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Abstract 

This report and Ihe accompayning documents demonstrate the use of a model to better 

understand complex forest ecosystem processes. Key advances in our understanding have been made 

this year by using Monte Carlo methods in uncertainty analysis of model predictions. These findings, 

with collaboration of Elena Belinkaia, show that the computer simulations are consistent with the 

experimental variations found from actual sample measurements in Chernobyl N.P.P. contaminated 

forest. 

The several papers published at the three international meetings noting the 10th Anniversary of 

Chernobyl N.P.P. Accident disaster, illustrate the current development and importance of the research. 

The application of the model to radiation dosimetry, site remediation, risk assessment and remedial 

policy evaluation are highlight of the past year's work (see Appendix) 

Introduction 

The complex problem of radionuclide contamination in forest ecosystems requires the use of a 

model to organize the available information and to analyze the biogeochemical processes for the entire 

ecosystem; in addition, a model can be used to evaluate and to predict the radiation dose to man 
resulting from forest use. The dynamics of these processes are poorly understood and no generic 
model is available to describe the radionuclide pathways in forests from deposition to repository. 

Nevertheless, a number of the principal mechanisms governing the behavior of radionuclides in natural 

ecosystems have now been elucidated and can be used in the development of a generic model. 
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Generic Model Development 

A generic model, FORESTPATH, has been developed to describe the radionuclide pathways 

and dynamics in forest ecosystems based on the current understanding of the physical, chemical and 

biological processes involved. Due to the different nature of biological transformations in deciduous 

and coniferous forests, at least two generic forest models must be considered. Due to mechanisms 

responsible for radionuclide fixation in forest soil, labile and fixed compartments must be 

distinguished to obtain an appropriate description of the radionuclide migration. The model is 

designed to be flexible and simple in order to incorporate different types of radionuclides and 

contamination (atmospheric deposition, waste disposal, etc.) as well as to further evaluate human 

dosimetry and remedial policies. 

The results of simulations carried out using the FORESTPATH model show that forests are 

efficient smks for radionuclides. Understory, Tree and Organic Layer are the major sinks for 

radionuclides in the short and medium terms. A variability analysis technique was developed to 

determine the extent of possible variations in radionuclide distributions. Tree and understory uptake 

half-times as well as organic layer removal half-times were found to be the key parameters for the 

model. When FORESTPATH was run with a representative set of values for these parameters, totally 

different radionuclide cycling patterns were found. Careful selection of parameters is thus important 

for FORESTPATH applications. 

Results and Discussion 

The generic FORESTPATH model structure can be easily adjusted for different site-specific 

applications. For a given site, FORESTPATH can incorporate particular radionuclide pathways by 

adding or changing compartments. In such situations, the input parameters can be represented by 

probability distributions and uncertainty analysis using the Monte-Car10 method have been conducted 

to estimate the uncertainty of the model predictions. The FORESTPATH model was applied to 

Chernobyl forests. Modeling results reproduce the existing experimental data well. Uncertainty 

ranges predicted by the probabilistic model using Monte-Carlo simulations are consistent with the 

experimental variation found in the Chernobyl forests. 

Reported measurements from the global fallout of atmospheric nuclear tests, as well as 
radionuclide deposition after Chernobyl and Kyshtym accidents, were used for the model validation 
studies. Both generic and site-specific model applications to the Chernobyl forests are in good 

agreement with the available experimental data. 

The FORESTPATH model can be developed further for evaluation of the human radiation dose 

and the effectiveness of remedial policies. Dosimetric application requires determination of site- 

specific parameters for the forest, as well as for the consumption of forest products by critical 
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population groups. A detailed description of remedial policy is being evaluated using FORESTPATH. 

As an example, the effects of removing the organic layer from contaminated forests was considered 

and this intervention was found to be very efficient for the acute deposition scenario. The 

FORESTPATH calculations suggest similar magnitude and optimal timing for the organic layer 

removal policy. The proposed methodology can be used in an evaluation of the ecosystem's evolution 

after the contamination and of the applied interventions. 

A sampling methodology was developed based on a model-directed approach and was 

conducted in the Chernobyl Exclusion Zone. The FORESTPATH model was used to guide the 

development of this experimental program and to assist in the analysis of results. The implications of 

this program led to a broad scale international collaboration, which is engaged permanently in data 

collection, analyses and evaluation using standardized protocols and procedures as well as quality 

assurance. 

Conclusions and Recommendations 

It is evident that a dynamic model can be used to improve the knowledge and understanding of 

processes and mechanisms involved in radionuclide transport in natural ecosystems, and facilitate the 

decision-malung process in the design of efficient remedial policies. The existing database on useful 

parameters for modeling contaminated forests still remains incomplete and further sampling and 

measurements are required. FORESTPATH can be used to guide the development of possible 

experimental programs. Special attention should be given to root uptake studies. The usual approach 

to root uptake processes is the use of transfer factors for plants. This approach to forest dynamic 

modeling can lead to significant difficulties in deciding which values to use because of the layered 

forest soil structure, chemical speciation and the long radionuclide lifetime of trees. The use of uptake 

half-times provides parameters which best describe the kinetic processes for modeling. 

Radionuclide resuspension is an important processes which has not been addressed by the 

modeling. Geographcal Information Systems (GIs) appears to be a suitable environment where this 

can be accomplished. Important factors to be taken into account are site topography, soil properties 

and hydrology. This subject has been part of the course of study and research undertaken by Elena 
Belinkaia at Carnegie Mellon University. 

The future development of a model-based decision-support system on forest remediation 

requires: 1) human radiation dose evaluation, and 2) cost-benefit analysis of possible remedial 

policies. Social environment and consequences should be incorporated into the analysis. Advanced 

decision science methodologies could be used to facilitate this task. 
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A list of conferences and presentations to which the grant recipient, Elena Belinkaia, 

contributed are shown in Table 1. Papers and abstracts are attached in the Appendix. 

Table 1.  List of publications written andlor presented at international Meetings during the term of 
Grant. 

# Date Title of publication Locat ion  

1 October 1995 

2 

3 

4 

5 

6 

March 1996 

April, 1996 

July 1996 

July 1996 

December 1996 

Radiation Dose From Chernobyl Forests: Assessment Using 
The FORESTPATH Model 

Application of a dynamic model for evaluating radionuclide 
concentration in fungi 

Fate and transport of Pu in forest ecosystems: Assessment 
using FORESTPATH model 

Risk assessment and Remedial policy Evaluation using 
predictive modeling 

Fate and transport of radionuclides in Chernobyl forests: 
dynamic modeling for risk assessment and remedial policy 
evaluation 

EU, CIS, Minsk. Belarus 

IAEA, Vienna 

NATO, Crete, Greece 

HPS, Seattle 

SRA, New Orleans 



APPENDIX 

The papers prepared under the CAST 95 program are shown in the Appendix. 

Paper #1 applies FORESTPATH model for Plutonium migration in forests. The recipient of the Grant, 

Elena Belinkaia, conducted comprehensive literature review for existing models for plutonium 

migration to determine appropriate modeling parameters and modified the model accordingly. 

