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Dynamics of radiocaesium in the 
forest ecosystem

S. Fesenko
Russian Research Institute of 
Radiology and Agroecology



Biogeochemical cycling (IAEA, 2002)



Environmental pathways and processes
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Main radioecological features of forest ecosystems 
– High typological diversity.
– Comprehensive structure of trophic chains.
– Multi-floor structure of vegetation cover.
– Considerable accumulation of radionuclides in biomass.
– Manifested heterogeneity properties of soil profile.

As a result:
– High spatial variability of radionuclide levels in many forest 

components. 
– The contamination level of a specific forest compartments is 

being changed due to multiple factors and processes interacting 
in a very complex way.
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Factors governing variations in 137Cs  
concentrations in forest plants

Available for transfer 137Cs in soil is a major source for 
time dependent radionuclide transfer to plants. 
• Features of forest soil:

– Depth of soil genetic horizons
– Soil/litter properties
– Cs distribution in the top soil

• Specific features of plants: 
– distribution of fine roots within the top soil; 
– ability to accumulate Cs; 
– biomass of the plant compartments
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Typical dynamics of 90Sr activity concentrations  in 
different components of birch forest after the Kyshtym 

accident

• 1 - leaves
• 2 - branches
• 3 - wood
• 4 – internal bark
• 5 – external bark



Transfer of 137Cs to pine wood on soils with 
contrasting properties in areas affected by the 

Chernobyl accident
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Distribution of fine roots in soil profile



Fraction of Cs available for root uptake



Dynamics of Cs-137 distribution in 
soil profile

1987 1991 1999



Time dependent amount of 137Cs that is 
available for transfer to plants
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• qi is the fraction of the total 137Cs activity in the soil horizon i;   
• (t) is the fraction of exchangeable (or available) 137Cs in the i-th horizon;  
• ki is the fraction of roots biomass of j-th species of plants in the i-th horizon; 
• N is the number of genetic litter-soil horizons of concern. 



Cs-137 distribution in the soil profile



Distribution of available  137Cs in soil 
profile 



Environmental factors governing the extent of 
tree contamination by radiocaesium

Influencing factors Examples of  hierarchy for trees

Soil type peat-gley > peat-podzolic > soddy-podzolic > 
podzolized chernozems

Moisture regime central depression > terrace basement > terrace slope 
> slope upper part > watershed top 

Stand composition Monospecific coniferous stand > mixed coniferous-
deciduous forest

Stand age 0-30 > 30-60 > 60-90 > +90

Tree species aspen > oak > birch > pine > lime > spruce



Mushroom species Edibility and life mode
of mushrooms

Caesium transfer factor (m2.kg-1 dry 
weight)

GM(1) Min. Max
Agaricus arvensis Edible. Humus 

saprophytic
5 × 10-3 6 × 10-4 1 × 10-2

Amanita vaginata Not edible. Symbiotic 5 -

Boletus edulis Edible. Symbiotic 9 × 10-2 4 × 10-3 1.4
Cantharellus cibarius Edible. Symbiotic 2 × 10-1 1.5 × 10-2 7 × 10-1

Clitocybe nebularis Not edible. Litter 
saprophytic

2 × 10-1 -

Collybia butyracea Not edible. Litter 
saprophytic

- 1 × 10-1 2 × 10-1

Coprinus comatus Edible. Saprophytic 5 × 10-3 4 × 10-4 1.5 × 10-

2

Lactarius sp. Symbiotic 3.9 5 × 10-1 9
Suillus elegans or S. 
grevillei

Edible. Symbiotic 4 × 10-1 7 × 10-2 9 × 10-1

Tylopilus felleus Not edible. Symbiotic 2.5 8 × 10-1 8

Xerocomus badius Edible. Symbiotic 1.3 2 × 10-3 7



Dynamics of 137Cs activity concentrations in selected 
mushroom species. 
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Factors governing variations in 137Cs  
concentrations in wild animals

• Feeding ration of game (time dependent);
• Concentrations of 137Cs in feeds (time dependent)
• Specific features in metabolism: biological half lives;
• Availability of feeds?
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Dynamics of 137Cs content in meat of roe 
deer in Southern Germany
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Dynamics of 137Cs concentrations in muscles of 
roe deer and moose in Harbo area (Central 

