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Abstract

The Field-Irradiator Gamma (FIG) experiment chronically irradiated a section of the Canadian boreal forest over
a period of 14 years. Forest trees were affected at dose rates > 0.1 mGyh""1, but a herbaceous plant community
thrived at dose rates up to 65 mGy-h"1. Irradiation resulted in the establishment of four zones of vegetation: a
herbaceous community, a shrub community, a narrow zone of dying trees, and a zone with no apparent impacts.
Concentrations of 14C, "Tc, 129I, U7Cs and 226Ra that could cause a dose rate of 0.1 mGyh" 1 within vegetation
were calculated. Chemical toxic effects on plants would be caused by "Tc and 129I before radiological effects are
predicted to occur. The calculated 226Ra concentration is about a factor of 10 greater than that measured at some
natural sites. Sufficiently high concentrations of 14C and 137Cs to cause an impact are unlikely unless a site is severely
contaminated.
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1. Introduction

The Field-Irradiator Gamma (FIG) study
chronically exposed a section of the Canadian
boreal forest to ionizing radiation during a period
of 14 years. The study was conceived to help
identify the effects of chronic radiation stress on
boreal forest vegetation. Previous field irradiators
have been used to study impacts on more temper-
ate forests, such as an oak-pine forest (Woodwell
and Rebuck, 1967), southern coniferous forests
(Platt, 1965; McCormick, 1969), a Mediterranean
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forest (Poinsot-Balaguer et al., 1991) and a north-
ern deciduous forest (Zavitkovski, 1977). The FIG
study is unique in its information on the North
American boreal forest, one of the largest biomes
on the continent.

The FIG project began in 1968 as a long-term
ecological study sited on the property of AECL
Research at the Whiteshell Laboratories in
southeastern Manitoba, Canada, at 50°ll' N, 96°1'
W, about 115 km east-northeast of Winnipeg. A
sealed point source of gamma radiation was placed
at a forest site, with no release of radionuclides to
the environment. In the pre-irradiation and irra-
diation phases, measurements were made to iden-
tify the response of vegetation to chronic ionizing
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radiation. Irradiation was terminated in 1986, and
we are currently in the post-irradiation phase.

Some aspects of the research at the site have
been published previously. Examples include
studies of tree canopy changes (Dugle and Mayoh,
1974; Amiro and Dugle, 1985), response of natu-
rally growing shrubs (Dugle and Mayoh, 1984),
morphological effects on ash (Fraxinus nigra) and
fir (Abies balsamea) trees (Dugle and Hawkins,
1985; Dugle, 1986), germination of jack pine
(Pinus banksiana) seeds retained on irradiated
trees (Sheppard et al., 1992a) and sensitivity of
ground cover species relative to control popula-
tions (Sheppard et al., 1992b). The FIG irradiator
was also used as a source to irradiate plants
moved into the area in pots (Sheppard et al.,
1982; Amiro, 1986).

The FIG study used a gradient of radiation
emanating from an external source. It is not di-
rectly analogous to potential effects that might be
caused by the release of radionuclides to the
environment. For example, plants did not receive
a radiological dose from radionuclides incor-
porated internally. This situation would occur if
soil and air were contaminated because plants
can absorb radionuclides through their roots and
leaves. However, the effects on vegetation at the
FIG site can be related to effects caused by
radionuclides dispersed in the environment, pro-
vided that the radiological dose rates can be
equated for the two situations. Dose rates are
well known at the FIG site, so we can relate
absorbed doses in vegetation to observed effects.
The effects observed at the FIG site would likely
be quite similar to those where radiation origi-
nated within the organism, although we must
account for dose equivalency caused by certain
energy emissions. The information gathered at
the FIG site has good potential for equating
observed radiation effects to radiological dose
from radionuclides dispersed in the environment.

The objective of the present paper is to use the
data collected at the FIG site to identify radiolog-
ical dose rates that can be tolerated by the boreal
forest. These dose rates relate to chronic irradia-
tion and to exposures where we cannot detect
major ecological changes after 14 years of irradia-
tion, followed by 5 years without radiation stress.