Paper #2 introduces probabilistic analysis of risks resulting from using of contaminated forests by 

population. She contributed to the development of methodology for probabilistic modeling as well as 

to uncertainty and variability analyses. 

Paper #3 models specifically radionuclide accumulation by mushrooms. Her research assisted in 

addressing the most important mushroom species used by population in NIS. A model was designed 

specifically to incorporate variations in mushroom morphology and uptake mechanisms. 

Paper #4 , Abstract #5 and Paper #6 introduce current research on Bayesian updating of the model 

predictions using information collected at Chernobyl forests. Elena contributed to software 

development and analyses. 
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FATE AND TRANSPORT OF PLUTONnrPvl IN FOREST 
ECOSYSTEMS: ASSESSMENT USING THE FORESTPATH MODEL 

I .  LINKOV 
Physics Deparrrnent, Harvard UniversiQ, Cambridge, MA 02138, USA 

E. BELJNKAIA and W.R. SCHELL 
Engineering and Public Policy. Carnegie Mellon Universlry, 
Pittsburgh, PA 152I3. USA 

Abstract 

This paper illustrates the application or' a dynamic model, FORESTPATH [I-21, to 
evaluate dynamic processes in forest ecosystems resulting from accidental releases or 
continuous deposition of plutonium. Only a few studies have been made to model the 
fate and transport of plutonium in natural ecosystems. These studies generally are limited 
to soil transport and do not address soil-to-plant uptake. The FORESTPATH model uses 
residence half-times for radionuclides in the several compartments to describe this kinetic 
process. Experimental measurements of fallout from nuclear weapon tests and from the 
Chernobyl accident have been used to test the predictions made using the FORESTPATH 
model. 

1. Introduction 

Long-lived radionuclides from nuclear weapons tests and reactor accidents can accumulate 
significantly in natural ecosystems as their effective residence times are often relatively 
long. If incorporated into natural products such as firewood, construction materials, or 
consumed in foodstuffs, these radionuclides can contribute significantly to the human dose 
for intermediate and long time periods following the contaminating event 13-41. Often, 
the response of the ecosystem and the fate and transport of the radionuclides can only be 
evaluated using models whch  should be tested and validated in order to help formulate 
public policy concerning abatement and remediation of contaminants. 

The Chernobyl accident provided valuable information for calibrating and 
validating radionuclide transport models. Unfortunatelly, most of the information 
gathered has been Iimited to Cs-137 and Sr-90. Very little IS known about the 
mechanisms involved in actinide transport in terrestrial ecosystems. Studies have shown 
that trees can effectively accumulate actinides deposited from atmospheric fallout as well 
as from waste disposal [5-81. Mechanisms responsible for plant uptake of actinides as 



well as the effects of chemical speciation in the environment are subjects of active 
investigations. 

In tlus paper, the generic model FORESTPATH has been used to describe the 
fate and transport of Pu in forest ecosystems. The FORESTPATH model has been 
validated on ecosystems contaminated by Cs-137 resulting from global fallout andlor 
from the Chernobyl accident [2]. To model Pu transport, the generic FORESTPATH 
parameters as well as the few available data for Pu are used as an initial approach. 

2. Modeling of Pu Transport in Forest Ecosystems 

The FORESTPATH model [14] calculates a time series of inventories for a specific 
radionuclide distributed within the following six compartments: Understory, Tree, Organic 
Layer, Labile Soil, Fixed Soil and Deep Soil. In this paper, the model was developed 
further to incorporate details of radionuclide mgration in the Organic Layer. The Organic 
Layer is represented by three horizons: 01 ilitter), Of and Oh [Figure 1). The few 
residence time vaiues reported for Pu in these horizons. along with generic values for the 
other FORESTPATH parameters for coniferous forests. were used in model simulations 
and are presented in Table 1. 

TABLE 1. FORESTPATH model coefficients used as Pu input in generic coniferous 
forest 

Parameter Generlc Ranee Reference Comments 
value 

absorption half-time ( y ~ s )  0 
desorptlon half-time (yrs) 0 

No information has been found on the 
rate of Pu absorption andlor desorptlon S o  
adsorp~on/desorpuon assumed 

leaching half-time I yrs) 1000 217-4100 19-12) Pu removal from root zone to deep so11 

removal half-t~me trom OL 
horizons (yrsj: [ 131 Total Pu inventory IS cons~dered 

01 0.3- 1 
Of 0.4-3 
Oh 0.2-0.6 

understory uptake half-time 150 70-2000 [!I. [8] Calculated value based on proportion of Pu 
tree uptake half-time ryrs) 500 200-6000 removed by plants (Table 2.5 in [81) 

Biomass adjustment was made 

tree removal half-time [2] Valus for Cs-137 based on extensive literature 
short (< 1 weeks) 3.6 d 1.4-5 d review 
intermedate (< 1 yr) Sod  71-175 d 
long (> lyr) 3 yr 1-10 yr 

understory removal 
half-time (d) [ 2 ]  Valus for Cs-137 based on extensive literature 

short (< 1 weeks) 12 9-19 review 
intermediate (< 1 yr) 32 8-64 
long (z I yr) 84 38-130 
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Figure 1. FORESTPATH model 

Plutonium, Like most radionuciides, can be efficiently sorbed by various soil 
components (organic matter, clay minerals, etc.). .Although this issue is discussed in 
numerous papers [14,15], no quantitative parameters on the rate of Pu absorption and 
desorption have been reported. Similarly, mechanisms of Pu uptake by roots are still not 
understood [16,17]. The crucial information required is on the labile fraction of Pu in 
soil, not its total content. In order to be taken by plants. plutonium must be in the form 
of organic complexes of humic and fulvic acids or their smaller sized degraded molecular 



compounds. These smaller sized organic molecules formed by microbial induced 
decomposition are consequently more mobile then the original complexes. An indication 
of this process is shown by McGany [IS]. The vertical profiles of both plutonium and 
cesium in the same samples collected in high rainfall zones in Ireland after the Chernobyl 
accident were analyzed. The plutonium appeared to migrate at almost the same rate as 
cesium according to measurements made in peat bog cores. 

Transfer factors (TF) have been widely used to model Pu uptake by plants. 
Recent studies shows that TF are of su~c t ly  limited value, providing only a site-specific 
statistical measure of radionuclide uptake [19-211. Better results may be obtained if T F  
are calculated using soil solution concentration [20-211, though this adjustment still will 
not make TF into suitable parameters for dynamic modeling since they are derived by 
assuming equilibrium in the ecosystem. 

Some of the dynamic parameters required for the FORESTPATH model can be 
evaluated using reported values ior radionuclide migration rates. Residence half-times for 
the organic layer and soil compartments x e  shown in Table 1 with ranges of variability 
and references. These half-times were obtaned for the total Pu inventory. Similarly, the 
estimated proportion of Pu removed irom the total Pu soil inventory by plants can be 
used to derive plant uptake half-times [8]. However. the available parameters reported do 
not allow consideration of Pu fixation in soil and plant uptake from the labile fraction. 
although they do consistently deal with the total Pu inventory. 