Sweden)



Intake by roe deer: seasonal variations  
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Half lives of 137Cs in wild animal

Animal Ecological half life, year Biological half life. d
Roe deer 6-7 10 -25
Rein deer 9.3-17.4 20-40
Chamois 7.7 9-15
Wild boar > 10, no decrease 12-40

Concentrations of 137Cs in muscles

wild boar > roe deer > chamois > deer



Outputs of the model oriented forest monitoring program 
can be found in:





Behavior of radiocesium in irrigation water 
and its effect on brown rice
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Do we now know enough about radiocaesium in 
terrestrial ecosystems?

B Howard
University of Nottingham, UK



Why is radiocaesium 
important? 

• Component of atmospheric 
weapons tests fallout

• Planned releases from 
nuclear facilities

• Component of releases 
after accidents

• Environmentally mobile
• Significant external doses
• Long‐lived contributor to 
effective dose for humans 
and also important for 
other organisms



IAEA publications compiling data

Analysis of radioecological 
data in IAEA Technical 

Reports Series publications to 
identify key radionuclides and 

associated parameter values 
for human and wildlife 

assessments

Report of Working Group 4
of the 

Uncertainties and Variability 
in

Data and Modelling for 
Radiological Impact 

Assessments (MODARIA) 
Programme



Post‐Chernobyl Cs knowledge
Importance of :

• radiocaesium density 
deposition initially

• soil type in short, 
medium and longer term

• Production systems in 
affected area (eg. animal 
production)

• Free food collected from 
forests and other semi‐
natural systems

• Long effective half‐lives



Approach to Kd in MODARIA

Kd variability

Methodological 
approach

(e.g., sorption; 
desorption; in situ data) 

Characteristics of the solid 
and liquid phases 

factors governing sorption 
mechanisms and radionuclide 

speciation
(e.g., pH; Eh; particle size; organic 
matter content; water column/soil

solution composition)

(Vidal et al MODARIA report in press)



Radiocaesium Kd data in TRS 
472/TECDOC 1616



MODARIA: CDFs of Kd (Cs) for soils 
grouped according to RIP/Kss criterion
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Which information is 

available?
Kd (Cs) group

GM 

(L kg‐1)
GSD

5th

(L kg‐1)

95th

(L kg‐1)

None Overall 2600 8.6 7.6101 9.2104

Elapsed time since 

contamination

Short‐term 1500 5.6 8.8101 2.6104

Long‐term 25000 2.9 4.2103 1.4105

Elapsed time since 

contamination; OM%

Short‐term
Organic (OM ≥ 50%) 71 2.8 1.3101 3.8102

Mineral (OM < 50%) 2600 3.8 2.9102 2.3104

Long‐term
Organic (OM ≥ 90%)* 250 2.7 4.5101 1.2103

Mineral (OM < 90%) 27000 2.7 5.2103 1.4105

Elapsed time since 

contamination; 

OM%; soil texture

Short‐term
Clay+Loama 3700 3.1 5.7102 2.4104

Sandb 1200 5.1 8.6101 1.7104

Long‐term
Clay+Loamc 32000 2.4 7.6103 1.4105

Sandd 18000 2.5 4.0103 8.2104

Radiocaesium 

Interception Potential 

(RIP)**; potassium in 

soil solution (Kss)

Short‐term 

RIP/Kss < 102 100 3.5 1.3101 8.1102

102 ≤ RIP/Kss < 103 380 5.5 2.3101 6.3103

103 ≤ RIP/Kss < 104 1500 2.6 3.0102 7.1103

RIP/Kss ≥ 104 10000 2.6 1.5103 7.2104

SUMMARY OF Kd (Cs) DATA FOR DIFFERENT 
CONTAMINATION SCENARIOS AND SOIL TYPES



Consider pre‐2011

Limited data for:
• andosols
• Rice, fruit, non‐
European foods

• Contaminated 
mountainous 
catchments

• Areas with 
frequent typhoons



Six years on……

Enormous effort to:
• Enhance the number of 
scientists working in the 
field

• Collect data on 
radiocaesium behaviour 
in Japanese terrestrial 
and aquatic systems