Further, these tolerated dose rates are equated to
concentrations of selected radionuclides, which
could be dispersed into the environment and re-
sult in similar effects to those observed at the
FIG site. This allows the extensive data set on
ecological response to external radiation to be
applied to the problem of environmental impacts
caused by radionuclide contamination of a forest
site. This is especially important to help recon-
struct impacts and doses caused by contamination
from an inadvertent release of radioactivity, such
as that from Chernobyl (Goltsova et al., 1991).

2. Study site

2.1. Site history
The FIG reserve area is circular, 1 km in di-

ameter, situated at the eastern edge of Whiteshell
Laboratories' property. The area is surrounded by
a 2.3-m-high chain-link fence inside a 30-m-wide
cleared firebreak.

Pre-irradiation ecological studies continued
from 1968 until irradiation started in 1973 (Table
1). During the period 1968-1985, intensive mea-
surements of the changes in vegetation were
made. Few measurements have been made during
the post-irradiation period, but a new field pro-
gram, focusing on forest recovery, was started in
1992.

2.2. Plant associations
Before the start of irradiation, six major plant

associations were identified in the area (Dugle,
1969, 1972) and are shown in Fig. 1. The black
spruce and larch bog is dominated by black spruce
(Picea mariana) and larch (Larix laricina) trees;
shrubs include Labrador tea (Ledum groen-
landicum) and ground flora is mostly Sphagnum

Table 1
Chronology of the FIG site

Date

1968
2 March 1973
1973-1985

31 October 1986
November 1986-present

Event

Pre-irradiation studies begin
Irradiation started
Measurements of the response of
vegetation to ionizing radiation
Irradiation terminated
Post-irradiation phase
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Fig. 1. Major plant associations within the FIG area. The
grid cells are 100 m square, and the diameter of the reserve is
1 km. The irradiator was placed in the centre of the circle.
The white line through the left side of the area represents an
access road.

moss. The black spruce bog is essentially a transi-
tion between the black spruce and larch bog and
the fir-spruce association. The thick fir-spruce
association is dominated by balsam fir but also
has white (Picea glauca) and black spruce (de-
pending on soil moisture) and some trembling
aspen (Populus tremuloides) and white birch (Be-
tula papyrifera). The ground vegetation includes
blueberry (Vaccinium angustifolium, V. myr-
tilloides) and Labrador tea. The jack pine mixed
forest has jack pine, balsam fir, white spruce,
white birch and trembling aspen. Shrubs include
hazelnut (Corylus cornuta), saskatoon berry
(Amelanchier spp.) and cherry (Prunus pensylvan-
ica, P. lirginiana). Ground vegetation includes
strawberry (Fragaria lirginiand) and bunchberry
(Comus canadensis). Trees are sparse in the
marshy and disturbed (old-field) areas. Cattails
(Typha spp.) and sedges (Carex spp.) are common
in marshy areas, whereas old-field areas have
grasses, sedges and weedy composite plants
(Solidago spp., Aster spp.). The parkland associa-
tion has mostly trembling aspen, balsam poplar
(Populus balsamifera) and white birch with some

balsam fir and white spruce. Willows (Salix spp.)
are common shrubs.

The irradiator was situated in the centre of the
region outlined in Fig. 1. This allowed many of
the plant associations to be irradiated and to
obtain information on a broad range of forest
types and plant species.

3. Methods

3.1. Irradiation
The irradiator was a 137Cs source mounted on a

20-m tower that could be shielded by remote
control to allow safe access to the area (Guthrie
and Dugle, 1983). The effective source strength at
the time of placement was 370 TBq (10000 Ci),
and the forest was irradiated for an average of 19
h-day"1. Dosimetry studies indicated that mean
radiological dose rates in the experimental area
ranged from 65 to 0.005 mGyh" 1 absorbed in air
(Guthrie and Dugle, 1983). The doses decreased
slightly over time as the 137Cs decayed, but this
was compensated partially by the death of the
tree canopy close to the source, which reduced
the shielding by vegetation. Also, the vegetation
close to the tower was shielded by the tower
itself. This resulted in the highest doses being
created at a distance of about 22 m from the
tower base.