Plutonium interception and removal from Tree and Understory in this tirst test 
case is assumed to be similar to that of Cs; generic FORESTPATH values are used [2], 
even though the chemical properties of the two elements are very different. The 
migration o i  the organo-complex species of plutonium in terrestrial ecosystems, however. 
may not be very different from cesium. xi indicated by McGarry [IS] and Bunzl [131. 

3. Results 

Figure 2a shows the results of a simulauon for radionuclide accumulation over time by 
the Organic Layer md Soil compartments in a coniferous forest. Organic Layer 
compartments exhibit complex time dynamics. The litter compartment is significantly 
contaminated immediately after the deposition. but loses most of its activity during the 
tirst year due to wash-off and leaching towards deeper layers. Of and Oh horizons show 
accumulation peaks at about two and three years respectively following the initial 
deposition. Most of the radioactivity is accumulated in the Soil compartment. leaching 
to Deep Soil is slow, while Tree and Understory accumulate only about 1% of the 
activity available (Figure 2b). The Pu concentration in Tree and Understory does not 
change much after the initial decrease due to root uptake. 

Figure 3 shows simulations assuming a constant annual rate of Pu deposition on 
coniferous forests. Such a situation would be typical of continuous low level emissions 
from a nuclear power plant, nuclear waste disposal sites or redistribution by fires and dust. 
The radioactivity in all compartments increases with time and is much higher than the 
annually deposited inventory (Tree contains about three times the annual radionuclide 
deposition), predicting that forests accumulate radionuclides. Moreover. significant Pu 
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Figure 2. Plutonium accumulated in compartments of generic coniferous forest over 50 
years from an initial acute deposition (percent of initial inventory): a) Soil (Labile and 
Fixed) and Organic Layer (01. Of and Oh); b) Tree and Understory. Leaching to Deep 
Soil is negligible (not shown r .  
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Figure 3. Plutonium accumulated in generic coniferous forest compartments over 50 
years for a deposition with a constant rate in multiples of annual inventory (i.e., 
deposition, leaching from waste disposal sites. etcl 

accumulation occurs in the Understory, Tree and Organic Layer compartments. Only a 
negligible fraction of the Pu reaches the Deep Soil compartment. 

Model validation can be achieved by compiling original literature values that 
describe a time-based series of radionuclide measurements in forest compartments after 
fallout deposition. Given the high uncertainty and variability associated with residence 
times. only a qualitative comparison for cesium is made at this stage of the 
FORESTPATH model development. Limited experimental data on Pu migration in 
natural ecosystems is currently being evaluated. Published experimental data are in good 
agreement with FORESTPATH predictions. For example, tree was found to uptake 
efficiently actinides from old burial ground six meters deep at the Savannah River Site 
[22]. Near Hiroshima, Japan, the 19659 tree rings showed significant accurnmulation of 
plutonium originating froom the atomic bomb explosion in 1945, i.e., 20 years after 
coontamination [23]. This accumulation pattern is again consistent with model 
prediction (Figure 21. 

4. Conclusions 

An attempt has been made to evaluate the processes which redistribute transuranic 
radionuclides in natural terrestrial (forest) ecosystems. Because of the limited number o i  
systematic measurements for plutonium. a comparison has been made with radioacnve 
cesium where extensive data are now available from the Chernobyl NPP accident. Even 



recognizing the very different chemical properties of plutonium and cesium, many of the 
mechanisms which are responsible for their transport are related to the organo-metal 
complexes of these two elements; these complexes may, in fact, be redistributed 
similarly. By using a simple model, the parameters which are most important can be 
identified and a sensitivity study initiated. The appropriate field sampling and analysis 
can thus be defined [24]. Biologicai uptake of both of these elements occurs through their 
transfer across the root membrane of plants; ionic balance is controlled by the presence of 
the potassium and cesium cations. However, the cesium cation is strongly fixed by 
certain clays in soil and is unavailable for uptake. It is the labile fraction component in 
soil, not the total concenrration. that is important for both plutonium and cesium transfer 
to plants. We recommended that future work be focused on the mechanisms of plant 
uptake of' radionuclides and on the presence of the "exchangeable" or labile fraction in 
natural ecosystems in order to provide the essential data for predictive models. 
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Cp 

c c c  c r  i ~ i i i ~ l  C ~ ~ I I I ~ I I I ~ I I I I  E X J ~ O S U ~ C  nccllr? t l ~ r ( n t ~ ~ l ~  I~nrve$tillg I I I P  trrrc. 
~ ~ ~ ; ~ n u l ; l c t ~ ~ r c  ; ~ n r l  use 01 fnrest prnduct5 lor conrtructinn r ~ ~ n r r r i ; t l <  : I I I ~  pnprr p r < r < l u c t i ~ ~ n  .In11 ~ l l c  
C I I I I \ I I I I I / I I ~ ~ I I  111 1110cl I I : I ~ V C F I ~ I I  fro111 f~lrrtt$ ('rrtnir~ prnltpr or lhc p~~p~ll;llion. $I I ( . I I  \ ~ i l [ l  
:111i111nl 111111trrs 311d har\rsters o f  Ircrricr. l~r~li$ :ind I I I U ? ~ I I I I I I I I I < ,  C:III l ~ a v c  pn11ic111:1rI> 1:11pr 
il~t.lhcr 01 r:~di~inurlidcs lrolt~ nnturn l  lo l~d  pro[luct$. I:ore.;trv wl~rhrrc hnvc  heen li111n~1 t r v  
I C ( . C ~ \ ' C  r:ldi~tion I I I ~ S C ~  ?evrrnl ti~lics hipher ~ I I : I I I  o ~ h c r  ~ I O I I I J ?  i l l  I I I C  ( ; I I I I ~  nrrn. ' I l~c  et.~lr~ic 
I : I ~ ~ I I I I I I ; ~ ~ I ~ C  c!cIi~ig I I I ( I ~ C I  I:ORES'l'I'A~III i ?  11ri11e :~llplic~I I I I  ~ \ ~ n l u n l c  thr IIIIIII:III  r ; ~ c l i : ~ t i o ~ ~  
chr\c : ~ n d  risks 10 population proup? rerul~ing fro111 l iv ing  : I I I ~  tv (11ki11~ near the con1n11tinn11.11 
I I I I P < I S .  'l'hr 111odcl ennhles cnlculntio~lc to he 1113dc In predict !he i~~lerrtnl :~nd c?rtcr~~;~l 
I : I ( ~ ~ : I ~ ~ I ~ I I  ( I I ~ C C S  :it rpccilic til~lcs IOIIOW~IIR I I I C  i~ccitlrnt. Ilie 111c11lel cnn br  r:lsily ad j~~~ tc l l  1111 