• Provide data on gov web 
sites and social media

• Support affected people 
with information centres 
/ interactive fora

• Estimate historical, 
current and future doses



Data improvements:
• Radiocaesium uptake from site specific 
soils

• Uptake by rice and behaviour in irrigated 
paddy fields

• Lateral transport from catchments
• Impact of typhoons
• Huge extension in data for different 
types of foodstuffs

• Identification of bark to fruit pathway
• Significant advances in mechanisms 
governing RCs behaviour

• Time dependent data from early after 
deposition

• Development of site specific 
remediation 



MODARIA II activities

WG 4 :
Working Group 4 –

Transfer processes and 
data for radiological 
impact assessment



Kd sub group: Development of 
Global Kd database prototype

MS Access database, based primarily on commonalties between 

current structure for Freshwater and Soil Kd datasets. 

Freshwater Data Structure Soil Data Structure

Vidal et. al.Boyer et. al.



WG4 sub‐group
Collation of environmental transfer parameters after 

the Fukushima accident
(Fukushima parameters) Leader: K. Tagami (QST) 

1st Interim meeting
@ University of Tsukuba, 10‐12 July, 2017

Catchment
MarineRiver

Forest

Agricultural
product

Rice
paddy field

Game

Food 
processing



Forest data
—Data compilation ongoing (Hashimoto et al )

• Concentration and Inventory data of
• Trees (each organ, e.g. leaf, wood …)
• Organic layers (litter layers)
• Mineral soils
• Mushrooms
• Small wild animals (e.g. earthworms, insects 

etc., NOT large mammals)

Journal papers Reports by governments On the Web

DATABASE

~9000 records~9000 records

Information on time, location, and 
forest characteristics etc.



TRS 472 (2010) vs Fukushima database 
Parameters RI / stable

472
Terrestrial & 
Freshwater
(equilibrium)

a, m2/kg
Ftr, -
Ks, m-1

Kd, L/kg
Fv, -
Fm, Ff, d/kg or d/L
Tag, m2/kg
Teff, t
CR
Fr

RI
RI
RI
RI
RI
RI+S
RI
RI
RI
RI

Interception coefficient
Translocation ratio
Resuspension factor
Distribution coefficient in soil
Concentration ratio from soil to plant
Feed transfer coefficient, animal products
Aggregated transfer factor, semi-natural ecosystem
Effective half-lives (limited)
Concentration ratio, water-biota
Food processing retention factor

Fukushima 
(accidental)

Kd(a), L/kg
Fv,, Teff

Tag, m2/kg
Teff, t

CR
Fr

a, Fm, Ff, Ks, 

RI
RI
RI
RI

RI
RI, Stable
RI

Agricultural soil and River
Rice and other Crops
Wild animals, plants, mushrooms
River (water, sediment, biota), Forest (tree, soil, litter), 
Typhoon (heavy rain/storm) event
Water-Freshwater biota
Wild edible plants, etc.
Limited data available



Some 
Challenges 
for the 
future

Reservoir of 
radiocaesium in 
forested catchments

High proportion of 
forest in SDA 1, 2 and 
3

Aim to repopulate up 
to the NPP/repository 
site





2018. 3. 4 JAEA Workshop for studies of environmental 
dynamics of radiocesium released by NPP accident

Behavior of dissolved radiocesium in 
river water in a high-dose-rate forested 

watershed in Fukushima Prefecture

Hideki TSUJI, Shoko Ito, Seiji HAYASHI
National Institute for Environmental Studies, Japan
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Outline

1. Background

2. Study site, materials and methods

3. Dissolved 137Cs concentration in a forest river water
under baseflow and storm runoff conditions

5. Conclusion

4. The source of dissolved 137Cs in river water



Background
A lot of radiocesium has been released from the 
Fukushima Daiichi Nuclear Power plant,
and river water was contaminated

Indicated the elution of 137Cs from litter on river bed 
(Sakai et al., 2016) 

(Shinomiya et al., 2014 ; Iwagami et al., 2017)

Dissolved 137Cs concentration in forest river water
increased at runoff event

137Cs deposition 
(Bq/m2)

Fukushima
Dai-ichi NPP

Comprehensive behavior of dissolved 
radiocesium in forested watershed
has not been fully understood
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The dissolved form of radiocesium has a large influence 
on aquatic ecosystem due to the high bioavailability