The radiation dose rate, DR (mGy-h"1), can
be estimated at different distances, x (m), using
three basic equations. These were determined
throughout the irradiation period using ther-
moluminescent dosimeters (Guthrie and Dugle,
1983). For distances closer than 22.9 m:

/og10(100 DR) = -10.957 + 1.351* - 0.03104*2

(1)

for distances between 22.5 and 150 m, with some
interfering canopy cover:

/og10(100 DR) = 4.0447 - 0.00612*

- 0.0003508JC2 + 3.4759

X 10~6JC3 - 1.0089 x KT8*4

(2)
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and for distances further than 100 m:

logw(100 DR) = 4.2646 - 0.023862* (3)

+ 6.479 X 1 0 - V - 9.63862

X 1 0 - V + 5.2378 X lO"11*4

3.2. Quantitative ecological studies
Several types of quantitative studies were com-

pleted at the FIG site. The vegetation studies
included measurements on trees, shrubs and
ground vegetation (Dugle and Thibault, 1974).
Because of the large differences in scale among
these different vegetation groupings, different
sampling methods were used.

The continuous vegetation studies used perma-
nent quadrats located within each of the plant
associations (Dugle, 1969,1972). Two very similar
quadrats (15 m X 25 m) were established within
each stand of a certain association at different
distances from the irradiator. Each tree within a
quadrat was mapped and many trees were tagged
for permanent identification and sequential stud-
ies. Tree canopy cover within a quadrat was esti-
mated using a 'moosehorn' (Robinson, 1947),
whereby a periscope-type view of the canopy was
projected on a grid of 25 dots to determine per-
cent cover. This was done for each species, giving
a record of changes in forest canopy over time at
the same location. Tree heights and diameters
were also recorded yearly. Data on shrubs and
ground cover were collected by subdividing each
quadrat into plots of smaller size, which were
sampled annually. Each quadrat was visited at
least once a week during the spring, summer and
fall in order to complete phenological records for
as many species as possible. When morphological
effects, such as abnormal growth or aberrations
on leaves were observed, samples were collected
and stored in a herbarium. Observations of
abnormal growth and morphological effects have
been documented for shrubs (Dugle et al., 1979),
balsam fir (Dugle, 1986) and black ash (Dugle and
Hawkins, 1985).

3.3. Determination of effective doses from radionu-
clides in the environment

With some reasonable assumptions about

dosimetry, it is possible to estimate the internal
concentrations of specified radionuclides that
would deliver a dose equal to that received exter-
nally during the FIG irradiation program. We
selected several relevant radionuclides to demon-
strate the applicability of the FIG data to con-
tamination scenarios. We chose 14C, "Tc and 129I
as long-lived nuclides released at various stages of
the nuclear fuel cycle and of particular impor-
tance to the management of nuclear fuel wastes.
We also chose 137Cs as an important fission
product that can be dispersed from the nuclear
fuel cycle, by nuclear weapons tests and by inad-
vertent release from a nuclear reactor. We also
studied 226Ra as a ubiquitous natural radionu-
clide that is also important in uranium mine
tailings.

The dosimetry assumptions vary for each of
these radionuclides. Both 14C and "Tc emit only
electrons. The energy of emissions from "Tc are
high enough that some might escape thin plant
tissues such as leaves (Jacobi and Paretzke, 1986),
but we assume full absorption of electron emis-
sions within plant stems and leaf canopies (Amiro,
1992). There are photon emissions from 129I and
137Cs (from the 137Cs decay progeny 137mBa), and
there is a lesser likelihood of full absorption
within the tissue. However, because we are con-
sidering a dense forest setting with extensive leaf
canopies, we again assume full absorption of the
emissions (Amiro, 1992). There are a-particle
emissions from 226Ra and its decay progeny, and
these will be fully absorbed.