~ I I I L ; ~  C . I ~ C I I ~ : I I ~ I > I I S  trn111 otller contn~ninati~~n sccnnrio.; (cl~ch as mtlin~~uclidc d rp~c i~ io r~  .I! :I I I I ~  
;111rl C I I I I \ ~ : I I I ~  lnlc :IS \r.ell as co~nplex ~I~po'f i t iol~ pa1tern.;). lix(reri~~~etltnl (13111 C O I I C C I C ~ I  i n  tl~c 
Io~csrc (11 So~~~hern  Belarus are presented. These data, rogcther w i t h  r l~c recu l t ?  of 
r ~ ~ i t l c ~ ~ ~ i ~ ~ l ~ v ~ i c ; ~ l  ~tu(lics. :Ire u~rd  lnr 111odr1 cnlilirn~iun in I i ( l a t ion  

I .  l ~ ~ t r o c l u c l i o ~ i  
l 'he I<cpuhlir o f  Belarus is one of the areas ti~ost signific;~nllv :11Pecrctl Iy ~: t t l io~l~~c. l i t lc~  

fro111 the Chcrrlollyl NPP accident. After the accident, irllrrledi;lrc :~ttcntioll wa r  given to th 
prcventic~n nt hr~rn;~rl external irradiation due to the gnrnma shine frotn the raclionuclitlc clou 
and to thc clcarl-up of agric~lltural areas contaniinatetl by rndionucli~le deposition. Natur:ll an 
semi-natural ecosysterus, especially forests. initially were not a high priority hut subseqoentl 
have been found to he efficient reservoirs for deposited radionuclides. T h e  residence times I: 

stable elements and long-lived radionuclides can apprc~ach scver;il thousand year: 
Radionuclides and nutrient elements incorporated into forest biota. harvested as  constructic 
ni:~terials ancl consurrlerl as footlstuff can contribute significantly to human r:ldi;~tion dose 
This contribution was found to he as high ns 37% of the tola1 radi ;~t ion  tloxe due I 
consurnl~tion of fnrcst-related foods by several populations in Belarus I I 1. 

Scver:tl parhways exist whereby people are exposed to radiontlclides from conl:i~nin:ite 
forest ccusystenls. In general. external and internal conlponcnts of the total radiation dose c: 
be distinguished. The external dose results from direct irradiation due  to the r;ltlion~~clide 
present irl [he local envirunnlent, while ingested and inhaled radionuclides contrihttte to 11. 
internal dose. 111 the case of corltarninated forest ecosystems, the external dose  can 1.e receive 
hy the pcricr:ll ~ ~ t ~ l , l i c  via direct garnma shine while walking in thc forrzt or thrortfh i~r:ltli:~lii 
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r,y1)0\111r c:rll Ix: rcccivctl I)! worliit~p in lllc ~ ~ I I I ~ ; I I I I I ~ I : ~ I ~ : ~ I  C I I \  I ~ ~ I I I I I I L I I ~  . 1 1 ~ ~ 1  ,.., ..(.. 

\ l ~ ~ - C r o ~ i ~ c t  tlratcri;rls :In11 frorn timhcr crrt for forcst industries. I'llc ir~~crrr:~l do\c :\rise\ I r o t l l  

(hc illpcstion of forcst products (bcrrics, tnushroorrls, birtls. garlle, ctc.) and from inhalatiun of 
rrs\~spcndcd ndionuclidcs from soil and plants; ill addition. r;ldiation dose is rcccivcd fronl ash 
cau.;cd hy forest fires and from wood hrlrncd for heating purposes. l'llcsc exposure ror~tcs c;ln 
nffcct populations f;rr rrrnovcd from the contaminated zones. 

Acrual d o ~ z  rcccivcd by rncnlhcrs o f  the puhlic and forcsl \vorkcrs v;rrs uridcly. 
(lcpcnciing on the individllal characteristics. workplilcc and living Ilahitz ;IS wcll ;I< o r 1  tlrc 
crtvilcinr~rental lcvcl of cont:lrnirlation. Cicneral dosc assessment puitlclirrcc arc rcclr~irc(l to set 
\t:l~ld;rrdc fur radiation protection. lladiation tloscs c;~rl tic ttte:rs~rrccl r~sing in~li\~idu;rl 
tl~lsinrcters. wl~olc-body cor~nting. hcrnatolorical tcsts, ctc.. btrt tlrese trclrrlitlues are cxpc~~s ivc  
;und providc only individu;tl-specific d;lrn. Modeling can providc ntit only cstirrl:rtc\ of the 
tl(iscc liut alzo c:ln prcdicr future trcndc of dose accunlul;ltion. 

\Ye have tlevcloped a gcneric rnodel. FORESTPKI.11 [ Z ] ,  which dcscrihcs t l ~ c  nri!ior 
kinctic proccsrcy :tnd pathtvays of radionrlclidc nlovemcnt in forcsts and natural ccosystcmc 
;rrid \vhich can he ilscd to predict futurc radionuclidc conccntr:ltio~rs. The FORESTPATH 
lrlodcl was successfully applied in a gcrlcral cvnluation of remedial policies f o r  contarninatcd 
forcqts 131 and used to direct a sanlpling progranl in thc Chcrnobyl Exclusior~ Zone 141. In this 
1):lpcr. the FORES7'i'ATIi nlodcl is usetl to eval~rntc intcrn;tl radi;irior1 doscs rcstllting from the 
con.;urnption of ftrrcst I~rrrirc ;rntl rn~lslrroo~lls ;IS wcll ns cxtcrn:rl closc tlrle to working in 
lrig111y conr;nnirlarcd forcsts. l < c s ~ ~ l t s  of ~ ~ ~ o t l c l  sitnul:ltior~s slro\v tI1:rt I(~lcsts c;ill c.ontr il>rrtc 
sig~ific;tntly to the hun~nn r;rdiatiorl dose and thus nccd to Ilc corttitlcrcJ k ~ r  the purliosr elf 
r:~tli:rtior~ pr~ircctior]. 

2. I<xposurc. Asscssnlrtll 
IVe cotrsi(Ier 3 rrtr:lI [)~)p~~I;l t ion s11c11 ;IS t11:lt inI~:rl>ititrg ;i l l  :IIC:I I I ~ : I I  t l ~ r  I~xclr rs io~~ 7,1111r 

of Ilcl;lrlls cnnt;llllin;ltcd by 5 ci/l;tll? of  137(.s. ' 1 . 1 1 ~  ~ I \ ' C T ; I ~ C  ; I I I I I L I ; I ~  C ~ I I S I I I I I I I ~ ~ ~ I )  01 f t 1 1 ~ \ 1  

llto(lt~ctc for  his , i o l ~ , ~ l : ~ t i o ~ ~  is ;11io11t I0 k~ of ftCslt I I I I J < ~ I I ~ O I I I ~  :111tl ?[I kg lie~ricc collcrtc.(i 
7 ,  

I : 1 1  I 1 ;  ;I I ;  I I  I 5 I -  I I I ~  I ) i ( ~ ~ t t ; r \ \ c . \  0 1  11rr. I I I I ( ~ ( ~ I \ I O I \ J  : I I I ~  

o~y:lrric la,er :IIC c l r o ~ e ~ ~  to l>c 14. 0.2 :IIIC\ Ci ~ ~ 1 1 1 1 2  ~ c s ~ ~ c c t i v c l y ,  wIir~..lr i <  1yliic:11 01 111r 30- 
~{. : I I  (11~1 p;llr p ~ ; ~ ~ ~ ~ ; ~ t ~ o r ~ ~  111 I\cI;~rtt> \ 1 1  1,:lrgc W ~ I I I ~ I I ~ S  of Illis ~ ) ~ I ~ ) I I I ~ I ~ ~ O I ~  arc ir~volvcd in 
It)lc\tr!. and ;lyricultrlrc ;~ctivitics. \$'OIL in forcsts inlplics ;lrl ; I I I I I I I ; I I  oc~~lll;ltiollnl C S ~ ~ O \ I I I C  of 
:rIlorlt 1.000 llours in arcas charactcrizctl h!. a srlrface dcpositiorl o f  2 0  ('ilkrn7-. 