Purpose of this study

Investigate the behavior of dissolved 137Cs
in a high-dose-rate forested watershed

4



Study site

Land Use
99.2% of forest area

Averaged 137Cs deposition
1.7 MBq/m2

Ota river watershed
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once-twice a month 
(Jan. 2014 – Nov. 2016)

sampled at intervals of 30-60 min 
including the peak runoff

Base flow condition Storm runoff condition

Sampling of water

1. river water

2. soil water at 20-50 cm depth 
3. groundwater

2. surface water flowing in the dry valley 
3. rain water and throughfall water

1. river water

dry valley



1. dissolved 137Cs [Bq/L]

Measurement

Cartridge filters device
(Tsuji et al., 2014)

(Yasutaka et al., 2015)

Radioactivity in sample was detected by coaxial
high-purity germanium detectors (GC2518, Canberra)

7

river water 
concentrated dissolved 137Cs in 20-40 L water
by the cartridge filters method

3. dissolved organic carbon concentration (DOC) 
by TOC analyzer (TOC-L)

rain water, throughfall water, groundwater, soil water:
concentrated dissolved 137Cs by evaporation

2. coexisting ion concentration (K+, NH4
+…)

by ion chromatography (ICS-1600)

*137Cs in suspended solid in river water was also measured



Results
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Dissolved 137Cs concentration under base flow condition
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R² = 0.46,  = 0.49, p < 0.001

R² < 0.01

Dissolved 137Cs base flow,   Oct.6, 2014,   Oct.14, 2014,    Jul.16, 2015,   Others
137Cs in suspended solid

The higher the flow rate of the river, 
the higher the dissolved 137Cs conc.
However, 137Cs conc. in SS did not 
increase.

Where does the dissolved 137Cs 
generate in the forest?

Comparison of the magnitude of runoff and dissolved 137Cs concentration

Apr.2014-Jul.2015 (N = 50)

Cannot explain the increase of 
dissolved 137Cs conc. by solid-liquid 
distribution equilibrium with 
suspended matter in water



Throughfall
0.49-1.7 Bq/L

Soil water
20 cm-depth: < 0.1 Bq/L
50 cm-depth: < 0.1 Bq/L

Rain water:
< 0.37 Bq/L

Groundwater : < 0.003 Bq/L 

Dissolved 137Cs was 
generated around the 
surface flow area?River water

0.14-0.88 Bq/L

(Nakanishi et al., 2014)

Dissolved 137Cs in throughfall
water was higher than river 
water, but it will little contribute 
the increase of dis.137Cs in 
river water, because it is 
adsorbed by mineral particles 
during the infiltration process

12

Dissolved 137Cs concentration in the influent water of the river water



R² < 0.01
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Time change of dissolved 137Cs conc. during the three runoff events

Typhoon-1 Typhoon-2 Typhoon-3

The peak of dissolved 137Cs conc. in each runoff event gradually decreased
The peak of DOC concentration also decreased

Because considerable amount of 137Cs (within the litter layer) with 
solubilization potential was washed out at the first typhoon event,
the solubilizable 137Cs stock may have dropped at the later runoff event.

8:00 12:0016:0020:00 0:00
0

100

200

300

400

500

600

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

20:00 0:00 4:00 8:00 12:00 16:00 20:00 12:00 16:00 20:00 0:00 4:00 8:00 12:00

D
is

so
lv

ed
 13

7 C
s 

[B
q/

L]

0

5

10

15

20

25

30

S
pe

ci
fic

 ru
no

ff 
[m

m
/h

]

Dry valley

Dry
valley

6

5

4

3

2

1

0

S
S

co
nc

en
tra

tio
n

[m
g/

L]

D
O

C
 c

on
ce

nt
ra

tio
n 

[m
g/

L]

Dry
valley



Total y = 0.065x + 0.24
R² = 0.35, p < 0.01
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Relationship of dissolved 137Cs and DOC concentration

The coefficient of the regression line between DOC and 137Cs_dis under storm runoff 
condition was significantly lower than that under baseflow condition.