The dose equivalency for various types and
energies of emissions is not well known in plants.
We assume that, for electron and photon emis-
sions, the dose depends directly on the average
energy of emissions per disintegration. Sums of
emission energies obtained from ICRP (1983),
with unit conversions of 1.602 X 10~13 J-MeV"1

•Bq-^s" 1 , 3.16 X 107 s-a"1 and J = Gy-kg,
are inverted to become the dose-to-activity-con-
centration conversion factors. The same assump-
tions and methods were used by Amiro (1992),
IAEA (1992) and Jacobi and Paretzke (1986). For
alpha emissions, it is common in dosimetry calcu-
lations to assume a greater relative biological
effectiveness than for electron and photon emis-
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sions. This is reflected in a quality factor (QF),
assigned the value of 1 for electron and photon
emissions, and larger values, typically 20, for al-
pha emissions. Jacobi and Paretzke (1986) used
QF = 1 for alpha emissions from 226Ra; we
present values based on QF = 1 and QF = 20
for 226Ra and its decay progeny. Otherwise, the
dose-to-activity-concentration conversion factors
for alpha emissions were calculated in the same
manner as for electron and photon emissions.

The emissions from 137mBa, the decay progeny
for 137Cs, must be considered in conjunction with
the emissions from 137Cs, because of the very
short half-life of 137mBa (153 s). The decay
progeny from 226Ra are longer lived and the
immediate progeny, 222Rn, is volatile. However,
222 Rn is relatively short-lived (3.82 days) and its
decay progeny are not gaseous. When 222Rn de-
cays after being volatilized to the atmosphere, the
progeny will deposit to the underlying soil or
plant surfaces. In addition, much of the 222Rn will
be dissolved in water and will not volatilize. We
computed dose-to-activity-concentration conver-
sion factors for m R a alone and for 226Ra in
secular equilibrium with all of its decay progeny.
In most settings, some intermediate value is likely
appropriate, depending on the size of the con-
taminated area and the effectiveness of atmo-
spheric loss of 222Rn.

In a contaminated forest, plants would receive
dose from internal radionuclides and from exter-
nal sources in adjacent plant tissues and directly
from the soil. By assuming full absorption of all
emissions, we account for emissions from adja-
cent plants. However, emissions from the soil may
also be important. If we assume the same sensitiv-
ity to irradiation for plant roots and shoots, we
can estimate the soil concentration that would
deliver a detrimental dose. The soil shields the
roots, thus alpha emissions can be ignored. Simi-
larly, roots constitute a small fraction of the soil
mass. To be conservative, we assume that plant
roots would absorb 10% of the electron and pho-
ton emissions in a soil, although the true value is
likely much lower. With these additional assump-
tions, dose-to-activity-concentration conversion
factors were computed as for shoots. The calcu-
lated soil concentrations (Bq-kg"1 dry soil) were

then multiplied by element-specific soil-to-plant
concentration ratios (Zach and Sheppard, 1992)
to estimate the corresponding shoot concentra-
tions (Bqkg"1 wet biomass). Shoots may also be
irradiated directly by radionuclides in the soil
(groundshine), but our estimates are that this is
negligible compared with internal radionuclides
when full absorption is assumed.

4. Results

4.1. Response of vegetation to radiation
The most notable response of the forest to

irradiation was the death of trees followed by the
opening up of the forest canopy. Trees were killed
close to the source and after 10 years of irradia-
tion, essentially all trees within 50 m of the source
were dead (Fig. 2). This was caused by a chronic
dose rate of greater than 25 mGyh"1 . Trees
were also killed at lower dose rates, depending on
the tree species. Fig. 2 shows that dose rates of
greater than about 4.5 mGy-h"1 resulted in a
reduction in total tree canopy. The data shown in
Fig. 2 reflect a transect in vegetation measure-
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Fig. 2. Change in total tree canopy cover along the gradient
of gamma radiation over the period 1971-1982. Shown is the
percentage change (mean ± standard error) in canopy cover
relative to the mean pre-irradiation cover at a given distance.
Number of observations varied but was always ^ 10. Open
circles indicate that all trees were dead by 1982.
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merits in one direction from the irradiator (Amiro
and Dugle, 1985). However, there was also injury
to more sensitive tree species at lower dose rates.
For example, black spruce tree cover decreased
after 8 years of irradiation at about 2 mGyh '
(Amiro and Dugle, 1985), and trees were dying
after 10 years of irradiation at 0.6 mGyh '.