'fllc t\vo 111aior routes of  csposurc for this popul;rtion arc rstern;~l,  due to g:trnma 
rnric\ioll from soil. and intern;ll, due to radionuclidc ingestion frtlrn forcst bcrrics and 
nrushrooms [hunting is not considered to bc popular for this poj~t~la t ion) .  'I'hc resulting 
n\frrngc cxtern;rl docc for tlre i-111 year follo\vitlg the dcposition ciin he c;tlculatcd using: 

I ;  is the ;rrrnunl :r\.cr:lSc cxtrrn;rl dosc tS\'l\r). 
I( i <  the activity \vl~icll rcn~;~irls in forcstc :it i-111 year foIlo\virr~ f11r tI(*l)o~iti(i11 ( I I ~ ~ / I I I ~ ' ) .  
I ]I< ic 111c (loqr rate L~ctor ( I ,  I IISYIII IYI 13q1111~ for 1 3 7 ( ' x  15 I I 

I is the :rnnt~:~l :~vcr:~,nc ir~frrnnl CIt~sc (Svlyr), 
( 11. is t11c r~~t l io~~r~cl i t lc  co~~ccntrnti~>n in n ~ u s l ~ r o o t ~ ~ s  (llti/kg Ircslr \vriyIrt). 
I I 1.; I I IC  r : ~ ~ l i o r ~ ~ ~ c I i ~ l c  co~~ccntr:r~ion in Ilcrrics (13tlfkg I~c.;lr t \ * t * i j * l ~ ~ ) .  

h l  is tllc ingestion rate for nlr~shroorns (kg/\.r). 
1 %  i~ the ingcsrion r;ltc for l>crrics ( k ~ l y r ) .  

Acl(litiona1 irradiation tlvse car1 arise ~ I O I I I  radionuclidc rcsuspcnsintl I)! soil or as11 (if  tilllhrr i.; 
ilsctl for Ilc;~tirlg ptlrposcs), use of contalnin;~tcrf con5truction m:ltcrials arlcl p;tjlcr, forcst rircc, 
ctc. 'I'llc resulting (lose fronl these ancl otlrcr processes is n ~rllljrct for hrr~rrc invcztip;ttiorl ;inti 
arc not consitlrrctI in this paper. 

3. Motlcl 1)eseription .- 
'J'lrc I:OI<ES'I'J'A~I'II nlotlcl calculates a tirrlc srrics of invcntorics for n spccilir- 

~ ~ ~ ~ l i o r ~ r ~ c l i t l c  (Iistrih~ttccl wi t l~i r~  thc follotving qix co~~~l i ; r r t t~~ t - t~ t s :  1 I ~ ~ ~ l c ~ s t o ~ ~ ,  I ' I c : ~ ,  O I ~ ; ~ I I ; ~  
12;1ycr. I.:~tiilr S(1il. 1:ixctl Soil ;ln(l 13ccp Soil. S i x  co~~plct l  ortli~lnly tiiflcrc.r~li;~l cc(rr;ltitr~ls 
tlcscribc t l~c  tr:ln.;trr of ;I r;lclionuclidc hctwcen the force[ co~llp:lrtrnctlt.; -l'llc rcsidc~lcc tilrlcs 
arc thc 11l:tjot p:~l:i~~rctcrs governing the tr;lnclcr. 'l'hc initi;rl dat:~ 1~11. :I river1 rsdiortuclitlr i< rllc 

r;~tlioactivity to bc dis~ributcd within tllc forest cornp;rrtrrlcrrtq. X cotllpl~-tc c lc~cr i l i t ic )~~ of I I I C  
I.ORESTPA.ft{ rrtodel can he ti)untl in reference I?). 

I3errics are ;ts.;irrned to I)c :I pnrt of the Ilndcrctory cornparttllcnt :~nt l  Ir;rve sitnil;lr 
cr~nt:rmin;~Iior~ density. Fungi can lie irnportarlt nretli:~ for radioccsitlrn rnisrntion in forcsts. 
t\ccortling to estinlntcs and expcrimcrrtal data 181, tllcy can be rcsponsihle for tlr~ltling 1111 10 
40% of tile r:rdioccsiunl present in the Orgnnic Layer. A< :I first :lpproxim:~tion. ~nusllrnc~rlls 
;uc, thcrcforc, assurncd to he a pnrt of the Organic I.ayer ;rnd thus have the sarr~e crint:rrrlirt;ttio~~ 
dcrrcity. A I I I O I ~  : I~~V; I I ICC ~lrodrl lor tlrc rntrshroorn corlt:rrrtirl:ttiorr i q  ctrrrrr~lly I>ritlg clrvclolirtl 
[()I. 

4. Rrsrrlts 
I:ip,utc I prcrrnts ;I SO-year FORES?'PATII sirnul:ltion for I J 7 c c  conccntratiorls in 

n l r~s l~~oor~ ly  :I I I ( I  hcirics f o ~ ~ n t l  in c t~nifcrn~~r  fotc\t~.  I \ I I  i ~ ~ i t i : r I  c o ~ ~ t ; ~ ~ t ~ i t ~ : ~ t i o r ~  ( I c~~s i ty  of 5 
('i/krn7 ant1 gcneric FOKES7TPATII parameters 121 werc rlsed, a s  well  a s  the forest 
cll:lraclcrirtic-i ~ircscntcd ahovc. We assunle Illat niushroolns ant1 tlerrics are partc of tllc 
()rg:lr~ic I .;tsct ;rntI I lntlcrstory colnparllllcnts :lntl thus have the si111lc rontat~linatitrn tlrnsity 
I'llc cutrcnt r;r(lio:~ctivity of ~ ~ U S I I ~ O ~ I I I S  is si~llific:lntly higher l~ccilusc tllry tnkc 1111 I I I I ~ I ~ C I I I S .  