Surface soil water may be the main source of DOC at storm runoff event

DOC : 10 mg/L
dis.137Cs : 0.1 Bq/L

Significant positive 
relationship was 
observed between 
dissolved 137Cs and 
DOC concentration

Baseflow
y = 0.19x + 0.17
R² = 0.22, p < 0.01

Storm runoff
y = 0.073x + 0.21
R² = 0.39, p < 0.01

River water Surface soil water

DOC : 0.5 mg/L
dis.137Cs : 0.01 Bq/L

groundwater



Dissolved 137Cs concentration estimation 
equation using “DOC conc.” and 
“elapsed time” as explanatory variables

Time dependence of DOC
the significance of coefficient “b”

b 0.178 0.024 p < 0.001

Dissolved 137Cs [Bq/L] 
a DOC + b (DOC×time) + c

The dependence of dissolved 137Cs conc.  
on DOC conc. significantly decreased.

 Strongly suggest the contribution of 
solute from litter decreased with time

Time change of the dependence of dis.137Cs conc. to DOC conc.

interaction
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ü Initial runoff: 
Elution of 137Cs from riparian litter 
along with the rising water level

ü Around the runoff peak: 
Elution of 137Cs from litter on the dry 
valley when occurring the return flow

The process of increasing dis.137Cs in river water at runoff event

River channel

River bank
Puddle

Also the source of 137Cs at baseflow

Expansion of surface flow network in the process of runoff

Base flow river Increasing runoff process At the runoff peak

Dry valley



Conclusion

dissolved 137Cs concentration was higher in summer 
than winter under base flow conditions

137Cs eluted from litter by microbial decomposition 
was an influential source of dissolved 137Cs in river water

Under baseflow condition or the initial phase of storm runoff :
elution of 137Cs from riparian litter along with the rising water level

Around the runoff peak of storm runoff :
elution of 137Cs from litter on the dry valley when occurring the return flow

dissolved 137Cs concentration was higher under storm runoff conditions 
than base flow conditions

brings the following phenomenon :

Main source of dissolved 137Cs









































































What is the time dependency of desorption of Cs?
The desorption rate depends on soil type                  Behavior can be modeled

We have to take into account longπ
term kinetics of Cs sorption and 
desorption for assessments of its 
migration from soils by explicitly 
considering it in reactive transport 
modeling.



What about Cs in form of  Cs microparticles?

• Which fraction of Cs is in particulate form at which geographical position?
• Does the fraction of Cs in particulate from change with time?
• What is the impact on dose (the residence time of Cs MP in the human

body is different)?
• What are transport and sorption properties of the particles ?
• What is the effect of filtration?



Organic acids - soil 
microbes interaction 
Purpose:

To elucidate if microbial and (plant) 
endophyte produced siderphores/organic 
acids play a role in the accumulation of 
cesium by fungi/mushrooms.  

Approach:

• Activation of microbes by fungi 
organic acid on production of 
siderophore.

• Synergy effect of fungi organic acids 
and microbes siderophores on 
dissolution of Cs from minerals.

Schematic representation of the role of 
organic acids in Fe uptake by 
dicotyledonous plant roots (Jones 1998).

Schematic diagram of major organic acid 
fluxes and pools in soil (Jones1998).

Fabiola GUIDO GARCIA



Some experimental methods to study Cs affinity on 
different mineral fractions of Fukushima soil

12

Single system

Fraction
of soil

Cs

Cs
Cs

Cs

Binary  system

Fraction A Fraction B

Cs

Cs
Cs

Example of dialysis 
membranes



Phytoextraction of Cs with red clover

Red clover
(Trifolium pratense)

Cs

Cs

Cs
Cs

Cs Cs

Cs

Cs

Cs

Cs

Cs

Red clover
(Trifolium pratense)

Cs 13

Hydroponic system Soil pots

Experiments on phytoextraction of Cs from soil

BF : bioaccumulation factor

TF : translocation factor



Experiments for monitoring Cs in sediment
using DGT and DET

14

DGT

DET

Metzger E. et al., EMEC3: 11-14 december 2002, Geneva

• In situ method
• Implementation time: 

– few hours
• Access to double information

– DET: measurement of the 
concentration in interstitial 
water

– DGT: measurement of the 
concentration of labile 
species
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