The most sensitive tree species were conifer-
ous: jack pine, black spruce and balsam fir. Wil-
low, aspen, alder and birch were more resistant,
typically tolerating dose rates of greater than 1
niGy-h"1. The change in the forest is easily illus-
trated in a series of photographs (Fig. 3). The
photograph in September 1973 was taken after
the first growing season with irradiation. The irra-
diator tower can be seen in the center of the
photograph with the surrounding forest. Some
damage is evident to birch trees close to the
irradiator. The photograph taken in September
1978 shows a zone of tree death surrounding the
irradiator after six growing seasons of chronic
irradiation (Fig. 3). All trees have been killed out
to about 13 mGyh"1 , or a total dose of about
500 Gy. Many of the dead trees are still standing.

The photograph taken in August 1991 shows
four distinct vegetation zones (Fig. 3). Close to
the irradiator tower is a zone of mostly herba-
ceous vegetation and some low shrubs. The radia-
tion-resistant herbaceous species include straw-
berry, aster, rushes (Luzula acuminata) and bed-
slraw (Galium scptentrionale) and the shrubs are
mostly willow. This extends out to a dose rate of
about 30 mGyh"1 , or roughly 40 m from the
irradiator. By the end of the irradiation phase,
this zone had accumulated more than 2850 Gy.
Note that there are some clumps of willow shrubs
near the base of the irradiator tower and behind
a berm to the right of the irradiator. The shield-
ing from these two structures resulted in lower
dose rates in these areas and hence the survival
of the willows. Outside the zone of herbaceous
vegetation is a zone of shrubs, mostly willows.
This extends out to a dose rate of about 2 mGy
h ! . There are few tree saplings surviving in this
area, even though irradiation has been termi-
nated for 5 years. For the short-term at least, the
shrub community appears to be a stable associa-

. * • . t * . '

. . ' * " - • " S

'• • , . • • j •

Fig. 3. Photographs of irradiated area, from top to bottom:
September 1973, September 1978 and August 1991. The irra-
diator was located at the top of the tower shown in the
photographs. The 1973 photograph shows some tree death
near the irradiator after 6 months of irradiation. The 1978
photograph shows tree death out to dose rates of about 13
m G y h " ' . The 1991 photograph was taken 5 years after
irradiation stopped and shows several vegetation zones.
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tion. At about 2 mGyh"1 (total dose, ~ 200 Gy),
there is a zone of trees where dead trees are
intermixed with living ones, depending on the
species.

Differential effects on the plant associations
(Fig. 1) results in a non-concentric pattern of
vegetation zones caused by irradiation. Fig. 4
illustrates the present plant associations identi-
fied by aerial photography and by ground obser-
vations. The three zones created by the radiation
stress are identified, and the spruce associations
to the east of the irradiator were most affected.
For comparison, isolines of mean dose rates of
10, 1 and 0.1 mGyh"1 are shown in Fig. 4.
Quantitative sampling suggests that the most sen-
sitive tree species, black spruce, is still affected at
0.6 mGyh"1 , but we cannot detect any changes
in canopy cover at 0.1 mGyh"1 .

4.2. Equivalent concentrations of radionuclides in
the environment

The concentrations of 14C, "Tc and 129I that

Fig. 4. Vegetation zones created after 14 years of irradiation,
superimposed on the plant associations shown in Fig. 1. The
irradiator was located at the center of the 1-km-diameter area.
The inner zone is a herbaceous community, the zone outside
of this is a shrub community and the narrow outside ring is a
zone of tree death and decline. Isolines of mean radiation
doses are indicated.

would deliver a radiological dose of 0.1 mGyh" 1

to plants are quite high (Table 2), and chemical
toxicity of Tc and I would be expected at lower
plant concentrations. We conclude that these ra-
dionuclides are unlikely to cause radiological da-
mage to boreal forest trees without first becoming
chemically toxic (Sheppard et al., 1992a). The
other radionuclides we considered deliver the de-
trimental dose at lower concentrations, but the
most interesting is 226Ra combined with its decay
progeny. When we assume QF = 20 for alpha
emissions, an activity concentration as low as 290
Bq-kg"1 wet wt. in plants from 226Ra, with the
progeny in secular equilibrium, could be detri-
mental. Sheard et al. (1988) reported mean 226Ra
concentrations in plants as high as 31 Bq-kg"1

dry wt. in an undisturbed, uranium mineralized,
boreal forest setting in northern Saskatchewan.
Concentrations in plants above 290 Bq-kg"1 wet
wt. have been observed associated with uranium
mining and processing wastes (Ibrahim et al.,
1982). These findings suggest that one may en-
counter radiation damage to trees as a result of
internal 226Ra from various sources.