.;\tcIr ;I< K, :rn(I, tlrc~ciorc. :111sorh r ;~~l i~r t~~cl idcs  I'rorn tllc (.)rgi~t~ic l,;rycr. 0 1 1  thr ot11rr 11:1tr(l, 
tllc ;rctivity in I~crlics. whicl1 llave a tlccpcr root lt)~lc ;llltl cxtt;rct tllcir rtrrlricrlts Irclrtl ~ I I ( .  I .irl~ilc 
Soil, is shown to increase wit11 tinle reaching a rnnxirrlum at about 10 yr;lrs h>llowirlp the 
accident [?I. Our rnodel simulations represent well the concentrations and tirne trends \vl1icll 
have hcen ~ne;rsured in different species of mushrooms and berrics in Belarus [ I  1. 

Figure 2 presents the external r~ldiation dose resulting from living in an area wit11 
contanli~lation density of 5 ~ i k r n 2  as well as the additional radiation doses due to txcupationnl 
exlJosrtre irl the forest and by the forest product food consunlption. Work in ;I contarninatcd 
lorest o f  7 0  ~ : i / k r n ~  leads to an ;tnrlual extern;rl dosc of 4.2 r11Sv (sllln of ptrblic ilnd forcst 
~vorker) for the fifth year following the accidcnt. This is Illore th:rn twice the average externi  
dosc received hy the non-forest-worker populatioll in this ;rtca. Dose rate rneac~~rcrner~tc for 
forcst wnrkrre wcrc contlrlctcd at several Bclarussian sites [I 1. 'I'lle occupatic>llal cxpoclrrc w:~s 
I'o~lnd 10 tlr 1.75 to 2.9 tirnes higher tlliln the external doze of the puhlic living in r l ~ c  snrrlc arcn 
which is in aprccnlent with the model predictions. Accortling tti the rnociel, thc Jrurrlar 
r;ldiaticln dose is zlowly tlecrcasing with a half-time ( ~ f  about 30 year? due to t11e physical c lcc ;~~ 
of ~ J ~ c S .  

5.  Co~lcl r ls ions  
'l'hc cotr~plcx problcrn of radiorluclide contamination in forect ccosysterns rrcluilrs the 

u ~ c  of  a rnodel to synthesize and analy7e the properties of the entire ecosystem as wcll as t c  
cvnlu;ltc the r:ldiation dose resulting from forest usage. The gcncric forest lnodel dcvelopet 
:lntl usctl here provides a beginning point for evaluating internal ancl external radialit111 docc 
over long titlie pcriocls. The modcl rlscs dynamics consistent with biological processes nrltl 
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Figure 1. 1 3 7 ~ s  concentration it] cornpartmerits Figure 2. Kadiatiorl doses received 
of a coniferous forest following an actrte deposition. by diffcre~ir poplilations. 

calculates the resulting human radialion doses which would be received over some 50 years. 
While nor yet validated, the initial results on mushroom and berry consumption do provide 
dose estirrlates that can be compared with experimental mea5urenlents. Conr?rninated forests 
constitute a significant hazard to the public over long periotls o f  time deperldtng pritnarrly or1 
the forest food intake. Occupational exposure can be several titl~cs greater ~ h a n  that for the 
gcncrd public. 'The use of a dynanlic model can facilitate the t1ecisiot1-nlaliitlg process and help 
it1 the desigri of efficient abatenlent, renledial and social policivs. 
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.APPLICATION OF .A DYNAMIC 5fODEL FOR EVALUATING 
RADIONUCLIDE CONCENTRATION IN FUNGI 

; ~ ' n ~ v e r s t t ~  or  Pittsburgn. Pilrsaurgn P.4 15261. LISA 
:kian.ara L'nlversitv. C m b n d g e .  blA 02138 (current addrels,. 

:Cmeg:e .Liellon Unlverslr);. Pittsburgn PX ! X I 3  

Global iallour from nuclear %weapon tesrs In the !960s reveued me porenrlal of lung1 as an enn 
~ccumulator o i  nd~oacuv~tv .  3afa denved from Chernoovi fallout jamol~ng has shown iung~ to be 3 

lccumuiaror o i  radlcces~um md an ~mportanr iood-chn ccrnmburor to me human radiauon dose. Fun& 
s~gn~ticantlv affect Lhe r3d1onucllde cvcl~ng ~n ioresrs. .4ccordlng to expenmental data and esumauons. 
mtcmflora. parucularlv iunq m~celia could retain up ro 40% oi mdmces~um. This paper [ilusuates rhe applic 
oi h e  dynam~c mcdei FORESTPATH ro evaluate the conrarmnauon dynam~u In iungl and the relative mpor 
of fungal specxes for ioresr cvcling. Only a few studies have been made to mode1 iungi c o n w a l e  
radionuclides and these unlize Transter Factors to descnbe sod-tcriung~ uprake o i  radionuclides. Such an app. 
has serious lirmtauons. slnce equilibrium conditions and spenfied so11 sampling depths must be assumed. 
FORESTPATH model uses n t e  oi uptake and residence half-umes ior ndionuctides ro descnbe this process. 
mcdel was applied 0 descnbe radionuclide dflam~cs In iungt ior che case of chromc depos~tion and for rbe acnc 
release of radionuclides. Expenmental measurements of fallout from nuclear weapon  so and from the a e r r  
scndenl were used to rest che FORESTP.4TH predicuons. 

m O D l i m O N  
Data denved irom samphng oi the ma  contamlnateo Sv Ihe Chrrnoovl fallout have unpl~caced me Urz 

Laver 3s being a malor accumularm oi rndtoces~um I I .  2 ) .  Funp are the nlgnest bvlng b~omass m che decompc 
:manic layer and are the p m  sources oi the enzymes n e c e s w  to d e n d e  me litter and. thus. are very mpo 
for radionucl~de mlprauon In ioresrs. Fungr rnvcelia and frulr m l e s  x e  m n t v  loared In the upper p a n  or 
?rganrc laver. .Althougn 3bove-yround mushrooms are a mnor contnburor ro me r o d  fungal b~omass iacmrd~r 
~llsen 13). Lh~s conrnbuuon mav be as low as 1%. leavtng 995 !n the below-:round b~ornass, they cm contn. 
jlgntfi~and~ Lo rhe human radiauon dose h n g  consumed as a iood. 

