:  t  = −2.809,  p  = 0.006) (Fig.  17.6 ). The concentrations in the internal organs 
of ayu were positively correlated with those in the riverbed samples (i.e., fi sh prey) 
that were collected simultaneously with the ayu ( t  = 8.197,  p  < 0.001). In contrast, 
there was no correlation between the concentrations in the ayu muscle and the riv-
erbed samples ( t  = −1.202,  p  = 0.261; Fig.  17.6 ). Thus, we conclude that herbivorous 
fi sh assimilate radiocesium from the microalgae and silt on the riverbed stones as 
they forage. Between 2011 and 2013, the activity concentration of radiocesium in 
the internal organs and the muscle of ayu declined, mainly because of the half-life 
of  134 Cs (2.07 years), which is considerably shorter than the 30.1 years for  137 Cs. 
However, the concentration of  137 Cs in the whole ayu body tended to decrease dur-
ing 2011 (Iguchi et al.  2013 ). Therefore, the decrease in the concentration of  137 Cs 
in ayu cannot be explained only by the half-life of  134 Cs. The activity concentration 
of  137 Cs in the internal organs, which represented the majority of the  137 Cs in ayu, 
was correlated with that in the riverbed samples. Therefore, the decrease of  137 Cs in 
the riverbed, which may have been caused by fl ushing out of the contaminated soil 
from the mountains, would explain the decrease of  137 Cs in ayu. In European lakes, 
 137 Cs concentrations in fi sh muscle peaked a few years after the Chernobyl disaster 
(Jonsson et al.  1999 ; Smith et al.  2000 ). Then, the rate of decrease in muscle  137 Cs 
concentrations was initially rapid, but later slowed. Conversely, in the rivers of 
Fukushima, the radiocesium contamination levels in ayu peaked immediately after 
the FNPP accident. The concentrations then decreased slowly, fl uctuating with the 
transport of fresh polluted sediment from the mountains following snowmelt and 
typhoon events (Figs.  17.5  and  17.6 ).    

 Ayu fork length was correlated not with concentrations of radiocesium in the 
internal organs but with that in the muscle (internal organs:  t  = −1.168,  p  = 0.246; 
muscle:  t  = 4.329,  p  < 0.001). The concentration of  137 Cs in fi sh increases with fi sh 
size according to a power law relationship because of changes in prey items (Smith 
et al.  2002 ). For instance, the concentration in northern pike ( Esox lucius ) increased 
as the trophic level of prey increased from plankton to invertebrates and then to 
small fi sh. Indeed, the level of radiocesium contamination in fi sh at Fukushima 
increased according to the order herbivores (i.e., ayu) < omnivores < piscivores at 
Fukushima (Mizuno and Kubo  2013 ). A positive correlation was also observed for 
ayu body size relative to the muscle concentration of radiocesium. Thus, in this 
case, the positive correlation between ayu body size and radiocesium concentrations 
in their muscle could not be explained by a change in feeding patterns because the 
prey size and the prey items do not change as the ayu grows. Also, the time (season) 
of collection had no effect on the activity concentrations of radiocesium in ayu 
muscle. The activity concentration of radiocesium in fi sh is a function of uptake and 
elimination rates. In hatchery-reared ayu, assimilation effi ciency decreases as the 
fi sh grow (Akutsu et al.  2001 ). Larger ayu therefore need much more food per unit 
weight gain than smaller individuals. Thus, at our study site, larger ayu have greater 
potential to accumulate radiocesium from microalgae on the riverbed stones than 
smaller ayu. 
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  Fig. 17.6    Time-series of 
radiocesium concentrations in 
the riverbed samples (i.e., fi sh 
dietary items;  cross  symbols) 
and the internal organs (i.e., 
stomach contents, stomach, 
gut contents, gut, liver, 
spleen, gonad;  solid  symbols) 
and the muscle ( open  
symbols) samples from ayu 
collected in the fi ve rivers ( NI  
Niida River,  KD  Kido River, 
 AK  Abukuma River,  SM  
Same River,  OK  Okawa 
River)       
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 The overall radiocesium concentrations have declined with time in both the inter-
nal organs and muscle of ayu (Fig.  17.6 ). However, in some rivers surveyed, the 
radiocesium concentrations in the whole ayu body (i.e., internal organ and muscle) 
exceeded the Japanese standard limit for radiocesium in foods (100 Bq/kg-wet). 
Thus, fi shing activities were banned in three of the fi ve rivers during the sampling 
periods of this study (Niida, Kido, and Abukuma Rivers). Spatiotemporal monitor-
ing of the levels of radiocesium in freshwater ecosystems, in areas close to human 
centers, should continue to increase our understanding of the long-term dynamics of 
radionuclide contamination and to reveal the effects on the biological and environ-
mental characteristics of each ecosystem.     
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