The soil radionuclide concentrations that would
deliver a detrimental dose to plant roots are less
certain because of the shielding effect of the soil.
We calculated soil concentrations, assuming the
roots absorbed as much as 10% of the emissions
(Table 3), and then estimated the corresponding
plant concentration based on soil-to-plant trans-
fer. For 14C, "Tc and 226Ra exclusive of its decay
progeny, these plant concentrations were well
below those in Table 2. This indicates that these
radionuclides would cause radiation damage in
the shoot before there would be an effect on the
roots. In contrast, for 129I, 137Cs and the decay
progeny of 226Ra, detrimental doses to shoots
and roots may occur at similar levels of contami-
nation.

5. Discussion

5.1. Response of the boreal forest to chronic gamma
irradiation

The FIG experiment successfully created a gra-
dient of ionizing radiation whereby the response
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Table 2
Plant concentrations of selected radionuclides resulting in a dose rate of 0.1 mGy-h"1 from internal contamination

Nuclide

14C
wTc
129,

137Cs<
a 6 Ra

2MRa +
progenye

Quality

factor
for alpha
particles

—
—
—
—
1

20
1

20

Average

energy per
disintegration3

(J 'Bq- ' -s- 1 )

7.93 X 10"15

1.62 X 10 ~14

1.41 X 10"14

1.30 X 10-1 3

7.80 X 10"13

1.56 X 10" "
5.26 X 10-1 2

9.59 X 1 0 " n

Conversion

factor

(Bq-kg-y
Gyyear ')

4.00 X 106

1.95 X 106

2.24 X 106

2.43 X 105

4.06 X 104

2.03 X 103

6.02 x 103

3.30 X 102

Plant shoot

(Bqkg-1)

3.5 X 106

1.7 X 106

2.0 X 106

2.1 X 105

3.6 X 104

1.8 X 103

5.3 X 103

2.9 X 102

concentration

(mgkg-1)

0.018
2.7b

310b

6.6X10"5

l.OxlO"3

4.9X10"5

1.4X10-4d

7.9xlO~6d

aSum of all significant electron, photon and alpha emissions, modified from ICRP (1983).
bThese elemental concentrations of Tc and I would be chemically toxic to plants (Sheppard et al., 1992a).
cRadiation of decay progeny 137mBa included with 137Cs.
Mass concentrations are for ?26Ra and do not include mass of decay progeny.

'The decay progeny included for m R a are 222Rn, 218Po, 214Pb, 214Bi, 214Po, 210Pb, 210Bi and 210Po. The contribution from 218At
is negligible.

of the boreal forest vegetation could be studied.
Trees were killed by the radiation and new plant
communities developed in response to the open-
ing up of the forest canopy. A zone of herbaceous
plants thrived throughout the irradiation period
at dose rates as high as 65 mGyh"1 , although
the species composition changed in response to

the progressive death of the tree overstory. The
present vegetation communities, 5 years after ir-
radiation was terminated, include four zones as a
result of the radiation stress: a herbaceous vege-
tation zone, a shrub zone, a zone of dead and
dying trees, and a zone with no apparent effects.

The sequential development of the vegetation

Table 3
Soil concentrations of selected radionuclides to give the dose rate of 0.1 mGyhT1 to plant roots from external irradiation, and the
estimated corresponding plant shoot concentrations

Nuclide

14C
"Tc
129,

'"Cs"
^ R a
226 Ra + progeny'

Average
energy per
disintegration9

O-Bq-'-s"1)

7.93 X 10-15

1.62 X 10"14

1.41 X 10"14

1.30 X 10-13

1.65 X 10"15

4.95 X 10" n

Conversion
factor
(Bqkg- 1 /
Gyyear ')

4.00 X106

1.95 X 106

2.24 X 106

2.43 x 105

1.92 X 107

6.39 X 104

Soil
concentration
(Bq-kg-1)