Very little is h o w n  3bour rhe mechantsms lnvolved ;n fhe nd~onucltde uptake and refenuon bv il: 

Fungt Can play a stgntricant role In ndionuctide relenuon bv the organic Isver. Olsen et al. (4) estimated Lhat 9 
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- 

lSUUiate was c o n i i e d  bv espmmenral data ( 5 ) .  Theu exFnmencs wrth aruli~lal washout oi  humus samples L' 
LhaC forest m~crotlora ~parucularlv lung1 mvcelia) could rewn up ro 40% oi rad~oces~um. The absorprlor 
nutnenrs (and thus radionucl~des) bv iungr irom the ground s c u r s  In aaueous soluuon usually irom rbe 
S O ~ U U O ~ .  Fungl use enzymes to break down macromolecular complexes ~n soluuon ior digesuon. Once bra 
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rhrs uptake by boa siprophyuc md symb~ouc iunq depends dn concennauon or rhe ton. moisture conrenr o i  
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,011 is not as well understool and IS suggestell a oc on me order o t  two )tars. .After dearh, the release of nuulenls 
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Deep Soil. In t h ~ s  p q r .  the model was developed funher to Incorporate d e u i s  of radionuclide mlgnuon m  he 
Organ~c Layer and fungr. The Organic Layer IS represented by bree 5onzons: 0 1  (litter), Of and Oh. Reponed 
residence ume for Ci  in rhese honzons lsee t I )  for rev~ew) along wirh values for other FORESTPATH parameters 
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rwo umes larger *an the values mellsured bv the Forest Rrsearc: Inst~rute. aelarus. Due to the iact Zrtr m 
ssprrlmrntal h t a  were oowned based on repofled values tor the 7. 5 e  dliferences 0i a f3ct0r ot rwo im ? 
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ABSTRACT 

The generic model FORESTPATH was applied to simulate radionuclide transport in coniferous 

forest ecosystem within the Chernobyl Exclusion Zone. Deterministic model analysis reproduces 

well observed radionuclide distribution among forest compartments. The model predicts future 

radionuclide distributions and can be used to facilitate policy decisions. A series of sensitivity 

analyses with Monte-Carlo sampling designs was conducted. The dominant parameters affecting 

concentration of radionuclides in forest compartments were the tree and understory uptake half- 

times and the organic layer residence time. The results indicate which parameters are crucial for 

FORESTPATH calculations and help prioritize future research. 

1. INTRODUCTION 

Radionuclides from nuclear weapons tests and reactor accidents can accumulate in natural 

ecosystems. If incorporated into products, construction materials, or consumed as food 

radionuclides cause significant exposure in human dose for intermediate and long time periods 

following the contamination event. The response of the ecosystem and the fate and transport of the 

radionuclides should be evaluated using validated models to help in formulating remediation 

measures. 

Ecological modeling is a powerful tool which can be used to synthesize information on the 

dynamic processes which occur in the ecosystems (1). Generic models can be designed to 
generalize radionuclide cycling in a variety of similar ecosystem types. We have developed generic 

model, FORESTPATH ( 2 ) ,  which provides pattern for radionuclide distribution in forest 

compartments at different time following the initial release of radioactivity in a temperate forest. 

The FORESTPATH input coefficients are based on the existing data on radionuclide transport in 

forests and the values used correspond to averages over time, space and species. Generic model 

can provide only partial information about speclfic ecosystem. Because of high variability among 



forests, the range of values a parameter can take can be large. "Variability Analysis" (2) which 

analyzes consequences of the difference in values of input parameters across several ecosystems, 

should be viewed as a crude estimate of a general trend. The Variability analysis provides variation 

for model outputs across the range of input parameters that correspond to different ecosystems. 

The application of FORESTPATH at a specdk site requires the use of local input 

parameters. Available experimental data often are unreliable due to the limited number of 

experimental measurements. As a result, parameters are uncertain even when estimated at a 

specific location. "Uncertainty Analysis" is an appropriate tool to study the role of uncertainty in 

the input parameters within a specific ecosystem. For such applications, it is not possible to assign 

precise values to the parameters characterizing the ecosystem but many parameters can be described 

by a probabilistic distribution of values. Model outputs are described by the probability 

distribution functions (PDF). Monte-Carlo methods are very powerful tool to perform the 

uncertainty analysis. 

2. MODEL DESCRIPTION 

FORESTPATH model (2) calculates time series of inventories for a specific radionuclide 

distributed within six representative compartments: Understory, Tree, Organic Layer, Labile Soil, 

Fixed Soil and Deep Soil. Six coupled ordinary differential equations describe the transfer of the 

radionuclide between the forest compartments. The initial data for a given radionuclide is the 

radioactivity to be distributed within the forest compartments. The values are converted to 

percentage of the total radionuclide inventory and can be further converted into concentration units 

for the purpose of assessing their impact on humans. The FORESTPATH formulation has the 

flexibility of including source terms from different processes (atmospheric deposition, disposal in 

soil, discharge to ground water, etc.) A complete description of the FORESTPATH model can be 

found elswhere [2 ] .  

The generic FORESTPATH model can be adjusted for site-specific applications. For a 

given site, FORESTPATH can incorporate particular radionuclide pathways by adding to or 

changing compartments of the model. In these situations, the input parameters can be represented 
by probability distributions and their ranges of variation should be narrowed for better model 
predictions at the specific site. If available information on specific parameters or pathways is not 
sufficient, the generic values can be used. 

Distributions were constructed for the FORESTPATH input parameters (Table 1). Existing 

literature was reviewed to evaluate of the residence half-times for radionuclides in coniferous forest 

ecosystems which are typical for the Chernobyl Exclusion Zone (Linkov, 1995; Schell et al., 

1996). The data relevant to many of the parameters are sparse or non-existent. Thus, expert 

judgement was necessary to construct probability distributions for some of the parameters. The 



choice of parameter distributions below attempt to represent an average coniferous forest in the 

Chernobyl Exclusion Zone and was based on a combination of literature review, expert judgements 

and FORESTPATH simulations. 

Table 1. FORESTPATH model coefficients used as 137Cs input for coniferous forest in the 
Exclusion Zone 

Parameter Notation Distribution Parameters Reliability 
mean a - ba 

absorption hal f-time (years) tab triangle 0.6 0.2 - 1 poor 
tree biomass (%) Bt triangle 0.8 0.7 - 0.9 good 
understory biomass (%) Bu triangle 0.1 0.1 - 0.3 good 
desorption half-time (years) tds triangle 1.1 0.5 - 10 poor 
interception fraction (%) f triangle 0.7 0.6 - 0.9 good 
leaching half-time (years) tlc triangle 800 350 - 3000 moderate 
organic layer removal half- tor triangle 8 1 - 60 poor 
time (years) 
radiation half-time (years) 1112 constant 30.14 na g o d  
tree uptake half-time (years) ttu uniform 10 1 - 100 poor 
tree removal half-time long ttr triangle 3 1 - 10 poor 
i> lyr) 
understory removal half- tur triangle 0.2 0.1 - 2.8 moderate 
time long (> 1 yr) 
understory uptake half-time ~ U U  uniform 8 1 - 100 poor 
(years) 

aa is the minimum value and b is the maximum value for triangular and uniform distributions 

The uptake half-times have the highest degree of uncertainty (Schell et al., 1996) and, thus, they 

are represented by the uniform distributions. Literature values allow median, high and low 

estimates to be made for other parameters (Linkov, 1995). These can be represented by triangular 

distributions, in which the parameter is sampled between low and high values with higher 

probabilities for the median region. 

3. RESULTS 

The results of FORESTPATH modeling are grouped into three sections. The first section 
describes deterministic model simulations, when calculations were done using mean values for the 
parameters. The second section involves the propagation of all parameter uncertainties through the 
model to obtain probability distributions for model outputs, conditional on input values. The third 

section analyzes the relationship between model outcomes and inputs to find their relative 

importance for the model predictions. 