4X107

2X107

2X107

2X107

2X108

6X105

Soil-to-
plant
concentration
ratiob

5.5 X 10°
2.4 X 10°
3.8 XlO"2

2.0X10-2

3.3X10-3

3.3X10-3

Corresponding
plant
concentration
(Bqkg-1)

2 X 108 NCC

5 X 107 NC
8 X 105 С
4 X 105 С
7 X 105 NC
2 X 103 С

"Sum of all significant electron and photon emissions only, modified from ICRP (1983).
bSoil-to-plant concentration ratios (kg dry soil kg' 1 wet biomass) taken from Zach and Sheppard (1992).
cThe symbols compare plant concentrations here to those in Table 2. NC, indicates that external doses from the soil to plant

roots are not critical compared with internal doses to the shoot, because of shielding offered by the soil. C, indicates that doses to
shoots and roots are comparable.

dRadiation of decay progeny 1 3 7 mBa included with 137Cs.
eThe decay progeny included for H 6 R a are 2 2 2Rn, 2 1 8Po, 2 1 4Pb, 214Bi, 2 1 4Po, 2 1 0Pb, 210Bi and 2 1 0Po. The contribution from 218At

is negligible.
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changes in response to irradiation is outlined in
Fig. 5. The original pre-irradiation forest had
several plant associations interspersed throughout
the area (Fig. 1). After 1 year of irradiation, tree
death was observed at dose rates greater than 10
mGy-h"1 and after 5 years of irradiation, three
zones of vegetation response could be identified
(Fig. 5). Further vegetation changes were observed
after 10 years of irradiation, and at present, there
are four zones reflecting impacts on vegetation
(Fig. 5).

It is difficult to define a radiological dose rate
that can be assured to not cause any adverse
effects. This is especially true for chronic expo-
sures where some unforeseen effect may be ex-
pressed after a very long period. However, it is a
worthwhile goal to use the measurements at the
FIG site to suggest a radiological dose rate that
can be tolerated by the boreal forest community
without causing noticeable ecological effects. It is
significant that even though major changes oc-
curred to the forest at our site, a herbaceous
community still thrived at dose rates as high as 65
mGy-h"1. There is no indication that these radi-
ation-tolerant species were adversely affected at
this dose rate; they were opportunistic and suc-
ceeded when the forest canopy cover decreased
and light levels at the forest floor increased. We
surmise that some vegetation community will
thrive when exposed to dose rates of 65 mGy-h"1

for a very long period. Radiation fields at this
level will not cause a barren landscape to develop
and there is no reduction in ground cover that
could lead to enhanced soil erosion. Therefore,
even dose rates as great as 65 mGy-h"1 will
result in a sustainable plant community.

Despite the maintenance of a herbaceous vege-
tation community at dose rates as great as 65
mGy-h"1, the effects on tree species and on the
forest canopy as a whole is an undesirable impact.
Measurements at the FIG site indicate that dose
rates greater than about 0.1 mGy-h"1 have some
impact on the forest. Therefore, we suggest that
major ecological changes will not occur to the
boreal forest provided that continuous, long-term
radiological dose rates do not exceed 0.1 mGy
h"1. This should protect even the most sensitive
plant species. This value is slightly more stringent

than previously suggested values of 0.7 mGy • h 1

for a sensitive pine species (Sheppard et al., 1982)
and is less than the values where effects have
normally been observed in field situations
(Woodwell and Sparrow, 1963).

If some plant species are affected by irradiation
while others are not, the forest may not be greatly
impacted. New niches become available, and
eventually more radiation-tolerant species will
succeed. For example, many of the more radia-
tion-resistant tree species at the FIG site can
tolerate dose rates of about 1 mGy-h"1, a factor
of 10 greater than our suggested threshold. We
believe that this greater dose rate will result in a
forest association that is different from the origi-
nal one in some instances. This is especially true
for replacement of jack pine and black spruce by
species such as trembling aspen and willow. This
alteration in species composition may not be a
major impact on the local forest community, but
would be undesirable if whole populations disap-
peared because of radiation contamination over a
large area.