3.1 Deterministic Analysis 

The Chemobyl source term was modeled by assuming that all deposition took place during 

the first week after the accident. A 50-year FORESTPATH simulation for l37Cs cycling in 

coniferous forests in the Chernobyl Exclusion Zone is presented in Figure 1 (mean values for 

parameters from Table 5.1 were used). The results are qualitatively similar to those obtained for 

the generic coniferous forest (Schell et al, 1996). During the first fifty years after deposition, 

radioactive decay removes about 70% of radiocesium from active cycling in the forest ecosystem. 

The Deep Soil, which is the geophysical sink in the model, accumulates only a small fraction of the 

radionuclides deposited initially. The Organic Layer compartment holds the highest concentration 

of radiocesium (25%-85% of the initial radionuclide inventory over the 50-year period). Lesser 

amounts are associated with the Labile Soil and Fixed Soil compartments. Approximately 10% of 

the radionuclides are incorporated in both Tree and Understory compartments, the main sources of 

human radiation dose. Thus, forests are efficient reservoirs for radionuclides. 

It is clear from the model that the time at which the predicted maximum 137Cs accumulation 

occurs is different for different compartments within the forest. The amount of radionuclides in the 

Understory and Tree compartments increases immediately after deposition but decreases sharply 

during the first year, due to precipitation removal and leaf fall. A second broad peak is observed in 

the Tree compartment about six years after deposition and is related to root uptake. Fixed Soil and 

Labile Soil reach maximum contamination levels some four years after deposition, while the Deep 

Soil accumulates radionuclides continuously as a sink. Due to radionuclide fixation on clays, only 

a negligible part of l 3 7 ~ s  reaches the Deep Soil. 

3.2 Probabilistic Monte-Carlo Simulations 

The Monte Carlo approach was used to perform propagation of parametric uncertainties. 

The inputs to the model are treated as uncertain, and a representative sample is generated from a 

suitably chosen uncertainty distribution (Table 1). A pseudo random number generator was used 

to approximate a uniform distribution. The specific values for each input variable are selected by 

inverting uniform samples over the appropriate cumulative distribution function. The model is then 

run iteratively for each of sampled inputs for the deposition scenario described above. Each 
Monte-Carlo simulation produced 100 estimates of the radionuclide concentration in each forest 
compartment for 50 years following the contamination event. 

Figure 2 presents the cumulative distribution functions for radionuclides in forest 

compartments 50 years after the initial radionuclide deposition. A range of variation in 

radionuclide accumulation is shown. Accumulation in the Tree compartment can vary from 0.5 to 

396, while Organic Layer can accumulate from 1 to 18% of the initial inventory (values for 95% 

percentile are given). Although these ranges are wide, they are limited compared to the results of 



the Variability Analysis for the generic model (Schell et al., 1996). As expected, the site-specific 

application of FORESTPATH provides better predictions than the generic applications. 

Figure 3 compares the results of the probabilistic analysis and experimental data obtained 

for coniferous forests in the Exclusion Zone in the 1993 sampling program (Dvornik, 1995, 

Ipatyev, 1994). Ranges of the uncertainty predicted by the model are consistent with experimental 

variation in the organic layer accumulation. 

3.3 Sensitivity Analysis and Importance Ranking 

There are many commonly used formal and informal techniques for performing importance 

ranking or sensitivity analysis of model inputs. In a review of the literature Helton (1993) 

describes several approaches for performing sensitivity analysis. These include 1) Informal 

ranking schemes 2) Taylor's series expansions & Differential Sensitivity approaches 3) Fourier 

Amplitude Sensitivity Test and 4) Monte Carlo based Input-Output Correlation approaches. It is 

widely accepted that the Monte Carlo based approach provides the most robust overall approach for 

sensitivity analysis and below we provide a brief description (Morgan and Henrion 1990: Helton 

1993) . 

Importance ranking using Monte Carlo simulations is possible through the use of 

regression based techniques. The simplest approach is to perform a multiple linear regression 

analysis between the input samples and the model output. The standardized regression coefficients 

(SRC) associated with the individual input variables provide a measure of the relative importance 

of each model input when the model output response is linear in nature. If inputs are correlated 

then it is possible to evaluate the effect of each input variable on the model output using partial 

correlation coefficients (Iman and Conover 1982) which account for correlations among input 

variables by removing the effect of all other inputs on the model output. Partial correlation 

coefficients (PCC) measure the contribution of each input to the model output as long as the model 

has linear behavior in the range of model inputs. If the model response is non linear but 

monotonic, then partial correlations on rank transformations of model inputs and output provide a 

reliable measure for importance ranking (Irnan et al., 1995). Partial rank correlation coefficient 
(PRCC) is the most frequently used measure for importance ranking because it is simple to use and 
implement and it breaks the linearity requirement of the other measures. A list of model input 

parameters ranked using PRCC in the order of their importance to the model outcome of choice - 

in this case the concentration in tree compartment - is presented in Table 2. 

Table 2. Model parameters ranked in the order of their importance to the radionuclide accumulation 

in forest compartments 



Parameter Notation Rank 
Tree Understory Organic Layer 

absorption half-time (years) 
tree biomass (%) 
understory biomass (%) 
desorption half-time (years) 
interception fraction (%) 
leaching half-time (years) 
organic layer removal half- 
time (years) 
radiation half-time (years) 
tree uptake half-time (years) 
tree removal half-time long 
(> lyr) 
understory removal half- 
time long (> lyr) 
understory uptake half-time 
(years) 

3. CONCLUSIONS AND RECOMMENDATIONS 

The generic FORESTPATH model can be easily adapted for different site-specific 

applications. For a given site, FORESTPATH can incorporate its particular radionuclide pathways 

by adding or changing compartments. In these situations, the input parameters can be represented 

by probability distributions and uncertainty analysis using Monte-Carlo methodology should be 

conducted to estimate the uncertainty in the model predictions. FORESTPATH application for the 

Chernobyl forests shows that the model predict broad distribution for radionuclide accumulation in 

forest compartments. The ranges of the uncertainty for model predictions are consistent with 

experimental variations observed in the Chernobyl forests. 

References 

Figure 1. 137Cs accumulated in Chernobyl forest compartments over 50 years from an initial 
acute deposition (percent of initial inventory). Leaching to Deep Soil is negligible (not shown). 
The scale of the ordinate is 100% for the Organic Layer and 50% for all other compartments. 

Figure 2. Cumulative distribution functions for radionuclides in Chernobyl forest compartments 
50 years after the initial radionuclide deposition 

Figure 3. Cumulative distribution functions for radionuclides in the Organic Layer of Chernobyl 
1993 in comparison with the experimental distribution obtained by Dvornik, 1995 and Ipatyev, 
1994 during 1993 sampling program 
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uptake half-times and the organic layer residence time contribute most to uncertainties in future radionucli 
concentrations. Bayesian updating of the input parameter distributions was conducted using experirnen 
information collected in the Chernobyl Exclusion Zone. The results allow for the calculation of indicators rl 
estlrnate the value of gathering new information. 
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