Further work continuing through the post-
irradiation phase will determine whether the veg-
etation has reached a steady state or whether the
plant communities are still changing. Two
processes are likely occurring: continuing envi-
ronmental impacts initiated during the irradiation
phase, and plant succession associated with forest
recovery now that the radiation stress has been
removed.

5.2. Equivalent concentrations of radionuclides in
the environment

The studies of forest response to an external
source of ionizing radiation has allowed us to
suggest a dose rate of 0.1 mGy-h"1 that can be
tolerated by the forest ecosystem in a chronic
exposure situation. This dose rate was then used
to calculate the concentrations of several ra-
dionuclides that would be required to create an
exposure of a similar magnitude if the radionu-
clides were incorporated internally into the vege-
tation. This provides some guideline for the
amount of radionuclide contamination that would
be required to cause an impact on a forest.

Of the five radionuclides assessed, we conclude
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O Irradiation Source
Several forest communities,

both deciduous and
evergreen species
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irradiation

After
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irradiation

O Irradiation Source

Dead trees
near irradiator
(many species)

No effects
further away

After
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irradiation

O Irradiation Source

Dead trees fallen
over, open field
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still standing
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No obvious effects
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After
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some shrubs
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succeeding, dead trees standing

1.5 m G y h ' 1

No obvious effects

After
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irradiation
and

five years
recovery

O Former Irradiation Source

Open field community,
herbaceous species
and some shrubs,
thick ground cover

30 mGy*h

Shrub community
dominant,

few tree seedlings

1 m G y h

Narrow zone of
dead spruce trees and

open spruce canopy but
deciduous species healthy

No obvious effects

30 mGy»h 2 mGy'h*1 0.1 rnGyh
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that the radiological effects of "Tc and 129I need
not be considered because these will be chemi-
cally toxic to plants before they become radiologi-
cally toxic. Our calculations for 226Ra suggest
that the radiological toxic levels may be only a
factor of 10 greater than concentrations mea-
sured in nature at some locations (Sheard et al.,
1988). This could imply that there may be natural
areas where certain tree species may be stressed
from natural radionuclides.

The concentration of 137Cs required to cause
an internal dose rate of 0.1 mGy-h"1 is quite
high. However, concentrations of 2 X 105 Bq-
kg"1 have been measured in pine tree bark at a
distance of 2 km from the Chernobyl site
(Goltsova and Abaturov, 1991). This measure-
ment agrees well with our value in Table 2, indi-
cating that, in some instances, 137Cs concentra-
tions could be elevated to a level were radiation
stress may occur.

Our calculations of radiological doses to roots
(Table 3) include effects from external exposure
only. We also assume that 0.1 mGy-h"1 is a good
threshold for the roots, even though our dose-re-
sponse relationship is based on the whole plant.
We conclude that there is little additional con-
sideration of effects on roots caused by these
radionuclides. In some cases, the calculated cor-
responding plant concentration is comparable
whether we consider the roots or the shoots as
the target part of the plant. In other cases, the
root is relatively unimportant. This suggests that a
measurement of radionuclide concentrations in
plant tissues would be a better dose-rate indica-
tor, at least for these radionuclides.

6. Conclusions

The FIG study is the only long-term ecological
investigation of the effects of ionizing radiation
on the boreal forest. After 14 years of irradiation,
four distinct vegetation zones have formed around
the point source of irradiation. A herbaceous

plant community thrives at dose rates as great as
65 mGy-h"1, although all trees have been killed.
No major effects on the forest are observed at
dose rates less than 0.1 mGy-h"1. We suggest
that 0.1 mGyh" 1 is a reasonable guideline to be
used as a threshold, below which no major ecolog-
ical impacts should occur to boreal forest plant
communities.

Calculations of radionuclide concentrations
within plants, required to achieve a dose rate of
0.1 mGyh"1 , show that neither "Tc nor 129I
could be radiologically toxic without first be-
coming chemically toxic. To achieve this dose
rate, concentrations of 226Ra, including progeny,
would only need to be about a factor of 10
greater than measurements of natural concentra-
tions in some areas. For 14C and 137Cs, major
contamination of an area would be required be-
fore dose rates of 0.1 mGy • h"1 could be reached.
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